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TITLE

APPARATUSES AND METHODS FOR OBTAINING AT-BIT MEASUREMENTS
FOR AN EARTH-BORING DRILLING TOOL

CROSS REFERENCE TO RELATED APPLICATIONS
{0681}  This application claims the benefit of U.S. Application No. 13/586,668,

filed on August 15, 2012, which is incorporated herein by reference in its entirety.

TECHNICAL FIELD

{0082] The present disclosure generally relates to instrumented cutting
elements for use on earth-boring tools such as driil bits, to earth-boring tools including
such instrumented cutting elements, and methods of making and using such cutting
elements and tools,

BACKGROUND

[8803] The oil and gas industry expends sizable sums to design cutting
tools, such as downhole drill bits including roller cone rock bits and fixed cutter bits.
Such drill bits may have relatively long service Hves with relatively infrequent failure.
In particular, considerable sums are expended to design and manufacture roller cone
rock bits and fixed cutter bits in a manner that minimizes the probability of
catastrophic drill bit failure during drilling operations. The loss of a roller cone or a
polyerystalline diamond compact from a bit during drilling operations can impede the
drilling operations and, at worst, necessitate rather expensive operations for retrieving
the bit or components thereof from the wellbore.

[80064] Diagnostic information related to a drill bit and certain components
of the drill bit may be linked to the durability, performance, and the potential failure
of the drill bit. In addition, characteristic information regarding the rock formation
may be used to estimate performance and other characteristics related to drilling
operations. Logging while drilling (LWD) and measuring while drilling (MWD)
measurements are conventionally obtained from measurements behind (e.g., several
feet away from) the drill head. While a number of sensors and measurement systems
may record information near the earth-boring drill bit, conventional polycrystalline
diamond compact (PDC) cutting elements used in earth-boring drill bits do not
provide measurements directly at the drill bit. The off-set from the earth-boring drill

bit may contribute to errors for many types of measurements, especially those
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measurements that relate directly to the performance or the condition of the earth-

boring drill bit itself,

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

{8805} FIG. 1 illustrates a simplified cross-sectional side view of an earth-
boring drill bit that may include instrumented cutting elements as described herein.

[8686] FIG. 2 is a simplified and schematically illustrated drawing of an
instrumented cutting element of FIG. 1 engaging a subterranean formation.

{08871 FIG. 3A is a top view of an embodiment of an instrumented cutting
clement of the present disclosure.

[6008] FIG. 3B is a cross-sectional side view of the instrumented cutting
element of FIG. 3A.

[880%] FIGS. 3Cthrough 3F are cross-sectional side views of various
additional embodiments of instrumented cutting elements of the present disclosure.

{0818] FIG. 4 is a top view of another embodiment of an instrumenied cutting
elerment of the present disclosure.

[0911] FIG. 5 is a top view of another embodiment of an instrumented cutting
element of the present disclosure.

[6012] FIG. 6A is a top view of another embodiment of an instrumented
cutting element of the present disclosure.

(68131 FIG. 6B is a cross-sectional side view of the instrumented cutting
element of FIG. 6A.

[8614] FIG. 7 is a top view of another embodiment of an instrumented cutting
element of the present disclosure.

[8015] FIG. 8 is a top view of another embeodiment of an instrumented cutting
element of the present disclosure.

{9816} FIG. 9 is a top view of ancther embodiment of an instrumented cutting
element of the present disclosure,

{60171 FIG. 10A is a top view of another embodiment of an instrumented
cutting element of the present disclosure.

{0018] FIG. 108 is a cross-sectional side view of the instrumented cutting
element of FIG. 10A.

{80181 FIGS. 11A through 11E are used to illustrate a method of forming an

instrumented cutting element according 1o another embodiment of the present disclosure,
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and show elements of the culting element at various stages of formation of the
instrumented cuiting clement.
{0020] FIGS. 12A and 12B are used to illustrate another embodiment of a
method of forming an instrumented cutting elerent according to the present disclosure,
{88211 FIGS. 13A through 13C ilustrate another embodiment of a method of

forming an instrumented cutting element according to the present disclosure.

DETAILED DESCRIPTION

{0022} In the following detailed description, reference is made to the
accompanying drawings that form a part hereof and, in which are shown by way of
illustration, specific embodiments in which the invention may be practiced. These
embodiments are described in sufficient detail to enable those of ordinary skill in the art
to practice the invention, and it is to be understood that other embodiments may be
utilized, and changes may be made within the scope of the disclosure.

[6023] Referring in general 1o the following description and accompanying
drawings, various embodiments of the present disclosure are ilustrated to show its
structure and method of operation. Common elements of the illustrated embodiments
may be designated with similar reference numerals. It should be understood that the
figures presented are not meant to be illustrative of actual views of any particular earth-
boring tool or cutting element, but are merely idealized representations employed to
more clearly and fully depict the present invention defined by the claims below. The
ittustrated figures may not be drawn to scale.

[0824] As used herein, a “drill bit” means and includes any type of bit or ool
used for drilling during the formation or enlargement of a wellbore in subterranean
formations and includes, for example, fixed cutter bits, rotary drill bits, percussion bits,
core bits, eccentric bits, bi-center bits, reamers, mills, drag bits, roller cong bits, hybrid
bits and other drilling bits and tools known in the art.

60257 As used herein, the term “polycrystalline material” means and includes
any material comprising a plurality of grains or crystals of the material that are bonded
directly together by inter-granular bonds. The crystal structures of the individual grains
of the material may be randomly oriented in space within the polycrystalline material.

[0626] As used herein, the term “polyerystalline compact” means and includes

any structure comprising a polyerystalline material formed by a process that involves
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application of pressure {e.g., compaction} to the precursor material or materials used to
form the polycrystalline material.

{96277 As used herein, the ferm “hard material” means and includes any
material having a Knoop hardness value of about 3,000 Kg{‘ffmm3 {29,420 MPa) or more.
Hard materials include, for example, diamond and cubic boron nitride.

