
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2012/078314 Al
14 June 2012 (14.06.2012) W P O P C T

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
C22C 26/00 (2006.01) E21B 10/567 (2006.01) kind of national protection available): AE, AG, AL, AM,
B22F 7/06 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,

CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(21) International Application Number: DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

PCT/US201 1/060380 HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(22) International Filing Date: KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

11 November 201 1 ( 11. 1 1.201 1) MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,

(25) Filing Language: English SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

(26) Publication Language: English TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data: (84) Designated States (unless otherwise indicated, for every

12/961,787 7 December 2010 (07. 12.2010) US kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

(71) Applicant (for all designated States except US) : US SYN¬ UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
THETIC CORPORATION [US/US]; 1260 South 1600 TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
West, Orem, UT 84058 (US). DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,(72) Inventors; and
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,

(75) Inventors/Applicants (for US only): MUKHOPAD-
GW, ML, MR, NE, SN, TD, TG).HYAY, Debkumar [US/US]; 8905 Cold Walter Drive,

Apt# 2183, Sandy, UT 84094 (US). BERTAGNOLLI, Published:
Kenneth, E. [US/US]; 11762 Whatta View Place, River-

— with international search report (Art. 21(3))
ton, UT 84065 (US). GONZALEZ, Jair, J. [US/US];
2669 West 1520 North, Provo, UT 84601 (US).

(74) Agent: SIMON, Marcus, S.; Workman Nydegger, 60 East
South Temple, Salt Lake City, UT 841 11 (US).

(54) Title: METHOD OF PARTIALLY INFILTRATING AN AT LEAST PARTIALLY LEACHED POLYCRYSTALLINE DIA
MOND TABLE AND RESULTANT POLYCRYSTALLINE DIAMOND COMPACTS

Fig. 1
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METHOD OF PARTIALLY INFILTRATING AN AT LEAST PARTIALLY
LEACHED POLYCRYSTALLINE DIAMOND TABLE AND RESULTANT

POLYCRYSTALLINE DIAMOND COMPACTS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Patent Application No. 12/961,787

filed on 7 December 2010, the contents of which are incorporated herein, in their entirety,

by this reference.

BACKGROUND

[0002] Wear-resistant, polycrystalline diamond compacts ("PDCs") are utilized in a

variety of mechanical applications. For example, PDCs are used in drilling tools (e.g. ,

cutting elements, gage trimmers, etc.), machining equipment, bearing apparatuses, wire

drawing machinery, and in other mechanical apparatuses.

[0003] PDCs have found particular utility as superabrasive cutting elements in rotary

drill bits, such as roller-cone drill bits and fixed-cutter drill bits. A PDC cutting element

typically includes a superabrasive diamond layer commonly known as a diamond table.

The diamond table is formed and bonded to a substrate using a high-pressure/high-

temperature ("HPHT") process. The PDC cutting element may be brazed directly into a

preformed pocket, socket, or other receptacle formed in a bit body. The substrate may

often be brazed or otherwise joined to an attachment member, such as a cylindrical

backing. A rotary drill bit typically includes a number of PDC cutting elements affixed to

the bit body. It is also known that a stud carrying the PDC may be used as a PDC cutting

element when mounted to a bit body of a rotary drill bit by press-fitting, brazing, or

otherwise securing the stud into a receptacle formed in the bit body.

[0004] Conventional PDCs are normally fabricated by placing a cemented carbide

substrate into a container or cartridge with a volume of diamond particles positioned on a

surface of the cemented carbide substrate. A number of such cartridges may be loaded

into an HPHT press. The substrate(s) and volume(s) of diamond particles are then

processed under HPHT conditions in the presence of a catalyst material that causes the

diamond particles to bond to one another to form a matrix of bonded diamond grains

defining a polycrystalline diamond ("PCD") table. The catalyst material is often a metal-

solvent catalyst (e.g. , cobalt, nickel, iron, or alloys thereof) that is used for promoting

intergrowth of the diamond particles.



[0005] In one conventional approach, a constituent of the cemented carbide substrate,

such as cobalt from a cobalt-cemented tungsten carbide substrate, liquefies and sweeps

from a region adjacent to the volume of diamond particles into interstitial regions

between the diamond particles during the HPHT process. The cobalt acts as a catalyst to

promote intergrowth between the diamond particles, which results in formation of a

matrix of bonded diamond grains having diamond-to-diamond bonding therebetween,

with interstitial regions between the bonded diamond grains being occupied by the

solvent catalyst.

[0006] The presence of the solvent catalyst in the PCD table is believed to reduce the

thermal stability of the PCD table at elevated temperatures. For example, the difference

in thermal expansion coefficient between the diamond grains and the solvent catalyst is

believed to lead to chipping or cracking of the PCD table during drilling or cutting

operations, which consequently can degrade the mechanical properties of the PCD table

or cause failure. Additionally, some of the diamond grains can undergo a chemical

breakdown or back-conversion to graphite via interaction with the solvent catalyst. At

elevated high temperatures, portions of the diamond grains may transform to carbon

monoxide, carbon dioxide, graphite, or combinations thereof, causing degradation of the

mechanical properties of the PCD table.

[0007] One conventional approach for improving the thermal stability of PDCs is to

at least partially remove the solvent catalyst from the PCD table of the PDC by acid

leaching.

[0008] In another conventional approach for forming a PDC, a sintered PCD table

may be separately formed and then leached to remove the solvent catalyst from interstitial

regions between bonded diamond grains. The leached PCD table may be simultaneously

HPHT bonded to a cemented carbide substrate and infiltrated with silicon and cobalt from

the substrate in a separate HPHT process. The silicon may infiltrate the interstitial

regions of the leached PCD table from which the solvent catalyst has been leached and

react with the diamond grains to form silicon carbide. The cobalt may also infiltrate the

interstitial regions of the leached PCD table from which the solvent catalyst has been

leached to form a bond with the cemented carbide substrate. PDCs sold under the trade

name Terracut were fabricated by the foregoing process.



[0009] Despite the availability of a number of different PDCs, manufacturers and

users of PDCs continue to seek PDCs that exhibit improved toughness, wear resistance,

thermal stability, or combinations thereof.

SUMMARY

[0010] Embodiments of the invention relate to methods of manufacturing PDCs by

infiltrating an at least partially leached PCD table in a controlled manner in an HPHT

process, and resultant PDCs. The temperature, pressure, and HPHT process time are

chosen to control a depth to which an infiltrant partially infiltrates into the at least

partially leached PCD table in the HPHT process.

[0011] In an embodiment, a method of fabricating a PDC includes forming a PCD

table in the presence of a metal-solvent catalyst in a first HPHT process. The PCD table

so formed includes a plurality of bonded diamond grains defining a plurality of interstitial

regions, with at least a portion of the plurality of interstitial regions including the metal-

solvent catalyst disposed therein. The plurality of bonded diamond grains exhibits an

average grain size of about 40 µιη or less. The method further includes at least partially

leaching the PCD table to remove at least a portion of the metal-solvent catalyst

therefrom. The method additionally includes subjecting the at least partially leached PCD

table and a substrate to a second HPHT process under diamond-stable temperature-

pressure conditions to partially infiltrate the at least partially leached PCD table with an

infiltrant and attach the partially infiltrated PCD table to the substrate. A maximum

temperature (T), a total process time (t), and a maximum internal cell pressure (P) of the

second HPHT process are chosen so that β is about 2 to about 325

°Celsius-hours/gigapascals ("°C-h/GPa"), with β represented as β = T-t/P. The infiltrated

polycrystalline diamond table includes a first region adjacent to the substrate including

the infiltrant disposed in at least a portion of the interstitial regions thereof and a second

region extending inwardly from an exterior working surface to a selected depth of at least

about 700 µιη. The second region is substantially free of the infiltrant.