[8828] Embodiments of the present disclosure include instrumented cutling
elements for earth-boring drill bits, and methods for forming such instrumented
cutting elements. The instrumented cutting clements may provide measurements
obtained directly from locations at the drill bit to which they are mounted and used.
The instrumented cutting elements may be used to identify formation characteristics,
which may be used to improve identification of chemicals and pay zones within the
formation. The instrumented cutting elements also may be used to improve {e.g.,
optimize) drilling parameters. In addition, at-bit measurements and real-time
formation evaluation obtained using the instrumented cutting elements may reduce
risk of loss or damage to the cutting elements and/or the earth-boring drill bit to which
the cutting elements are mounted,

[6829] FIG. 1 illustrates a simplified cross-sectional side view of an earth-
boring drill bit 100 that may include instrumented cutting elements as described
herein. The earth-boring drill bit 100 includes a bit body 110. The bit body 110 of
the earth-boring drill bit 100 may be formed from steel. In some embodiments, the bit
body 110 may be formed from a particle-matrix compostte material. For example, the
bit body 110 may further include a crown 114 and a steel blank 116. The steel blank
116 is partially embedded in the crown 114, The crown 114 may include a particle-
mairix composite material such as, for example, particles of tungsten carbide
embedded in a copper alloy matrix material, The bit body 11{ may be secured to a
shank 120 by way of a threaded connection 122 and/or a weld 124 extending arcund
the earth-boring drill bit 100 on an exterior surface thereof along an interface between
the bit body 110 and the shank 120. Other methods may be used to secure the bit
bady 110 to the shank 120,

[6838] The carth-horing drill bit 100 includes a plurality of cutting elements
154 attached to the a 112 of the bit body 110, one or more of which may comprise an
instrumented cutting element as described herein in further detail below. Generally,
the cutting elements 154 of a fixed-cutter type drill bit have either a disk shape ora

substantially cylindrical shape. Each cutting element 154 may include a cutting
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surface 155 located on a substantially circular end surface of the cutting element 184,
The cuiting surface 155 may be formed by disposing a hard, super-abrasive material,
such as a polyerystalline diamond compact in the form of a “diamond fable” As
known in the art, such a diamond table may be formed by subjecting diamond
particles to high temperature, high pressure (HTHP)conditions in the presence of a
metal soivent catalyst (e.g., one or more of cobalt, iron, and nickel). Such an HTHP
sintering process resufts in the formation of direct inter-granufar diamond-to-diamond
atomic bonds between the diamond particles, which forms the diamond table
comprising the polyerystatline diamond compact. In some embodiments, the diamond
table may be formed on a supporting substrate during the HTHP sintering process. In
other embodiments, the diamond table may be formed in an HTHP sintering process,
and subsequently bonded to a separately formed supporting substrate. Such cutting
elements 134 are often referred to as polyorystalline diamond compact (FDC) cutting
elernents 154, The cutting elements 154 may be provided along blades 150 on the
face 112 of the bit body 110, Pockets 156 may be formed in the face 112 of the bit
body 110, and the cutting elements 154 may be secured to the bit body 110 within the
pockets 156 using a brazing process, for example. In some instances, the cutting
clements 154 may be supported from behind by butiresses 5§, which may be
integrally formed with the crown 114 of the bit body 110.

[0831] The bit body 110 may further include junk slots 152 that separate the
blades 150, Internal fluid passageways (not shown} extend between the face 112 of
the bit body 110 and a longitudinal bore 140, which extends through the shank 120
and partially through the bit body 110. Nozzle inserts (not shown) also may be
provided at the face 112 of the bit body 110 within the internal fluid passageways.

[8832] The ecarth-boring drill bit 100 may be secursd to the end of a drill
string {not shown}, which may include tubular pipe and equipment segments {e.g.,
drill collars, a motor, 8 steering tool, stabilizers, etc.} coupled end to end between the
earth-boring drill bit 100 and other drilling equipment at the surface of the formation
to be drilled. As one example, a threaded connection portion 125 of the drill bit 100
may be engaged with a complementary threaded connection portion of the drill string.
An example of such a threaded connection portion is an American Petreleum Institute
{API) threaded connection portion.

100331 During drilling operations, the earth-boring drill bit 100 is positioned

at the bottom of a wellbore such that the cutting clements 154 are adjacent the earth
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formation to be drilled. Equipment such as a rotary table or a top drive may be used
for rotating the drill string and the drill bit 100 within the well bore hole.
Alternatively, the shank 120 of the earth-boring drill bit 100 may be coupled to the
drive shaft of a down-hole motor, which may be used to rotate the sarth-boring drill
bit 100, Asthe earth-boring drill bit 100 is rotated, drilling fluid is pumped to the
face 112 of the bit body 110 through the longitudinal bore 140 and the internal fluid
passageways (not shown). Rotation of the earth-boring drill bit 100 causes the cutting
elements 154 to scrape across and shear away the surface of the underlying formation.
The formation cuttings mix with, and are suspended within, the drilling fluid and pass
through the junk slots 152 and the annular space between the well bore hole and the
drill string to the surface of the earth formation.

[8834]  When the cutting elements 154 scrape across and shear away the
surface of the underlying formation, a significant amount of heat and mechanical
stress may be generated. Components of the earth-boring drill bit 100 {e.g., cotting
elements 154) may be configured for detection of performance data during drilling
operations, as will be discussed herein with respect to FI1GS. 2 through 13C. For
example, embodiments of the present disclosure may include at least one sensing
element carried by one or more of the cutiing elements 154, which may be used to
obtain real-time data related to the performance of the cutting element 154, the drill
bit 100, and/or characteristics of the rock formation, such as resistivity, impedance,
resistance, and reactance measurements. In other words, characteristics of the cutting
element 134, carth-boring drifl bit 100, and the rock formation may be determined
during drilling. For example, resistivity measurements may be indicative of hardness
of the rock formation. In some embodiments, the real-time data may include porosity
determinations. Diagnostic information related to the actual performance of the earth-
boring drill bit 100 and characteristics of the rock formation may be obtained through
analysis of the data signals generated by the sensing elements. The information
collected from the instrumented cutting element 154 may be communicated up the
drifl string either in real-time while drilling or after completing a section of drilling.

{88351 As will be described below, various types of megsurements may be
made from one or more instrumented cutting clements 154, such as from a plurality of
instrumented cutting elements 154 positioned at various locations on the earth-boring
drill bit 100. In some embodiments, instrumented cutting elements 154 may be

positioned in non-cutting orientations and locations for the purpose of enhancing
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measurements and/or providing redundancy. For example, if temperature is desired to
be measured, instrumented cutting elements 154 may be provided, which are
configured to measure temperature at or near the tip of the instrumented cutting
clement 154, In addition, a plurality of instrumented cutting elements 154 may be
located at different locations, which may provide a temperature profile for the earth-
boring drill bit 100 itself. Thus, in some embodiments, not all cutting elements 154
may be instrumented cutting elements 154, and the instrumented cutting elements 154
may be disposed at selected locations on the face 112 of the drili bit 100.

{8836} Various instrumented cutting elements 154 described herein may be
manufactured by using doped diamond grains in 3 portion of the polyerystalline
diamond material in the diamond table comprising the polyerystaliine diamond
compact. For example, a portion of the polyerystalline diamond material may be
diamond grains doped with materials, such as boron, phosphorous, sulfur, or other
materials that are either shallow electron donors or glectron acceptors capable of
inducing significant charge carrier densities at temperatures below e.g, 6006°C, By
doping selected portions or regions of the polycrystalline diamond material, the
conductivity of the doped portion of the polycrystalline diamond material may be
increased relative to the remainder of the polycrystalline diamond material. Metal
solvent catalyst, which may be present in the interstitial spaces between the inter-
bonded diamond grains in the polycrystalline diamond table may be removed from the
polverystaliine diamond table proxiroate the doped portions {e.g., surrounding the
doped portions) to decrease the conductivity of those regions relative fo the
conductivity of the doped regions. As a result, the doped portions of the diamond
material of the cutting elemenis 154 may exhibit properties of an eleetrical conductor,
and the surrounding other regions of the diamond material of the cutting elements 154
may exhibit properties of an electrical insulator.

{8837} Embodiments of the present disclosure include cutting elements 154
that incorporate sensing elements as the first line of detection for certain parameters
related to the cutting element 154, other components of the earth-boring drill bit 106,
the formation, or combinations thereof, Calibrating resistance measurements by the
instrumented cutting elements 154 during drilling may enable correlating wear
condition, active depth of cut control, understanding the extent of formation
engagement while drilling, pad-type formation resistivity measurements, and/or

identifying where in the earth-boring Jrill bit 100 instabilities may originate. In other
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waords, the resistance of the cutting element can be measured and used {0 determine
wear, As aresull, active bit control may be enabled. In other words, this information
may be used as part of an active bit conirol system.

[8038] Additional instrumented components of the earth-boring drill bit 100
may perform secondary detection of performance data. The measurements described
herein may also be used in conjunction with other sensor components in the welibore
assembly, such as thermocouples, thermistors, chemical sensors, acoustic transducers,
gamma detectors, ete. Acoustic transducers may inclode time-of-flight measurements
1o detect wear of the cutting clements 154, Wear of the culting element 154 may also
be determined through electrical measurements. Examples of such other related
sensors may be described in U.S. Patent Application Publication No. 2011/0266038,
filed April 25, 2811, and entitled “PDC Sensing Element Fabrication Process and
Tool,” U8, Patent Application Publication Ne. 2011/0266054, filed April 25, 2011,
and entitled “At-Bit Evaluation of Formation Parameters and Drilling Parameters,”
U.8. Patent Application Publication No. 201 1/0266053, filed April 25, 2011, and
entitied “Apparatus and Methods for Detecting Performance Data in an Earth-Boring
Drilling Tool,” and U.S. Patent Application Serial No. 13/159,164, filed June 13,
2011, and entitled “Apparatuses and Methods for Determining Temperature Data of a
Component of an Earth-Boring Drilling Tool,” the disclosure of each of the forgoing
applications being incorporated herein by this reference in their entirety.

{6039 FIG. 2 is a simplified and schematically ilustrated drawing of an
instrumented cutting element 154 of FIG. 1 engaging a subterranean formation 201, For
siraplicity, the cutting element 154 is shown separately without showing detail for the
associated earth-boring drill bit. The cutting elervent 154 may be configured as a PDC
compact 210 that inchudes a substrate 212 coupled with a diamond table 214 having a
cutting surface 215, In some embodiments, the cutting element 154 may have a
generally cylindrical shape. In other embodiments, the cutting clements 154 may have
other shapes, such as conical, brutes, ovoids, efe.

{0048] The cutting element 134 further includes one or more sensing
elemenis 216, The sensing element 216 may be disposed within the diamond table
214, such as by being embedded or at least partially formed within the diamond table
214, As a result, the sensing element 216 may be located at or near the cutting

surface 215 of the cutting element 154,
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(8041}  In some embodiments, the sensing element 216 may be formed
during a HTHP sintering process used to form the cutting element 154, The HTHP
process may include sintering diamond powder used to form the diamond table 214 of
the cutting element 154 at a tomperature of at least 1300° Celsius and a pressure of at
feast 5.0 GPa. In some embodiments, the diamond table 214 may be formed as a
standalone object {e.g., a free standing diamond table) to facilitate the addition of the
sensing clement 216, and the diamond table 214 may be attached to the substrate 212,
Further details regarding various configurations of the cutting element 154, and
formation thereof, will be discussed below.