[0012] In an embodiment, a PDC includes a substrate, and a pre-sintered PCD table

bonded to the substrate. The pre-sintered PCD table includes an exterior working surface,

at least one lateral surface, and a chamfer extending between the exterior working surface

and the at least one lateral surface. The pre-sintered PCD table includes a plurality of

bonded diamond grains defining a plurality of interstitial regions. The plurality of bonded



diamond grains exhibits an average grain size of about 40 µιη or less. The pre-sintered

PCD table further includes a first region and a second region. The first region is adjacent

to the substrate, and at least a portion of the interstitial regions of the first region include

an infiltrant disposed therein. The second region is adjacent to the first region and

extends inwardly from the exterior working surface to a selected depth of at least about

700 µιη. The interstitial regions of the second region are substantially free of the

infiltrant. A nonplanar interface is located between the first and second regions.

[0013] Other embodiments include applications utilizing the disclosed PDCs in

various articles and apparatuses, such as, rotary drill bits, bearing apparatuses, machining

equipment, and other articles and apparatuses.

[0014] Features from any of the disclosed embodiments may be used in combination

with one another, without limitation. In addition, other features and advantages of the

present disclosure will become apparent to those of ordinary skill in the art through

consideration of the following detailed description and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The drawings illustrate several embodiments of the invention, wherein

identical reference numerals refer to identical elements or features in different views or

embodiments shown in the drawings.

[0016] FIG. 1 is a cross-sectional view of an embodiment of a PDC including a

partially infiltrated PCD table attached to a cemented carbide substrate;

[0017] FIG. 2 is a schematic illustration of an embodiment of a method for

fabricating the PDC shown in FIG. 1 ;

[0018] FIG. 3 is a photomicrograph of a PCD table of a PDC formed according to

working example 1 of the present invention;

[0019] FIG. 4 is a photomicrograph of a PCD table of a PDC formed according to

working example 2 of the present invention;

[0020] FIG. 5 is a photomicrograph of a PCD table of a PDC formed according to

working example 3 of the present invention;

[0021] FIG. 6 is a photomicrograph of a PCD table of a PDC formed according to

working example 4 of the present invention;



[0022] FIG. 7 is a graph showing the measured temperature versus linear distance cut

during a vertical turret lathe test on some conventional PDCs and several unleached PDCs

according to working examples 1-4 of the present invention;

[0023] FIG. 8 is a graph showing the wear flat volume characteristics of some

conventional PDCs and several unleached PDCs according to working examples 1-4 of

the present invention;

[0024] FIG. 9 is a graph illustrating the measured temperature versus linear distance

cut during a vertical turret lathe test on some conventional PDCs and several PDCs

according to additional working examples 5-7 of the present invention that were leached

after reattachment;

[0025] FIG. 10 is a graph illustrating the wear flat volume characteristics of some

conventional PDCs and several PDCs according to additional working examples 5-7 of

the present invention that were leached after reattachment;

[0026] FIG. 11 is an isometric view of an embodiment of a rotary drill bit that may

employ one or more of the disclosed PDC embodiments; and

[0027] FIG. 12 is a top elevation view of the rotary drill bit shown in FIG. 11.



DETAILED DESCRIPTION

[0028] Embodiments of the invention relate to methods of manufacturing PDCs by

infiltrating an at least partially leached PCD table in a controlled manner in an HPHT

process, and resultant PDCs. The temperature, pressure, and HPHT process time are

chosen to control a depth to which an infiltrant partially infiltrates into the at least

partially leached PCD table in the HPHT process. The disclosed PDCs may be used in a

variety of applications, such as rotary drill bits, machining equipment, and other articles

and apparatuses.

[0029] FIG. 1 is a cross-sectional view of an embodiment of a PDC 100 including a

partially infiltrated pre-sintered PCD table 102 attached to a cemented carbide substrate

108 along an interfacial surface 109 thereof. The PCD table 102 includes a plurality of

directly bonded-together diamond grains exhibiting diamond-to-diamond bonding (e.g. ,

sp3 bonding) therebetween, which define a plurality of interstitial regions. The PCD table

102 includes at least one lateral surface 104, an upper exterior working surface 106, and

an optional chamfer 107 extending therebetween. It is noted that at least a portion of the

at least one lateral surface 104 and/or the chamfer 107 may also function as a working

surface that contacts a subterranean formation during drilling operations. Additionally,

although the interfacial surface 109 is illustrated as being substantially planar, in other

embodiments, the interfacial surface 109 may exhibit a selected nonplanar topography,

with the PCD table 102 exhibiting a correspondingly configured nonplanar interfacing

topography.

[0030] The diamond grains of the PCD table 102 may exhibit an average grain size of

about 40 µιη or less, such as about 30 µιη or less, about 25 µιη or less, or about 20 µιη or

less. For example, the average grain size of the diamond grains may be about 10 µιη to

about 18 µιη, about 8 µιη to about 15 µιη, about 9 µιη to about 12 µιη, or about 15 µιη to

about 18 µιη. In some embodiments, the average grain size of the diamond grains may be

about 10 µιη or less, such as about 2 µιη to about 5 µιη or submicron. The diamond grain

size distribution of the diamond grains may exhibit a single mode, or may be a bimodal or

greater grain size distribution.

[0031] The PCD table 102 exhibits a thickness "t" of at least about 0.040 inch, such

as about 0.045 inch to about 0.100 inch, about 0.050 inch to about 0.090 inch, about

0.065 inch to about 0.080 inch, or about 0.070 inch to about 0.080 inch. The infiltrated



polycrystalline diamond table 102 includes a first region 110 adjacent to the substrate 108

that extends from the interfacial surface 109 an average selected infiltration distance "h"

and includes an infiltrant disposed in at least a portion of the interstitial regions thereof.

The infiltrant may be chosen from iron, nickel, cobalt, and alloys of the foregoing metals.

For example, the infiltrant may be provided from the substrate 108 (e.g. , a cobalt from a

cobalt-cemented carbide substrate) or provided from another source such as a metallic foil

and/or powder. The PCD table 102 includes a second region 112 that extends inwardly

from the working surface 106 to an average selected depth "d." The depth "d" may be at

least about 700 µιη , about 700 µιη to about 2100 µιη , about 750 µιη to about 2100 µιη ,

about 750 µιη to about 1500 µιη , about 1000 µιη to about 1750 µιη , about 1000 µιη to

about 2000 µιη , about 1500 µιη to about 2000 µιη , about a third of the thickness of the

PCD table 102, about half of the thickness of the PCD table 102, or about more than half

of the thickness of the PCD table 102. The interstitial regions of the second region 112

are substantially free of the infiltrant.

[0032] As the PCD table 102 was fabricated from an at least partially leached PCD

table that was subsequently partially infiltrated with the infiltrant, the second region 112

may still include some residual metal-solvent catalyst used to initially form the diamond-

to-diamond bonds in the PCD table 112 that was not removed in the leaching process.

For example, the residual metal-solvent catalyst in the interstitial regions of the second

region 112 may be about 0.5% to about 2% by weight, such as about 0.9% to about 1%

by weight. Even with the residual amount of the metal-solvent catalyst in the second

region 112, the interstitial regions of the second region 112 may be considered to be

substantially void of material.

[0033] The substrate 108 comprises a plurality of tungsten carbide or other carbide

grains (e.g. , tantalum carbide, vanadium carbide, niobium carbide, chromium carbide,

and/or titanium carbide) cemented together with a metallic cementing constituent, such as

cobalt, iron, nickel, or alloys thereof. For example, in an embodiment, the cemented

carbide substrate is a cobalt-cemented tungsten carbide substrate. In some embodiments,

the substrate 108 may include two or more different carbides (e.g. , tungsten carbide and

titanium carbide).

[0034] The inventors currently believe that the infiltration depth "h" is primarily

governed by capillary action, which depends heavily on the viscosity, surface energy, and



contact angle of the infiltrant (e.g., cobalt), as well as the time period over which the

HPHT conditions are maintained. For example, according to one theory, the infiltration

depth "h" is approximated by the mathematical expression below:

[0035] where:

[0036] h = infiltration depth;

[0037] r = radius of the interstitial regions of the PCD table 102;

[0038] t = time;

[0039] = contact angle of the infiltrant with the at least partially leached PCD table

102;

[0040] γ = surface energy of the infiltrant; and

[0041] υ = viscosity (which depends on temperature and pressure) of the infiltrant.

[0042] According to one theory, the porosity of the PCD table 102 draws the infiltrant

further into the PCD table 102 as a result of capillary action. The infiltration depth "h" is

not simply a function of pressure, as increased pressure would be expected to drive more

complete penetration of the infiltrant through the PCD table 102. Rather, as shown by

working examples 1-4 below, infiltration depth "h" appears to be governed by capillary

action so that at a given pressure for which substantially full infiltration occurs, higher

pressures (and the same temperature and HPHT process time) will result in less

infiltration. According to one theory, infiltration occurs through capillary action rather

than a pressure differential. The viscosity of the infiltrant increases at increased

pressures, causing less infiltration to occur than at lower pressures, all else being equal.

Viscosity is also affected by temperature, i.e., as temperature increases, viscosity

decreases, so that at higher temperatures, increased infiltration results. Infiltration may

also be affected by process time. Increased processing times result in increased depth of

infiltration.

[0043] The temperature, pressure, and time period during the HPHT process used for

attachment of the PCD table 102 to the substrate 108 may be controlled so as to provide



for a desired infiltration depth "h." Partial infiltration of the PCD table 102 may provide

the same or better wear resistance and/or thermal stability characteristics of a leached

PCD table integrally formed on a substrate (i. e. , a one-step PDC) without actual leaching

having to be performed, as the infiltrant does not fully infiltrate to the working surface

106 of the PCD table 102. Examples of such an embodiment are described in working

examples 3 and 4, below. In some embodiments, the PCD table 102 may be leached to

remove a portion of the infiltrant from the first region 110 to improve the uniformity of

infiltrant in the first region 110, thermal stability, wear resistance, or combinations of the

foregoing. Examples of such embodiments are described in working examples 5-7,

below.

[0044] It is noted that an irregular nonplanar interface 114 is present between the first

region 110 and the second region 112. One effect of this characteristic is that this

nonplanar interface 114 between the first region 110 and the second region 112 differs

from an otherwise similarly appearing PDC, but in which a region similar to second

region 112 (in that it is substantially void of infiltrant) is formed by leaching, particularly

if the PCD table 102 includes a chamfer formed therein. In such instances, the leaching

profile advances from the outer surfaces exposed to the leaching acid. For example,

leaching typically progresses from the exterior surfaces downward and/or inward so that

any chamfer or end exposed to the acid affects the leaching profile. The incomplete

infiltration operates by a different mechanism in which infiltration occurs from the

"bottom up," so that the presence of the chamfer 107 in the PCD table 102 does not affect

the infiltration profile of the infiltrant. Additionally, if the infiltrant had infiltrated the

entire PCD table 102 so that the interstitial regions of the second region 112 were also

occupied by the infiltrant and subsequently removed in a leaching process to the depth

"d," a boundary between the first region 110 and the second region 112 would be

indicative of being defined by a leaching process as opposed to being relatively irregular.

[0045] As will be discussed in more detail below, the PCD table 102 is formed

separately from the substrate 108, and the PCD table 102 is subsequently attached to the

substrate 108. For example, in an embodiment, the PCD table 102 may be integrally

formed with a first cemented carbide substrate, after which the first substrate is removed,

the separated PCD table is at least partially leached, and the at least partially leached PCD

table is then attached to the substrate 108 in a second HPHT process. In another



embodiment, the PCD table 102 may be formed without using a cemented carbide

substrate (e.g. , by subjecting diamond particles and a metal-solvent catalyst to a HPHT

process), after which the formed PCD table is at least partially leached and attached to the

substrate 108.

[0046] When attaching the PCD table 102 to substrate 108 in a second HPHT process,

the HPHT process conditions (e.g. , maximum temperature, maximum pressure, and total

process time) are specifically chosen to result in only partial infiltration of the PCD table

102. As a result of this second HPHT process, the infiltrant within the substrate 108 (e.g. ,

cobalt from a cobalt-cemented tungsten carbide) infiltrates from the substrate 108 into at

least some of the interstitial regions of PCD table 102 in the first region 110.

[0047] FIG. 2 is a schematic illustration of an embodiment of a method for

fabricating the PDC 100 shown in FIG. 1. The plurality of diamond particles of the one

or more layers of diamond particles 150 may be positioned adjacent to an interfacial

surface 107 of a first cemented carbide substrate 105.

[0048] In an embodiment, the diamond particles of the one or more layers of diamond

particles 150 may exhibit an average particle size of about 40 µιη or less, such as about 30

µιη or less, about 25 µιη or less, or about 20 µιη or less. For example, the average

particle size of the diamond particles may be about 10 µιη to about 18 µιη, about 8 µιη to

about 15 µιη, about 9 µιη to about 12 µιη, or about 15 µιη to about 18 µιη. In some

embodiments, the average particle size of the diamond particles may be about 10 µιη or

less, such as about 2 µιη to about 5 µιη or submicron.

[0049] The diamond particle size distribution of the diamond particle may exhibit a

single mode, or may be a bimodal or greater grain size distribution. In an embodiment,

the diamond particles of the one or more layers of diamond particles 150 may comprise a

relatively larger size and at least one relatively smaller size. As used herein, the phrases

"relatively larger" and "relatively smaller" refer to particle sizes (by any suitable method)

that differ by at least a factor of two (e.g. , 30 µιη and 15 µιη) . According to various

embodiments, the diamond particles may include a portion exhibiting a relatively larger

average particle size (e.g. , 50 µιη, 40 µιη, 30 µιη, 20 µιη, 15 µιη, 12 µιη, 10 µιη, 8 µιη)

and another portion exhibiting at least one relatively smaller average particle size (e.g. , 6

µιη, 5 µιη, 4 µιη, 3 µιη, 2 µιη, 1 µιη, 0.5 µιη, less than 0.5 µιη, 0.1 µιη, less than 0.1 µιη) .

In an embodiment, the diamond particles may include a portion exhibiting a relatively



larger average particle size between about 10 µηι and about 40 µηι and another portion

exhibiting a relatively smaller average particle size between about 1 µιη and 4 µιη . In

some embodiments, the diamond particles may comprise three or more different average

particle sizes (e.g. , one relatively larger average particle size and two or more relatively

smaller average particle sizes), without limitation.

[0050] It is noted that the as-sintered diamond grain size may differ from the average

particle size of the diamond particles prior to sintering due to a variety of different

physical processes, such as grain growth, diamond particles fracturing, carbon provided

from another carbon source (e.g., dissolved carbon in the metal-solvent catalyst), or

combinations of the foregoing.

[0051] The first cemented carbide substrate 105 and the one or more layers of

diamond particles 150 may be placed in a pressure transmitting medium, such as a

refractory metal can embedded in pyrophyllite or other pressure transmitting medium.

The pressure transmitting medium, including the first cemented carbide substrate 105 and

the one or more layers of diamond particles 150 therein, may be subjected to a first HPHT

process using an ultra-high pressure press to create temperature and pressure conditions at

which diamond is stable. The temperature of the first HPHT process may be at least

about 1000 °C (e.g. , about 1200 °C to about 1600 °C) and the pressure of the first HPHT

process may be at least 4.0 GPa (e.g. , about 5.0 GPa to about 12.0 GPa) for a time

sufficient to sinter the diamond particles to form the PCD table 150'. For example, the

pressure of the first HPHT process may be about 5 GPa to about 7 GPa and the

temperature of the first HPHT process may be about 1150 °C to about 1450 °C (e.g. ,

about 1200 °C to about 1400 °C).

[0052] During the first HPHT process, the metal-solvent catalyst cementing

constituent from the first cemented carbide substrate 105 may be liquefied and may

infiltrate into the diamond particles of the one or more layers of diamond particles 150.

The infiltrated metal-solvent catalyst cementing constituent functions as a catalyst that

catalyzes initial formation of directly bonded-together diamond grains to form the PCD

table 150'.

[0053] In an alternative to using the first cemented carbide substrate 105 during

sintering of the diamond particles, the PCD table 150' may be formed by placing the

diamond particles along with a metal-solvent catalyst (e.g. , cobalt powder and/or a cobalt



disc) in a pressure transmitting medium, such as a refractory metal can embedded in

pyrophyllite or other pressure transmitting medium. The pressure transmitting medium,

including the diamond particles and metal-solvent catalyst therein, may be subjected to a

first HPHT process using an ultra-high pressure press to create temperature and pressure

conditions at which diamond is stable. Such a process will result in the formation of a

PCD table 150' separate from any cemented carbide substrate 105.