[8042) In operation, the cutting element 154 may scrape across and shear
away the surface of the formation. Cuttings 202 from the subterranean formation 201
may pass across the sensing element 216 as indicated by arrow 203, In some
embodiments, the sensing element 216 may be configured to generate an elecirical
signal indicative of at least one parameter {¢.g., temperature, load, etc.} of the cutting
element 154. In some embodiments, the sensing element 216 may be configured to
generate an electrical signal indicative of & parameter {e.g., resistivity) of the
subterranean formation. For example, the sensing element 216 may be energized,
causing current to flow through the subterranean formation 261 or the cuttings 202 in
contact with the energized sensing element 216, As a result, resistivity measurements
may be taken from a measured voltage and/or current detected by the sensing element
216, which may be aided by intimate contact of the sensing element 216 with the
subterranean formation 201,

{88431 FIG. 3A is atop view of an embodiment of an instramented cutting
glement 300 of the present disclosure, The cutting element 300 includes a diamond table
314 as the cutting surface (o engage with the formation. The cutling element 300 further
inciudes one or more sensing slements 316, 318 formed within the diamond table 314.
In the embodiment shown in FIG. 3A, the cutting element includes two sensing elements
316, 318, which are separated from one another by a distance. Embodiments of the
present disclosure may include any number of sensing elements. For example, a
plurality of sensing elements 316, 318 may be present for a single cotting element 300 in
order to obtain a temperature gradient for the cutting element 300, The phurality of
sensing elements 316, 318 may be configured for one or more of resistivity sensing,

plezoresistivity sensing, and thermistor sensing.
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[8344] The sensing elements 316, 318 may be formed from and comprise an
electrically conductive diamond-based material (e.g., doped polyerystalline diamond).
Although dismond may be thermally conductive, polyerystalline diamond generally is
not an electrically conductive material {although metal solvent catalyst present in
interstitial spaces between the diamond grains may need to be removed from the
polyerystaliine diamond using, for example, a leaching process to prevent electrical
conduction through the metal solvent catalyst material in the interstitial spaces). Asa
result, the diamond-based material may be a diamond material that is doped as
previously mentioned to modify the electrical properties of the diamond material,
Thus, the polverystalline diamond of the diamond table 314 may be electrically
insulating, while the polycrystalline diamond of the sensing elements 316, 318 may be
electrically conductive. The dismond-based material that is electrically conductive
may be referred o herein as a “doped diamond material.”

{8048] The doped diamond material may be disposed within the diamond
table 314, and may be configured 1o generate an electrical signal in response to
experiencing a load. For example, the doped diamond material may exhibita
piezoresistive effect in response to a change in a pressure or siress. As a result, the
culting element 300 may be used {o measure the pieroresistive effect. Through
appropriste calibration, various parameters {g.g., stress, pressure, temperature,
resistivity, ete.) may be inferred from the change in the cutput (e, electrical signal)
from the cutting clement 300 as different loads are experienced during drilling.
Calibration may occur in a laboratory environment with one or more known loads
being applied to the instrumented cutting element 300 and measuring the electrical
signal response from the sensing elements 316, 318. The known loads may be applied
to the instrumented cutting element 300 at various different orientations. The
glectrical signal response from the sensing elements 316, 318 may be recorded and
associated with the known lead.

[8046] In some embodiments, the sensing elements 316, 318 may further be
employed as an electrode. Such an electrode may be used to measure resistivity of the
formation, such as is described by U.S. Provisional Patent Application No.
61/623,042, filed April 11, 2012, and entitled “Apparatuses and Methods for At-Bit
Resistivity Measurements for an Earth-Boring Drilling Tool,” the entire disclosure of
which is incorporated herein by reference, as discussed above. Thus, for resistivity

measurements of the rock formation, some sensing elements 316, 318 may be positive


ip-temp
Rectangle

ip-temp
Rectangle


o 11

poles and negative poles for sending the electric stimulus into the formation and
receiving the clectric stimulus from the rock formation. The electric stimulus may
also be referred to as an electric pulse. The electric stimulus may include a direct
current {DC) signal or at such a low frequency that is in effect a DC measurement of
resistance. In some embodiments, the electric stimulus may include spectral content.
in other words, the electric stimulus may include a relatively high frequency signal
propagation through the rock formation and providing a retumn path for the current to
flow. Guard electrodes may be provided to enable resistivity measurements at
different depths into the rock formation.

{80847] The information derived from the sensing clements 316, 318 may
relate to drill bit characteristics, formation characteristics, as well as drill bit behavior.
The cutting element 300 may provide passive data. The cutting element 300 may also
be used to provide data for active bit control, such as to obtain information useful in
intelligent control {e.g., active depth of cut controb) of the drilling parameters or
driliing system.

{6648} FIG. 3B is a cross-sectional side view of the instrumented cutting
element 300 of FIG. 3A. FIGS. 3C through 3F are cross-sectional side views of various
additional embodiments of instrumented cutting elements300 of the present disclosure.
The cross-sectional views of FIGS. 3B through 3F show various configurations for the
sensing elements 316, 318, as well as various methods for transmitting an electrical
signal therefrom. In each of FIGS. 3B through 3F, the dismond table 314 is shown to be
coupled with a substrate 312, The substrate 312 may be formed from a cemented
tungsten carbide material {e.g., cobalt-cemented tungsten carbide). As discussed above,
the diamond table 314 may be formed from a diamond material, while the sensing
clements 316, 318 may be formed from a doped diamond material. [n some
embodiments, all or a portion of the diamond material of the diamond table 314 may be
leached. Leaching the diamond table may include removing a metal solvent catalyst
material {e.g., cobalt) from interstitial spaces between the diamond particles in the
polverystalline diamond material.