[0054] In embodiments in which the PCD table 150' is formed so as to be

metallurgically bonded to a cemented carbide substrate, the PCD table 150' may then be

separated from the first cemented carbide substrate 105, as shown in FIG. 2. For

example, the PCD table 150' may be separated from the first cemented carbide substrate

105 by grinding and/or lapping away the first cemented carbide substrate 105, electro-

discharge machining, or combinations of the foregoing material removal processes.

[0055] Whether the first cemented carbide substrate 105 is employed during

formation of the PCD table 150' or not, the metal-solvent catalyst may be at least partially

removed from the PCD table 150' by immersing the PCD table 150' in an acid, such as

aqua regia, nitric acid, hydrofluoric acid, mixtures thereof, or other suitable acid, to form

a porous at least partially leached PCD table 150" that allows fluid to flow therethrough

(e.g. , from one side to another side). For example, the PCD table 150' may be immersed

in the acid for about 2 to about 7 days (e.g. , about 3, 5, or 7 days) or for a few weeks (e.g. ,

about 4-6 weeks) depending on the process employed. In some embodiments, a residual

amount of the metal-solvent catalyst used to catalyze formation of the diamond-to-

diamond bonds of the PCD table 150' may still remain even after leaching. For example,

the residual metal-solvent catalyst in the interstitial regions may be about 0.5% to about

2% by weight, such as about 0.9% to about 1% by weight.

[0056] In embodiments employing the cemented carbide substrate 105, it is noted that

because the metal-solvent catalyst is infiltrated into the diamond particles from the

cemented carbide substrate 105 including tungsten carbide or other carbide grains

cemented with a metal-solvent catalyst (e.g. , cobalt, nickel, iron, or alloys thereof), the

infiltrated metal-solvent catalyst may carry tungsten therewith, tungsten carbide

therewith, another metal therewith, another metal carbide therewith, or combinations of

the foregoing. In such embodiments, the PCD table 150' and the at least partially leached

PCD table 150" may include such material(s) disposed interstitially between the bonded



diamond grains. The tungsten therewith, tungsten carbide therewith, another metal

therewith, another metal carbide therewith, or combinations of the foregoing may be at

least partially removed by the selected leaching process or may be relatively unaffected

by the selected leaching process.

[0057] As shown in FIG. 2, the PCD table 150" is placed with the substrate 108 to

which the PCD table 150" is to be attached to form an assembly 200. The assembly 200

may be placed in a pressure transmitting medium, such as a refractory metal can

embedded in pyrophyllite or other pressure transmitting medium. The pressure

transmitting medium, including the assembly 200, may be subjected to a second HPHT

process using an ultra-high pressure press to create temperature and pressure conditions at

which diamond is stable. The temperature of the second HPHT process may be at least

about 1000°C (e.g. , about 1200°C to about 1600 °C) and the pressure of the second

HPHT process may be at least 5.0 GPa (e.g. , about 5.0 GPa to about 12.0 GPa) so that the

infiltrant (e.g. , the metallic cementing constituent) in the cemented carbide substrate 108

is liquefied and infiltrates into the PCD table 150". Upon cooling from the second HPHT

process, the partially infiltrated PCD table 102 is bonded to the cemented carbide

substrate 108.

[0058] As an alternative to using the cemented carbide substrate 108 as an infiltrant

source, an infiltrant layer (e.g. , a cobalt disc) may be disposed between the cemented

carbide substrate 108 and the PCD table 150". In such an embodiment, the infiltrant layer

may liquefy and infiltrate into the PCD table 150" during the second HPHT process.

[0059] The infiltration depth "h" may be controlled by selection of the maximum

temperature, maximum pressure, and total process time of the second HPHT process

during which the PCD table 150" attaches to substrate 108. As used herein, total process

time includes the time to ramp-up to the maximum temperature, the soak time at the

maximum temperature, and the cool down time from the maximum temperature. The

second HPHT process conditions are controlled so that the infiltrant from the substrate

108 only partially infiltrates the PCD table 150" to form the PCD table 102 having the

first region 110 and the second region 112, respectively in which the interstitial regions of

the second region 112 remain unfilled by the infiltrant infiltrated from the substrate 108.



[0060] An HPHT process parameter β may be defined to characterize the second

HPHT process during which the PCD table 150" attaches to substrate 108. β is defined as

β = Τ · 1/Ρ , where:

[0061] T is a maximum temperature of the second HPHT process;

[0062] t is the total process time (t) of the second HPHT process; and

[0063] P is a maximum internal cell pressure in the pressure transmitting medium

used in the second HPHT process.

[0064] β may be about 2 °C-h/GPa to about 325 °C-h/GPa, about 5 °C-h/GPa to about

100 °C-h/GPa, about 5 °C-h/GPa to about 35 °C-h/GPa, about 7.5 °C-h/GPa to about 25

°C-h/GPa, about 10 °C-h/GPa to about 20 °C-h/GPa, about 20 °C-h/GPa to about 30

°C-h/GPa {e.g., 24-26 °C-h/GPa), about greater than 28 °C-h/GPa, about 30 °C-h/GPa to

about 100 °C-h/GPa, about 50 °C-h/GPa to about 75 °C-h/GPa, about 75 °C-h/GPa to

about 150 °C-h/GPa, or about 100 °C-h/GPa to about 200 °C-h/GPa. By controlling T, t ,

and P of the second HPHT process, the infiltration depth "h" may be controlled so that

the PCD table 150" is only partially infiltrated. For a given thickness of the PCD table

150", the infiltration depth "h" may be decreased by increasing P, decreasing T,

decreasing t , or combinations thereof. Thus, for a given thickness of the PCD table 150",

the infiltration depth "h" may be decreased by decreasing β and increased by increasing β.

[0065] In the second HPHT process, in some embodiments, P is about 6 GPa to about

10 GPa, T is about 1250 °C to about 3250 °C, and t is about 60 seconds to about 1 hour.

In other more specific embodiments for the second HPHT process that will result in

partial infiltration of a 3.5-5 mm thick PCD table 150", P is about 6 GPa to about 8 GPa

{e.g. , about 6.1 GPa to about 7.0 GPa), T is about 1250 °C to about 1500 °C, and t is

about 60 seconds to about 7 minutes {e.g. , about 200-450 seconds) that results in the

depth "d" of the second region 112 of the PCD table 102 being at least about a third of the

PCD table thickness, about half of the PCD table thickness, or more than half of the PCD

table thickness. The time (t) for the second HPHT process is typically longer when a

high-pressure belt press is used to apply pressure as opposed to a high-pressure cubic

press. Typical times used with a high-pressure cubic pressure are about 200-450 seconds,

such as about 300-400 seconds of total process time.



[0066] The inventors have unexpectedly found that increasing the pressure (P) during

the second HPHT process results in decreased infiltration. As explained above, one

theory is infiltration occurs through capillary action, and that the increased pressure (P)

increases the viscosity of the infiltrant, allowing the infiltrant to infiltrate into the PCD

table 150" a relatively less extent than if a higher pressure (P) is employed. For example,

in an embodiment the first HPHT process may be carried out at a pressure of about 6

GPa, while in order to achieve partial infiltration, the second HPHT process may be

carried out at a pressure between about 6.2 GPa and about 10 GPa (e.g. , about 6.3 GPa to

about 8.5 GPa, or about 6.3 GPa to about 7 GPa). The temperature and time period of the

first and second processes may otherwise be the same (e.g. , 1400°C for about 400

seconds). Higher pressures may be employed to further decrease the infiltration depth

"h" for a given temperature (T), time (t), and thickness of the PCD table 150". In other

words, as the pressure (P) increases, the infiltration will be less complete.

[0067] In a similar manner, the temperature (T) may be altered from the first process

to the second process to achieve a similar result. For example, a decrease in temperature

(T) provides a similar effect relative to infiltration depth "h" as an increase in pressure

(P). Processing time (t) may also be altered from the first process to the second process to

achieve a desired infiltration depth "h". For example, increasing processing time (t)

provides a similar effect relative to infiltration depth "h" as a decrease in pressure (P).

More than one of the temperature (T), pressure (P), or processing time (t) variables may

be changed to achieve a desired infiltration depth "h" and any of the resultant selected

depths "d" disclosed herein.

[0068] In some embodiments, at least one of the P, T, or t in the second HPHT

process are different than an associated P, T, or t used in the first HPHT process used to

initially sinter the diamond particles that forms the PCD table 150'.

[0069] In some embodiments, the infiltrant that occupies the interstitial regions of the

first region 110 of the PCD table 102 may be at least partially removed in a subsequent

leaching process using an acid, such as aqua regia, nitric acid, hydrofluoric acid, mixtures

thereof, or other suitable acid. Even though the second region 112 is already substantially

free of the infiltrant, the inventors have found that leaching may improve the uniformity

of the interface 114 between the first region 110 and the second region 112, which may

improve thermal stability and/or wear resistance in the finished PDC 100.



[0070] The following working examples provide further detail in connection with the

specific PDC embodiments described above.

Comparative Example A

[0071] A PDC was formed according to the following process. A layer of diamond

particles was placed adjacent to a cobalt-cemented tungsten carbide substrate. The

diamond particles and the substrate were positioned within a pyrophyllite cube, and

HPHT processed at a temperature of about 1400 °C and a pressure of about 6 GPa for

about 250 seconds of soak time (about 370 seconds total process time) at the 1400 °C

temperature in a high-pressure cubic press to sinter the diamond particles and attach the

resulting PCD table to the substrate. The thickness of the PCD table of the PDC was

about 0.083 inch and an about 0.012 inch chamfer was machined in the PCD table.

[0072] The thermal stability of the conventional unleached PDC so-formed was

evaluated by measuring the distance cut in a Sierra White granite workpiece prior to

failure without using coolant in a vertical turret lathe test. The distance cut is considered

representative of the thermal stability of the PDC. The conventional unleached PDC was

able to cut a distance of only about 1000 linear feet in the workpiece prior to failure. The

test parameters were a depth of cut for the PDC of about 1.27 mm, a back rake angle for

the PDC of about 20 degrees, an in-feed for the PDC of about 1.524 mm/rev, and a

cutting speed of the workpiece to be cut of about 1.78 m/sec. Evidence of failure of the

conventional unleached PDC is best shown in FIG. 7 where the measured temperature of

the conventional unleached PDC during cutting increased dramatically at about 1000

linear feet.

Comparative Example B

[0073] A PDC was formed according to the following process. A layer of diamond

particles having the same particle size distribution as comparative example A was placed

adjacent to a cobalt-cemented tungsten carbide substrate. The diamond particles and the

substrate were positioned within a pyrophyllite cube, and HPHT processed at a

temperature of about 1400 °C and a pressure of about 6 GPa for about 250 seconds of

soak time (about 370 seconds total process time) at the 1400 °C temperature in a high-

pressure cubic press to sinter the diamond particles and attach the resulting PCD table to

the substrate. The PCD table was subsequently leached to remove cobalt from the



interstitial regions between diamond grains within the PCD table to a depth of about 94

µιη. The thickness of the PCD table of the PDC was about 0.088 inches and an about

0.012 inch chamfer was machined in the PCD table.

[0074] The thermal stability of the conventional leached PDC so-formed was

evaluated by measuring the distance cut in the same Sierra White granite workpiece as

Comparative Example A prior to failure without using coolant in a vertical turret lathe

test and using the same test parameters. The distance cut is considered representative of

the thermal stability of the PDC. The conventional leached PDC was able to cut a

distance of about 3500 linear feet in the workpiece prior to failure. Evidence of failure of

the conventional PDC is best shown in FIG. 7 where the measured temperature of the

conventional PDC during cutting increased dramatically at about 3500 linear feet.

Working Example 1

[0075] Two PDCs were formed according to the following process. A layer of

diamond particles having the same particle size distribution as comparative example A

was placed adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond

particles and the first cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 6 GPa for about 250 seconds of soak time (about 370 seconds total process time)

at the 1400 °C temperature in a high-pressure cubic press to sinter the diamond particles

and attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first cobalt-cemented tungsten carbide

substrate by grinding away the first cemented tungsten carbide substrate. The PCD table

was subsequently leached to remove substantially all of the cobalt from the interstitial

regions between diamond grains within the PCD table. The leached PCD table was then

placed adjacent to a second cobalt-cemented tungsten carbide substrate. The PCD table

and the second cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 5.1 GPa for about 250 seconds of soak time (about 400 seconds total process

time) at the 1400 °C in a high-pressure cubic press to attach the PCD table to the second

tungsten carbide substrate. A scanning electron microscope image (FIG. 3) of the PDC

so-formed showed substantially complete infiltration of cobalt from the second cobalt-

cemented tungsten carbide substrate into the PCD table.



[0076] The thickness of the PCD table of one PDC was about 0.079 inch and an about

0.012 inch chamfer was machined in the PCD table. The thickness of the PCD table of

the other PDC was about 0.080 inch and an about 0.013 inch chamfer was machined in

the PCD table.

[0077] The thermal stability of the unleached PDCs so-formed was evaluated by

measuring the distance cut in the same Sierra White granite workpiece as Comparative

Example A prior to failure without using coolant in a vertical turret lathe test using the

same test parameters. The distance cut is considered representative of the thermal

stability of the PDC. One of the unleached PDCs was able to cut a distance of about 2000

linear feet in the workpiece prior to failure. The other unleached PDC was able to cut a

distance of about 2500 linear feet in the workpiece prior to failure. Evidence of failure of

each PDC is best shown in FIG. 7 where the measured temperature of each PDC during

cutting increased dramatically at about 2000 and 2500 linear feet for the two PDCs,

respectively.

Working Example 2

[0078] Two PDCs were formed according to the following process. A layer of

diamond particles having the same particle size distribution as comparative example A

was placed adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond

particles and the first cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 6 GPa for about 250 seconds of soak time (about 370 seconds total process time)

at the 1400 °C temperature in a high-pressure cubic press to sinter the diamond particles

and attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first tungsten carbide substrate by grinding

away the first cemented tungsten carbide substrate. The PCD table was leached to

remove substantially all of the cobalt from the interstitial regions between diamond grains

within the PCD table. The leached PCD table was then placed adjacent to a second

cobalt-cemented tungsten carbide substrate. The PCD table and the second cobalt-

cemented tungsten carbide substrate were positioned within a pyrophyllite cube, and

HPHT processed at a temperature of about 1400 °C and a pressure of about 5.7 GPa for

about 250 seconds of soak time (about 400 seconds total process time) at the 1400 °C

temperature in a high-pressure cubic press to attach the PCD table to the second cobalt-



cemented tungsten carbide substrate. A scanning electron microscope image (FIG. 4) of

the PDC so-formed showed substantially complete infiltration of cobalt from the second

cobalt-cemented tungsten carbide substrate into the PCD table.

[0079] The thickness of the PCD table of the first PDC was about 0.081 inch and an

about 0.012 inch chamfer was machined in the PCD table. The thickness of the PCD

table of the second PDC was about 0.079 inch and an about 0.012 inch chamfer was

machined in the PCD table.

[0080] The thermal stability of the unleached PDC so-formed was evaluated by

measuring the distance cut in the same Sierra White granite workpiece as Comparative

Example A prior to failure without using coolant in a vertical turret lathe test and using

the same test parameters. The distance cut is considered representative of the thermal

stability of the PDC. One of the unleached PDCs was able to cut a distance of about 1000

linear feet in the workpiece prior to failure. The other was able to cut a distance of about

2000 linear feet in the workpiece prior to failure. Evidence of failure of each PDC is best

shown in FIG. 7 where the measured temperature of each PDC during cutting increased

dramatically at about 1000 and 2000 linear feet for the two PDCs, respectively.