{00497 Referring specifically to FIG. 3B, the sensing elements 316, 318 may
be configured as posts that extend from one end of the diamond table 314 to the other
end of the diamond table 314, at the interface where the diamond table 314 and the

substrate 312 meet. The substrate 314 may further include conduits 320, 322 formed
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therein. The conduits 320, 322 may be formed within the substrate 314 at locations
that at least partially align with the sensing elements 316, 318,

106561 The conduits 324, 322 may include electrical conductors 324, 326
that couple with the sensing elements 316, 318, In some embodiments, the electrical
conductors 324, 326 may be surrounded by a dielectric material {e.g., a ceramic
sheath} to electrically isolate the electrical conductors 324, 326 from the substrate
314. In some embodiments, the electrical conductors 324, 326 may be formed from
the same material as the sensing elements 316, 318 {e.g., a doped diamond material),
Recause the electrical conductors 324, 326 in the substrate 312 may be less exposed
to the hostile drilling conditions that are experienced by the diamond table 314, the
electrical conductors 324, 326 may be formed from materials that provide less
abrasion resistance. For example, the electrical conductors 324, 326 may be formed
from niobium, aluminum, copper, titanium, nickel, molybdenum, tantalum, tungsten,
boren, phosphorous, and other similar materials. A two-part sensing device (i.e.,
sensing elements 316, 318 and electrical conductors 320, 322 being formed from
different materials) may provide for a better coefficient of thermal expansion (CTE)
match with the two-part structure of the cutting element 300 (i.e,, diamond table 314
and the substrate 312 being formed from different materials},

{98511 The conduits 320, 322 may be configured to receive the electrical
signal from the sensing elements 316, 318§, and transmit the electrical signal away
from the culting element 300. For example, the electrical signal may be transmitted to
a processor {not shown) that may be part of a data collection module located in the
drill bit 100 (FIG. 1), the bit shank 120, other instrumentation in the bottom hole
assembly, or to that may be located above the surface of the formation. In some
embodiments, where the sensing elements 316, 318 may be configured as electrodes,
the conduits 320, 322 may transmit a signal {e.g., voltage) to the sensing elements
316, 318 from a power source (not shown). The cutting element 300 may be attached
to the carth-boring drill bit 100 (FIG. 1) by brazing the cutting element 300 within g
pocket 156 of the bit body 116, as previously described. The bit body 110 may
include wiring for coupling with the conduits 320, 322 through the back of the pocket
156 in order to further transmit the electrical signal to the data collection module
and/or receive a voltage from a power sourcs.

{6852] Having individual conduits 320, 322 for cach sensing element 316,

318, may enable the electrical signal from each sensing element 316, 318 to be read
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by a processor individually. In addition, cach sensing element 316, 318 may be
enabled to have a signal sent therethrough in a configuration where the sensing
elements 316, 318 are used as electrodes. In such an embodiment, the sensing
glements 316, 318 may be energized with a voltage causing current to flow through
the formation. For example, the voltage may be a bias voltage of approximately 1V
with respect to a local ground potential. The current flowing betwesn the sensing
clements 316, 318 may be measured, such that a resistivity of the formation may be
determined.

[8853] Referring specifically to FIG. 30, the sensing clements 316, 318 may
be configured as posts that extend from one end of the diamond table 314 © the other
end of the diamond table 314 at the interface of the diamond table 314 and the
substrate 312. The cutting element 300 may {urther include a conductive contact 330
coupled with the substrate 312 on a side of the subsirate 312 opposite the diamond
table 314. In some embodiments, the substrate 314 may be electricaliy conductive
such that current may flow from the sensors 316, 318 to the conductive contact 330
for the electrical signal to be transmitted through the electrical conductor 324,

[8054] Referring specifically to FIG, 3D, the sensing elements 316, 318 may
be configured as discrete volumes that only partially extend into the diamond table
314. For example, as shown in FIG. 3D, the sensing elements 316, 318 may begin at
the face of the diamond table 314 and extend therein, but not to the interface of the
diamond table 314 and the substrate 312, To obtain a signal from the sensing
clements 316, 318, the conduits 320, 322 may extend into the diamond table 314 for
the electrical conductors 324, 326 to couple with the sensing elements 316, 318,

[0638] Referring specifically to FIG. 3E, the sensing elements 316, 318 may
be configured as discrete volumes that are embedded within the diamond table 314.
To obtain a signal from the sensing elements 316, 318, the conduits 320, 322 may
extend into the diamond table 314 for the electrical conduits 324, 326 to couple with
the sensing elements 316, 318

{8356] Referring specifically to FIG, 3F, the sensing elements 316, 318 may
be configured as discrete volumes that only partially extend into the diamond table
314, For example, as shown in FIG. 3D, the sensing elements 316, 318 may begin at
the interface of the diamond table 314 and the substrate 312 and extend into the

diamond table 314, but not to the face of the diamond table 314, To obtain a signal
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from the sensing elements 316, 318, the current may flow through the substrate 312,
or through conduits {not shown} as described above,

{08571 FIG. 4 is a top view of another embodiment of an instrumented cutting
element 400 of the present disclosure. The cutting clement 400 may include a plurality
of sensing elements 416, 418 formed in the diamond table 414 fom a doped diamond
material, The sensing clements 416, 418 may be formed in a linear shape that extends
across the diamond table 414,

[0058] FIG. § s a top view of another embodiment of an instrumented cutting
clerent 500 of the present disclosure, The cutting element 500 may include a single
sensing element 316 formed in the diamond table 514 from a doped diamond material.
The single sensing element 516 may also be formed in a linear shape across the diamond
table 514.

[0059] FIG. 6A is a top view of another embodiment of an instrumented
cutting element 600 of the present disclosure. The cutting element 600 may include a
sensing element 6146 formed in the diamond table 614 from a doped diamond material.
The sensing clement 616 may be formed in an annular shape such that the non-doped
diamond material of the diamond table 614 may surround the sensing element 616 both
outside and inside the sensing element 616, which geometry may be used as a guard
electrode.

{60681 FIG. 6B is a cross-sectional side view of the instrumented cutting
element 600 of FIG. 6A. The cross-sectional view of FIG. 6B is taken along the ling 601
of FIG. 6A. In particular, the diamond table 614 is shown to be coupled with a substrate
612. As discussed above, the cutting element 600 may include a conduit 622 for
transmitting the electrical signal away from the cutting element 600. The conduit 622
may include an electrical conductor 6286, which may further be surrounded by a
dielectric material, Because the sensing element 616 is a continuous annular shape
within the diamond table 614, a single conduit 622 may be used 1o couple with the
sensing element 616, Of course, multiple conduits (not shown) may be coupled with the
sensing element 616 at one or more additional points.