Working Example 3

[0081] Two PDCs were formed according to the following process. A layer of

diamond particles having the same particle size distribution as comparative example A

was placed adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond

particles and the first cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 6 GPa for about 250 seconds of soak time (about 370 seconds total process time)

at the 1400 °C temperature in a high-pressure cubic press to sinter the diamond particles

and attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first cobalt-cemented tungsten carbide

substrate by grinding away the first cemented tungsten carbide substrate. The PCD table

was leached to remove substantially all of the cobalt from the interstitial regions between

diamond grains within the PCD table. The leached PCD table was then placed adjacent to

a second cobalt-cemented tungsten carbide substrate. The PCD table and the second

cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite cube,

and HPHT processed at a temperature of about 1400 °C and a pressure of about 6.3 GPa



for about 250 seconds of soak time (about 400 seconds total process time) at the 1400 °C

temperature in a high-pressure cubic press to attach the PCD table to the second cobalt-

cemented tungsten carbide substrate. A scanning electron microscope image (FIG. 5) of

one of the PDCs so-formed showed incomplete infiltration of cobalt from the second

cobalt-cemented tungsten carbide substrate into the PCD table. Infiltration was only

achieved through about half the thickness of the PCD table. Infiltration was less than

working example 2, perhaps through only about half of the thickness of the PCD table

because the pressure of the second HPHT process was higher, with temperature, time, and

PCD table thickness being about the same. The dark region of the PCD table is the un-

infiltrated region and the light region of the PCD table is the region infiltrated with cobalt.

[0082] The thickness of the PCD table of the first PDC was about 0.081 inch and an

about 0.013 inch chamfer was machined in the PCD table. The thickness of the PCD

table of the second PDC was about 0.082 inch and an about 0.013 inch chamfer was

machined in the PCD table.

[0083] The thermal stability of the unleached PDC so-formed was evaluated by

measuring the distance cut in the same Sierra White granite workpiece as Comparative

Example A prior to failure without using coolant in a vertical turret lathe test and using

the same test parameters. The distance cut is considered representative of the thermal

stability of the PDC. One of the unleached PDCs was able to cut a distance of about 5500

linear feet in the workpiece without failing and without using coolant. The other was able

to cut a distance of about 9000 linear feet in the workpiece without failing and without

using coolant. This is best shown in FIG. 7 where the distance cut prior to failure of the

PDCs of example 3 during cutting of the workpiece is greater than that of the

conventional PDC of comparative examples A and B during cutting. Therefore, thermal

stability tests indicate that the PDCs of example 3 exhibited a significantly improved

thermal stability compared to the conventional unleached PDC of comparative example

A, as well as compared to the conventional leached PDC of comparative example B.

Working Example 4

[0084] Two PDCs were formed according to the following process. A layer of

diamond particles having the same particle size distribution as comparative example A

was placed adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond

particles and the first cobalt-cemented tungsten carbide substrate were positioned within a



pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 6 GPa for about 250 seconds of soak time (about 370 seconds total process time)

at the 1400 °C temperature in a high-pressure cubic press to sinter the diamond particles

and attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first cobalt-cemented tungsten carbide

substrate by grinding away the first cemented tungsten carbide substrate. The PCD table

was subsequently leached to remove substantially all of the cobalt from the interstitial

regions between diamond grains within the PCD table. The leached PCD table was then

placed adjacent to a second cobalt-cemented tungsten carbide substrate. The PCD table

and the second cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 7 GPa for about 250 seconds of soak time (about 400 seconds total process time)

at the 1400 °C temperature in a high-pressure cubic press to attach the PCD table to the

second cobalt-cemented tungsten carbide substrate. A scanning electron microscope

image (FIG. 6) of one of the PDCs so-formed showed incomplete infiltration of cobalt

from the second cobalt-cemented tungsten carbide substrate into the PCD table.

Infiltration was less than working example 3, perhaps through only about one-third the

thickness of the PCD table because the pressure of the second HPHT process was higher,

with temperature, time and PCD table thickness being about the same. The dark region of

the PCD table is the un-infiltrated region and the light region of the PCD table is the

region infiltrated with cobalt.

[0085] The thickness of the PCD table of the first PDC was about 0.075 inch and an

about 0.013 inch chamfer was machined in the PCD table. The thickness of the PCD

table of the second PDC was about 0.077 inch and an about 0.013 inch chamfer was

machined in the PCD table.

[0086] The thermal stability of the unleached PDC so-formed was evaluated by

measuring the distance cut in the same Sierra White granite workpiece as Comparative

Example A prior to failure without using coolant in a vertical turret lathe test and using

the same test parameters. The distance cut is considered representative of the thermal

stability of the PDC. Both of the unleached PDCs were able to cut a distance of about

13500 linear feet in the workpiece without failing and without using coolant. This is best

shown in FIG. 7 where the distance cut prior to failure of the PDCs of example 4 during



cutting of the workpiece is greater than that of the conventional PDCs of comparative

examples A and B. Therefore, thermal stability tests indicate that the PDCs of example 4

exhibited a significantly improved thermal stability compared to the conventional

unleached PDC of comparative example A, as well as the conventional leached PDC of

comparative example B.

[0087] Thermal stability tests as shown in FIG. 7 indicate that the PDCs of working

examples 3 and 4, particularly example 4, exhibited a significantly improved thermal

stability compared to what might be expected even relative to conventional leached

PDCs. In particular, because infiltration into the PCD table of examples 3 and 4 is

incomplete, leaching after infiltration is not required in order to achieve results similar to

or even far superior to a conventional leached PDC.

Wear Resistance of Comparative Examples A and B and Working Examples 1-4

[0088] The wear resistance of the PDCs formed according to comparative examples

A and B, as well as working examples 1-4 were evaluated by measuring the volume of

the PDC removed versus the volume of a Sierra White granite workpiece removed in a

vertical turret lathe with water used as a coolant. The test parameters were a depth of cut

for the PDC of about 0.254 mm, a back rake angle for the PDC of about 20 degrees, an

in-feed for the PDC of about 6.35 mm/rev, and a rotary speed of the workpiece to be cut

of about 101 RPM.

[0089] As shown in FIG. 8, the wearflat volume tests indicated that the PDCs of

unleached examples 1-4 generally exhibited better wear resistance compared to the wear

resistance of the unleached PDC of comparative example A. In particular, the unleached

PDC of comparative example A exhibited the worst wear resistance, followed by both

samples of working example 1. Working examples 1 and 2, which were fully infiltrated

and not subsequently leached showed better wear resistance than the unleached PDC of

comparative example A. Working examples 3 and 4 were only partially infiltrated and

provided even better wear resistance. The wear resistance of working examples 3 and 4

was similar, and in some cases even better, than the leached PDC of comparative example

B.

Comparative Example C

[0090] A PDC was formed according to the following process. A layer of diamond



particles having the same particle size distribution as comparative example A was placed

adjacent to a cobalt-cemented tungsten carbide substrate. The diamond particles and the

substrate were positioned within a pyrophyllite cube, and HPHT processed at a

temperature of about 1400 °C and a pressure of about 6 GPa for about 250 seconds of

soak time (about 370 seconds total process time) at the 1400 °C temperature in a high-

pressure cubic press to sinter the diamond particles and attach the resulting PCD table to

the substrate.

[0091] The thickness of the polycrystalline diamond table of the PDC was about

0.086 inches and an about 0.012 inch chamfer was machined in the polycrystalline

diamond table. The thermal stability of the conventional unleached PDC so-formed was

evaluated by measuring the distance cut in a Sierra White granite workpiece prior to

failure without using coolant in a vertical turret lathe test using the same test parameters

as comparative example A. The distance cut is considered representative of the thermal

stability of the PDC. The conventional unleached PDC was able to cut a distance of only

about 1000 linear feet in the workpiece prior to failure. Evidence of failure of the

conventional unleached PDC is best shown in FIG. 9 where the measured temperature of

the conventional unleached PDC during cutting increased dramatically at about 1000

linear feet.

Comparative Example D

[0092] A PDC was formed according to the following process. A layer of diamond

particles having the same particle size distribution as comparative example A was placed

adjacent to a cobalt-cemented tungsten carbide substrate. The diamond particles and the

substrate were positioned within a pyrophyllite cube, and HPHT processed at a

temperature of about 1400 °C and a pressure of about 6 GPa for about 250 seconds of

soak time (about 370 seconds total process time) at the 1400 °C temperature in a high-

pressure cubic press to sinter the diamond particles and attach the resulting PCD table to

the substrate. The PCD table was subsequently leached to remove the cobalt from the

interstitial regions between diamond grains within the PCD table to a depth of 78 µιη.