{0061]  FIG. 7 is a top view of another embodiment of an instrumented cutling
element 700 of the present disclosure. The cutting element 700 may include a sensing
element 716 formed around the periphery of the diamond table 714.

{6662] FIG. 8 is a top view of another embodiment of an instrumented cutting

element 800 of the present disclosure, The cutting element 800 may include sensing
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elements 816, 818 that are formed as concentric annular shapes (i.¢., toroid geometry} in
the diamond table 814. In some embodiments, the center sensing element 8§18 may
have a shape that is different from a toroid shape.

[6063] FIG. 9 is a top view of another embodiment of an instrumented cutting
element 900 of the present disclosure. The cutting element 200 may include a sensing
element 916 that is formed as a hollow rectangular shape (e.g., square} in the diamond
table 914,

188641 FIG. 10A is 3 top view of another embodiment of an instrumented
cuiting 1000 element of the present disclosure. The cutting element 1000 may include a
sensing element 1016 formed in the diamond table 1014 from a doped diamond material.
The sensing clements 1016 may be formed in an annular shape such that the non-doped
diamond material of the diamond table 1014 may surround the sensing element 1016
both outside and inside the sensing element 1016, The cutting element 1000 may
include a conduit 1003 formed in the face of the diamond table 1014, The conduit 1005
may be formed in a groove cut out of the face of the diamond table, and with a
conductive element disposed therein. As a result, the conduit 1005 may extend across
the face of the cutting element 1000 as opposed to extending through the cutting element
1000, In order to protect the conduit 1005 from being damaged during drilling, the
conduit 10035 may be formed on a non-cutting surface 1004 of the cutting element 1000,
The non-cutting surface 1004 may be opposite a cutting surface 1002 of the cutting
element 1000,

[6065]  FIG. 10B is a cross-sectional side view of the instrumented culting
element 1000 of FIG. 10A. The cross-sectional view of FIG. 10B is taken along the line
1001 of FIG. 10A. In particular, the diamond table 1014 is shown to be coupled with a
substrate 1012, As discussed above, the conduit 1003 may be configured to couple with
the earth-boring drill bit 100 (FIG. 1) outside of the substrate 1012 of the cutting element
1000. For example, the earth-boring drill bit 100 may include wiring at a location within
a pocket 156 for the conduit 1003 to couple with when the cuiting element 1000 is
brazed into the earth-boring drill bit 100,

{B866] FIGS. 11A through 11E are used to illustrate a method of forming an
instrumented cotting element]1 100 according to another embodiment of the present
disclosure, and show elements of the culting clement1100 at various stages of formation
of the instrumented cutiing slement, Referring to FIG, 11 A, the cutting element 1100

may be formed by sintering a diamond powder with 8 fungsten carbide substrate in an
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HTHP process to form a diamond table 1114 and an initial substrate 1112. The diamond
powder and the tungsten carbide substrate may be together in a container that is placed
int the HTHP press for undergoing the HTHP process. In some embodiments, the
tungsten carbide substrate may be formed by sintering a powder in the HTHP sintering
process at the same time as the diamond powder is sintered to form the diamond table
1114 on the substrate. After completion of this initial HTHP process, the cutting
element 1100 may be functional as a non-instrumented cutting element, which is where
conventional cutting elements are usually completed.

(80671 Referring to FIG. 118, the initial substrate 1112 may be removed,
such that the diamond table 1114 remains as a standalone (i.e., free standing) object.
The initial substrate 1112 may be removed by dissolving the tungsten carbide material
to obtain a standalone diamond table 1114, The diamond table 1114 may be leached
to remove a metal solvent catalyst material (e.g., cobalt) from within interstitial
spaces between the inter-bonded diamond grains.

[B8868] In some ermbodiments, the diamond table 1114 may be formed as a
standalone object. In other words, the diamond tabie 1114 may be sintered by itself
as a free standing diamond disk. As a result, in some embodiments, the formation of
the cutting element 1100 may begin with the stand alone diamond table 1114 shown
in FIG. 11B. Removing the initial substrate 1112 may be used, in some embodiments,
for instrumenting cutting elements 1100 that have already been formed {e.g.,
retrofitting existing cutting elements).

{08691 Referring to FIG. 11, the sintered diamond table 1114 may have
chambers 1102, 1104 formed therein. The chambers 1102, 1104 may be formed by
removing at least a portion of the diamond table 1114 for the desired future shape of
the sensing elements. Removing a portion of the diamond table 1114 roay be
performed by grinding, electric discharge machining (EDM), laser cutting, spark
eroding, applying a hot metal solvent, and other similar methods. The chambers
1162, 1104 may have a shape that is desired for the sensing elements. For example,
the chambers 1102, 1104 may include a shape as described with respect to FIGS. 3A
through 10B.

[6876] Referring to FIG. 11D, the cutting elernent 1100 may be subjected to
another HTHP process. Diamond powder and one or more dopant elements may be
provided within the chambers 1102, 1104 of the diamond table 1114, and the diamond

table 1114 may be positioned adjacent a substrate 1112 as shown in FIG. 11D, and
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subjected to the another HTHP process. As a result, a doped diamond material is
tormed within the chambers 1102, 1104, the doped diamond material defining sensing
clements 1116, 1118 in the previously sintered diamond table 1114, In some
embodiments, an additional dielectric material may be disposed within the chambers
1102, 1104 between the doped diamond material and the diamond table 1114, This
additional dielectric layer may be disposed in the chambers 1102, 1104 using a
deposition process {e.g., chemical vapor deposition), applying a ceramic cement, or
other similar methods used 1o deposit layers of diclectric material, In some
embodiments, such as embodiments in which the diamond table 1114 is leached (o
remove metal solvent catalyst material therefrom, it may not be necessary or desirable
to slecirically isolate the doped diamond material from the remainder of the diamond
table 1114using such a dielectric material,

[0071] Forming the chambers 1102, 1104 in a sintered diamond table 1114
may enable the chambers 1102, 1104 {0 have the desired shape, During the HTHP
process, the diamond table 1114 may undergo compaction and shrinkage. From a
geometry and alignment standpoint, forming the chambers 1102, 1104 in a sintered
diamond table 1114 may result in a more predictable shape and location for the
sensing elements 1116, 1118 because the diamond table 1114 is already sintered, and
may experience minimal shrinkage during the second HTHP process.

{88721  In addition, some embodiments may include the doped diamond
material and/or the substrate 1114 being sintered separately, such that the sensing
elements 1116, 1118 and/or the substrate may be bonded to the sintered diamond table
1114 through methods that do not involve use of an HTHP sintering process. Sucha
bonding process may inchude brazing, for example.

{8073} Referring 1o FIG. 11E, conduits 1120, 1122 may be formed through
the substrate 1112 to align sufficiently to provide electrical contact with the sensing
elements 1116, 1118, The conduits 1126, 1122 may be formed by removing a portion
of the substrate 1112 to form passageways and disposing electrical conductors therein.

{6874] FIGS. 12A and 12B are used to illustrate another embodiment of a
method of forming an instrumented cutting element 1200 according to the present
disclosure. Referring to FIG. 124, the cutiing element 1200 may be formed by sintering
a diamond powder with a tungsten carbide substrate in an HTHP process to form a
diamond table 1214 and an initial subsirate 1212. The diamond table 1214 may include

chambers 1202, 1204 that are formed during the HTHP process by the shape of the
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initial substrate 1212, For example, the initial substrate 1212 may be selected to
comprise at least one protrusion. The diamond table 1214 may be formed at least
partially around the at least one profrusion. The protrusion may be used to create the
chambers 1202, 1204 to have a shape that is desired for the sensing elements. For
example, the chambers 1202, 1204 may include a shape as described with respect to
FIGS. 34 through 10B. Referring to FIG. 128, the initial substrate 1212 may be
removed such that the chambers 1202, 1204 remain within the diamond table 1214, The
remainder of the cutting element 1200 may be formed substantially as previously
described with reference to FIGS. 11C through 11E.

[8075]  FIGS. 13A through 13C illustrate another embodiment of a method of
forming an instrumented cutting element 1300 according to the present disclosure.
Referring to FIG. 134, the cutting element 1300 may be formed by sintering a diamond
powder with a tungsten carbide substrate in an HTHP process to form a diamond table
1314 and an initial substrate 1312, The diamond table 1314 may include metal inseris
1302, 1304 that are embedded within the diamond table 1314, The metal inserts 1302,
1304 may be formed from a metal that may survive the HTHP process. For example, the
metal inserts 1302, 1304 may be formed from nickel, titanium, stc.

[8076] Referring to FIG, 13B, the initial substrate 1312 may be removed
similar to the methods described above, Referring to FIG. 130, the metal inserts
1302, 1304 may be accessed and removed through the diamond table 1314, For
example, the metal inserts 1302, 1304 may be accessed by removing a portion of the
diamond table 1314 1o form passageways o the metal inserts 1302, 1304, The metal
inserts 1302, 1304 may be removed by dissolving the metal inserts 1302, 1304
through the passageways. As a result, empty chambers 1306, 1308 may remain
within the diamond table 13 14, which may be filled with the doped diamond material
for the sensing elements. Thus, the metal inserts 1302, 1304 may have a shape that is
desired for the sensing elements. The remainder of the cuiting element 1300 may be
formed substantially as previously described with reference to FIGS. F1C through
{1E.

{60771 Additional non-limiting embodiments are described below.

[6078] Embodiment 1! An instrumented cutting element for use on an earth-
boring tool, comprising: a substrate; a diamond table bonded to the substrate; and at least
one sensing element disposed at least partially within the diamond table, the at least one

sensing element comprising a doped diamond material.
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{06879 Embodiment 2: The instrumented culting element of Embodiment 1,
wherein the doped diamond material includes polycrystalline diamond and a dopant
selected from the group consisting of boron, phosphorus, and sulfur.

{6088] Embodiment 3: The instrumented cutting element of Embodiment { or
Embodiment 2, wherein the doped diamond material is embedded within the diamond
table.

{0681] Embodiment 4 The instrumented cutting element of Embodiment | or
Embodiment 2, wherein the doped diamond material extends through a thickness of the
diamond table.

{0082] Embodiment §: The instrumented cutting element of any of
Embodiments 1 through 4, wherein the substrate comprises at least one conduil coupled
with the at least one sensing element, the at least one conduit configured 1o fransmit an
electrical signal away from the at least one sensing element.

[6083] Embodiment 6; The instrumented cutting element of Embodiment 5,
whergin the at least one conduit comprises an electrical conductor.,

[6084] Embodiment 7 The instrumented cuiting element of any of
Embodiments 1 through 6, further comprising an electrical contact coupled with the
substrate on a surface opposite the diamond table.

{6083] Embodiment & The instrumented cutting element of any of
Embodiments 1 through 7, wherein the doped diamond material is formed in one ofan
annular shape, 3 linear shape, and 3 rectangular shape.

[6886] Embodiment & The instrumented cutting element of any of the
Embodiments | through &, wherein the at least one sensing element includes a plurality
of sensing elements each comprising a doped diamond material disposed at least
partially within the diamond table.

{06871 Embodiment 10: The instrumented cutling element of Embodiment 9,
wherein the sensing elements of the plurality of sensing elements are concentrically
arranged.