[0093] The thickness of the PCD table of the PDC was about 0.092 inches and an

about 0.013 inch chamfer was machined in the polycrystalline diamond table. The

thermal stability of the conventional PDC so-formed was evaluated by measuring the

distance cut in the same Sierra White granite workpiece as Comparative Example C prior



to failure without using coolant in a vertical turret lathe test. The distance cut is

considered representative of the thermal stability of the PDC. The conventional leached

PDC was able to cut a distance of about 2000 linear feet in the workpiece prior to failure.

Evidence of failure of the conventional PDC is best shown in FIG. 9 where the measured

temperature of the conventional PDC during cutting increased dramatically at about 2000

linear feet.

Working Example 5

[0094] A PDC was formed according to the following process. A layer of diamond

particles having the same particle size distribution as comparative example A was placed

adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond particles and

the first cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite

cube, and HPHT processed at a temperature of about 1400 °C and a pressure of about 6

GPa for about 250 seconds of soak time (about 370 seconds total process time) at the

1400 °C temperature in a high-pressure cubic press to sinter the diamond particles and

attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first tungsten carbide substrate by grinding

away the first cobalt-cemented tungsten carbide substrate. The PCD table was then

placed adjacent to a second cobalt-cemented tungsten carbide substrate. The PCD table

and the second cobalt-cemented tungsten carbide substrate were positioned within a

pyrophyllite cube, and HPHT processed at a temperature of about 1400 °C and a pressure

of about 6.1 GPa for about 250 seconds of soak time (about 400 seconds total process

time) at the 1400 °C temperature in a high-pressure cubic press to attach the PCD table to

the second cobalt-cemented tungsten carbide substrate. Scanning electron microscope

images of the PDC so-formed showed incomplete infiltration of cobalt from the second

cobalt-cemented tungsten carbide substrate into the PCD table. The PCD was electrically

non-conductive prior to leaching. The PCD table was subsequently leached for about 2

hours in nitric acid so as to remove cobalt from the interstitial regions between diamond

grains within the PCD table.

[0095] The thickness of the PCD table of the PDC was about 0.078 inch and an about

0.012 inch chamfer was machined in the PCD table. The thermal stability of the

unleached PDC so-formed was evaluated by measuring the distance cut in the same Sierra

White granite workpiece as Comparative Example C prior to failure without using coolant



in a vertical turret lathe test. The distance cut is considered representative of the thermal

stability of the PDC. The PDC was able to cut a distance of about 24000 linear feet in the

workpiece without failing and without using coolant. This is best shown in FIG. 9 where

the distance cut prior to failure of the PDC of example 5 during cutting of the workpiece

is greater than that of the conventional PDC of comparative examples C and D during

cutting. Therefore, thermal stability tests indicate that the PDC of example 5 exhibited a

significantly improved thermal stability compared to the conventional PDCs of

comparative examples C and D.

Working Example 6

[0096] A PDC was formed according to the following process. A layer of diamond

particles having the same particle size distribution as comparative example A was placed

adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond particles and

the first cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite

cube, and HPHT processed at a temperature of about 1400 °C and a pressure of about 6

GPa for about 250 seconds of soak time (about 370 seconds total process time) at the

1400 °C temperature in a high-pressure cubic press to sinter the diamond particles and

attach the resulting PCD table to the first cobalt-cemented tungsten carbide substrate.

The PCD table was then separated from the first tungsten carbide substrate by grinding

away the first cemented tungsten carbide substrate. The PCD table was then placed

adjacent to a second cobalt-cemented tungsten carbide substrate. The PCD table and the

second cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite

cube, and HPHT processed at a temperature of about 1400 °C and a pressure of about 6.1

GPa for about 250 seconds of soak time (about 400 seconds total process time) at the

1400 °C temperature in a high-pressure cubic press to attach the PCD table to the second

tungsten carbide substrate. Scanning electron microscope images of the PDC so-formed

showed incomplete infiltration of cobalt from the second cobalt-cemented tungsten

carbide substrate into the PCD table. The PCD was electrically non-conductive prior to

leaching. The PCD table was subsequently leached for about 2 hours in nitric acid to

remove cobalt from the interstitial regions between diamond grains within the PCD table.

[0097] The thickness of the polycrystalline diamond table of the PDC was about

0.081 inch and an about 0.012 inch chamfer was machined in the polycrystalline diamond

table. The thermal stability of the unleached PDC so-formed was evaluated by measuring



the distance cut in the same Sierra White granite workpiece as comparative example C

prior to failure without using coolant in a vertical turret lathe test. The distance cut is

considered representative of the thermal stability of the PDC. The PDC was able to cut a

distance of about 30000 linear feet in the workpiece without failing and without using

coolant. This is best shown in FIG. 9 where the distance cut prior to failure of the PDC

of example 6 during cutting of the workpiece is greater than that of the conventional PDC

of comparative examples C and D during cutting. Therefore, thermal stability tests

indicate that the PDC of example 6 exhibited a significantly improved thermal stability

compared to the conventional PDCs of comparative examples C and D.

Working Example 7

[0098] A PDC was formed according to the following process. A layer of diamond

particles having the same particle size distribution as comparative example A was placed

adjacent to a first cobalt-cemented tungsten carbide substrate. The diamond particles and

the first cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite

cube, and HPHT processed at a temperature of about 1400 °C and a pressure of about 6

GPa for about 250 seconds of soak time (about 370 seconds total process time) at the

1400 °C temperature in a high-pressure cubic press to sinter the diamond particles and

attach the resulting PCD table to the first tungsten carbide substrate. The PCD table was

then separated from the first cobalt-cemented tungsten carbide substrate by grinding away

the first cemented tungsten carbide substrate. The PCD table was then placed adjacent to

a second cobalt-cemented tungsten carbide substrate. The PCD table and the second

cobalt-cemented tungsten carbide substrate were positioned within a pyrophyllite cube,

and HPHT processed at a temperature of about 1400 °C and a pressure of about 6.1 GPa

for about 250 seconds of soak time (about 400 seconds total process time) at the 1400 °C

temperature in a high-pressure cubic press to attach the PCD table to the second cobalt-

cemented tungsten carbide substrate. Scanning electron microscope images of the PDC

so-formed showed incomplete infiltration of cobalt from the second cobalt-cemented

tungsten carbide into the PCD table. The PCD was electrically non-conductive prior to

leaching. The PCD table was subsequently leached for about 2 hours in nitric acid so as

to remove cobalt from the interstitial regions between diamond grains within the PCD

table.

[0099] The thickness of the polycrystalline diamond table of the PDC was about



0.082 inch and an about 0.012 inch chamfer was machined in the polycrystalline diamond

table. The thermal stability of the unleached PDC so-formed was evaluated by measuring

the distance cut in the same Sierra White granite workpiece as comparative example C

prior to failure without using coolant in a vertical turret lathe test. The distance cut is

considered representative of the thermal stability of the PDC. The PDC was able to cut a

distance of about 22000 linear feet in the workpiece without using coolant prior to failing.

This is best shown in FIG. 9 where the measured temperature of the PDC of example 7

during cutting of the workpiece increases dramatically at about 22000 linear feet.

Therefore, thermal stability tests indicate that the PDC of example 7 exhibited a

significantly improved thermal stability compared to the conventional PDCs of

comparative examples C and D.

Wear Resistance of Comparative Examples C and D and Working Examples 5-7

[00100] The wear resistance of PDCs formed according to comparative examples C

and D, as well as working examples 5-7 was evaluated by measuring the volume of the

PDC removed versus the volume of a Sierra White granite workpiece removed in a

vertical turret lathe with water used as a coolant. The test parameters were a depth of cut

for the PDC of about 0.254 mm, a back rake angle for the PDC of about 20 degrees, an

in-feed for the PDC of about 6.35 mm/rev, and a rotary speed of the workpiece to be cut

of about 101 RPM.