[6088] Embodiment 11: The instrumented cutting element of any of the
Embodiments 1 through 10, wherein the diamond table comprises polyerystalline
diamond including inter-bonded diamond grains with interstitial spaces between the
inter-bonded diamond grains, at least a portion of the interstitial spaces being at least

substantially free of metal solvent catalyst material.
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{6089} Embodiment 12; An earth-boring tool, comprising: a tool body; and ap
instrumented cutting element attached to the ool body, the instrumented cuiting element
including a substrate, a diamond table bonded to the substrate, and at jeast one sensing
clement disposed at least partially within the diamond table, the at least one sensing
element comprising a doped diamond material.

{8098] Embodiment 13: The earth-boring tool of Embodiment 12, wherein the
earth-boring tool comprises an earth-boring rotary drill bit.

{60%91] Embodiment 14: The earth-boring tool of Embodiment 12 or
Embodiment 13, wherein the doped diamond material includes polyerystaliine diamond
and a dopant selected from the group consisting of boron, phosphorus, and sulfur.

{8092] Ewmbodiment 15: A method for obtaining a measurement at an earth-
boring tool, the method comprising receiving an electrical signal from a doped diamond
material disposed at least partially within a diamond table of an instrumented cutting
element attached to the earth-boring tool.

{8693} Embodiment 16: The method of Embodiment 15, wherein receiving
the electrical signal includes receiving the electrical signal through a conduit extending
through a subsirate of the instrumented cutting element.

[8894] Embodiment 17: The method of Embodiment 15 or Embodiment 16,
further comprising correlating the electrical signal with at least one parameter during a
drilling operation.

{60%5] Embodiment 18 The method of Embodiment 17, wherein correlating
the electrical signal with at least one parameter includes correlating a characteristic of a
subterranean formation with the electrical signal.

{80696] Embodiment 19: The method of Embodiment 17 or Embodiment 18,
wherein correlating the electrical signal with at least one parameter inchudes correlating a
characteristic of the instrumented cutting element with the electrical signal.

{80697} Embodiment 20: The method of any of Embodiments 17 through 19,
further comprising actively controlling the drilling operation responsive to data derived
from the electrical signal.

18098]  Although the foregoing description contains many specifics, these
are not t¢ be construed as limiting the scope of the present disclosure, but merely as
providing certain exemplary embodiments. Similarly, other embodiments of the
disclosure may be devised which do not depart from the scope of the present

invention. For example, features described herein with reference to one embodiment
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also may be provided in others of the embodiments described herein. 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.
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Claims

1. An instrumented cutting element for use on an earth-boring tool, the instrumented

cutting element comprising:

a substrate;

a diamond table bonded to the substrate;

at least one sensing element disposed at least partially within the diamond table, the at least one
sensing element comprising a doped diamond material, wherein the substrate comprises
at least one conduit coupled and at least partially aligned with the at least one sensing
element and extending at least substantially through the substrate; and

wherein the at least one conduit comprises an electrical conductor configured to transmit an

electrical signal away from the at least one sensing element.

2. The instrumented cutting element of claim 1, wherein the doped diamond material
includes polycrystalline diamond and a dopant selected from the group consisting of boron,

phosphorus, and sulfur.

3. The instrumented cutting element of claim 1, wherein the doped diamond material

is embedded within the diamond table.

4. The instrumented cutting element of claim 1, wherein the doped diamond material

extends through a thickness of the diamond table.

5. The instrumented cutting element of claim 1, wherein the at least one conduit
further comprises a dielectric material surrounding the electrical conductor and isolating the

electrical conductor from the substrate.

6. The instrumented cutting element of claim 1, further comprising an electrical

contact coupled with the substrate on a surface opposite the diamond table.
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7. The instrumented cutting element of claim 1, wherein the doped diamond material

is formed in one of an annular shape, a linear shape, and a rectangular shape.

8. The instrumented cutting element of claim 1, wherein the at least one sensing
element includes a plurality of sensing elements each comprising a doped diamond material

disposed at least partially within the diamond table.

9. The instrumented cutting element of claim 8, wherein the sensing elements of the

plurality of sensing elements are concentrically arranged.

10. The instrumented cutting element of claim 1, wherein the diamond table
comprises polycrystalline diamond including inter-bonded diamond grains with interstitial
spaces between the inter-bonded diamond grains, at least a portion of the interstitial spaces being

at least substantially free of metal solvent catalyst material.

1. An earth-boring tool, comprising:

a tool body; and

an instrumented cutting element attached to the tool body, the instrumented cutting element
comprising:

a substrate;

a diamond table bonded to the substrate;

at least one sensing element disposed at least partially within the diamond table, the at least one
sensing element comprising a doped diamond material, wherein the substrate comprises
at least one conduit coupled and at least partially aligned with the at least one sensing
element and extending at least substantially through the substrate; and

wherein the at least one conduit comprises an electrical conductor configured to transmit an

electrical signal away from the at least one sensing element.

12. The earth-boring tool of claim 11, wherein the earth-boring tool comprises an

earth-boring rotary drill bit.
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13. The earth-boring tool of claim 11, wherein the doped diamond material includes
polycrystalline diamond and a dopant selected from the group consisting of boron, phosphorus,

and sulfur.

14. A method for obtaining a measurement at an earth-boring tool, the method
comprising receiving an electrical signal through a conduit extending at least substantially
through a substrate of the instrumented cutting element from a doped diamond material disposed
at least partially within a diamond table of the instrumented cutting element attached to the
earth-boring tool; and
correlating the electrical signal with at least one parameter during a drilling operation, wherein

the correlating the electrical signal with at least one parameter includes correlating a

characteristic of a subterranean formation with the electrical signal.

15. The method of claim 14, wherein correlating the electrical signal with at least one
parameter includes correlating a characteristic of the instrumented cutting element with the

electrical signal.

16. The method of claim 14, further comprising actively controlling the drilling

operation responsive to data derived from the electrical signal.

17. The instrumented cutting element of claim 1, wherein the at least one sensing
element comprises two or more sensing elements and the at least one conduit comprises two or
more conduits, wherein each conduit of the two or more conduits is coupled and at least partially

aligned with a respective sensing element of the two or more sensing elements.