[00101] As shown in FIG. 10, the wearflat volume tests indicated that the PDCs of

examples 5-7 generally exhibited better wear resistance compared to the wear resistance

of the PDC of unleached comparative example C, as well as leached comparative

example D. In particular, unleached comparative example C exhibited the lowest wear

resistance, followed by comparative example D. Working examples 5 through 7, which

were only partially infiltrated and then also subsequently leached, showed better wear

resistance than either comparative example C or D. The partial infiltration is believed to

result in a more uniform leaching profile during leaching of the PCD table, which may at

least partially contributes to the better wear resistance exhibited by working examples 5-

7.

[00102] The PDCs formed according to the various embodiments disclosed herein may

be used as PDC cutting elements on a rotary drill bit. For example, in a method

according to an embodiment of the invention, one or more PDCs may be received that



were fabricated according to any of the disclosed manufacturing methods and attached to

a bit body of a rotary drill bit.

[00103] FIG. 11 is an isometric view and FIG. 12 is a top elevation view of an

embodiment of a rotary drill bit 300 that includes at least one PDC configured and/or

fabricated according to any of the disclosed PDC embodiments. The rotary drill bit 300

comprises a bit body 302 that includes radially and longitudinally extending blades 304

having leading faces 306, and a threaded pin connection 308 for connecting the bit body

302 to a drilling string. The bit body 302 defines a leading end structure for drilling into

a subterranean formation by rotation about a longitudinal axis 310 and application of

weight-on-bit. At least one PDC, configured according to any of the previously described

PDC embodiments, may be affixed to the bit body 302. With reference to FIG. 12, each

of a plurality of PDCs 312 is secured to the blades 304 of the bit body 302 (FIG. 11). For

example, each PDC 312 may include a PCD table 314 bonded to a substrate 316. More

generally, the PDCs 312 may comprise any PDC disclosed herein, without limitation. For

example, in one embodiment, the PCD table 314 may include first and second regions

where the region adjacent the upper exterior surface of PCD table 314 was not infiltrated

during attachment of the PCD table 314 to the substrate 316. In one such embodiment,

the PCD table 314 has not been subjected to a leaching process after attachment of PCD

table 314 to substrate 316, although the region adjacent the upper exterior surface may

still be substantially void of infiltrant. For example, the region adjacent the upper exterior

surface may be essentially free of an infiltrant, such as silicon, a reaction product of

silicon such as silicon carbide, nickel, nickel alloys, or combinations of the foregoing.

Such an embodiment may provide the same or better wear resistance and/or thermal

stability performance of a leached PCD table integrally formed on a substrate (i.e., a one-

step PDC) without leaching.

[00104] In addition, if desired, in some embodiments, a number of the PDCs 312 may

be conventional in construction. Also, circumferentially adjacent blades 304 define so-

called junk slots 320 therebetween. Additionally, the rotary drill bit 300 includes a

plurality of nozzle cavities 318 for communicating drilling fluid from the interior of the

rotary drill bit 300 to the PDCs 312.

[00105] FIGS. 11 and 12 merely depict one embodiment of a rotary drill bit that

employs at least one PDC fabricated and structured in accordance with the disclosed



embodiments, without limitation. The rotary drill bit 300 is used to represent any number

of earth-boring tools or drilling tools, including, for example, core bits, roller-cone bits,

fixed-cutter bits, eccentric bits, bi-center bits, reamers, reamer wings, or any other

downhole tool including superabrasive compacts, without limitation.

[00106] The PDCs disclosed herein {e.g. , PDC 100 of FIG. 1) may also be utilized in

applications other than cutting technology. For example, the disclosed PDC

embodiments may be used in wire dies, bearings, artificial joints, inserts, cutting

elements, and heat sinks. Thus, any of the PDCs disclosed herein may be employed in an

article of manufacture including at least one superabrasive element or compact.

[00107] Thus, the embodiments of PDCs disclosed herein may be used in any

apparatus or structure in which at least one conventional PDC is typically used. In one

embodiment, a rotor and a stator, assembled to form a thrust-bearing apparatus, may each

include one or more PDCs {e.g. , PDC 100 of FIG. 1) configured according to any of the

embodiments disclosed herein and may be operably assembled to a downhole drilling

assembly. U.S. Patent Nos. 4,410,054; 4,560,014; 5,364,192; 5,368,398; 5,480,233;

7,552,782; and 7,559,695, the disclosure of each of which is incorporated herein, in its

entirety, by this reference, disclose subterranean drilling systems within which bearing

apparatuses utilizing superabrasive compacts disclosed herein may be incorporated. The

embodiments of PDCs disclosed herein may also form all or part of heat sinks, wire dies,

bearing elements, cutting elements, cutting inserts {e.g. , on a roller-cone-type drill bit),

machining inserts, or any other article of manufacture as known in the art. Other

examples of articles of manufacture that may use any of the PDCs disclosed herein are

disclosed in U.S. Patent Nos. 4,811,801; 4,268,276; 4,468,138; 4,738,322; 4,913,247;

5,016,718; 5,092,687; 5,120,327; 5,135,061; 5,154,245; 5,460,233; 5,544,713; and

6,793,681, the disclosure of each of which is incorporated herein, in its entirety, by this

reference.

[00108] While various aspects and embodiments have been disclosed herein, other

aspects and embodiments are contemplated. The various aspects and embodiments

disclosed herein are for purposes of illustration and are not intended to be limiting.

Additionally, the words "including," "having," and variants thereof {e.g. , "includes" and

"has") as used herein, including the claims, shall be open ended and have the same

meaning as the word "comprising" and variants thereof {e.g. , "comprise" and



"comprises").



CLAIMS

What is claimed is:

1. A method of fabricating a polycrystalline diamond compact, comprising:

forming a polycrystalline diamond table in the presence of a metal-solvent catalyst

in a first high-pressure/high-temperature process, the polycrystalline diamond table

including a plurality of bonded diamond grains defining a plurality of interstitial regions,

at least a portion of the plurality of interstitial regions including the metal-solvent catalyst

disposed therein, the plurality of bonded diamond grains exhibiting an average grain size

of about 40 µιη or less;

at least partially leaching the polycrystalline diamond table to remove at least a

portion of the metal-solvent catalyst therefrom;

subjecting the at least partially leached polycrystalline diamond table and a

substrate to a second high-pressure/high-temperature process under diamond- stable

temperature-pressure conditions to partially infiltrate the at least partially leached

polycrystalline table with an infiltrant and attach the partially infiltrated polycrystalline

diamond table to the substrate;

wherein a maximum temperature (T), a total process time (t), and a maximum

internal cell pressure (P) of the second high-pressure/high-temperature process are chosen

so that β is greater than 2 °Celsius-hours/gigapascals ("°C-h/GPa") to about 325

°C-h/GPa, with β represented as β = T-t/P; and

wherein the infiltrated polycrystalline diamond table includes a first region

adjacent to the substrate including the infiltrant disposed in at least a portion of the

interstitial regions thereof and a second region extending inwardly from an exterior

working surface to a selected depth of at least about 700 µιη, the second region being

substantially free of the infiltrant.

2. The method of claim 1 wherein P is about 6 GPa to about 8 GPa, T is

about 1250 °C to about 1500 °C, and t is about 200 seconds to about 450 seconds.

3. The method of claim 1 wherein β is about 5 °C-h/GPa to about 35

°C-h/GPa.



4. The method of claim 1 wherein β is about 20 °C-h/GPa to about 30

°C-h/GPa.

5. The method of claim 1 wherein β is about 10 °C-h/GPa to about 20

°C-h/GPa.

6. The method of claim 1 wherein the selected depth is about 750 µιη to

about 2100 µιη.

7. The method of claim 1 wherein the infiltrant is provided from the

substrate.

8. The method as recited in claim 1 wherein the second region of the

infiltrated polycrystalline diamond table is essentially free of silicon, nickel, or

combinations thereof.

9. A polycrystalline diamond compact, comprising:

a substrate; and

a pre-sintered polycrystalline diamond table bonded to the substrate and including

an exterior working surface, at least one lateral surface, and a chamfer extending between

the exterior working surface and the at least one lateral surface, the pre-sintered

polycrystalline diamond table including a plurality of bonded diamond grains defining a

plurality of interstitial regions, the plurality of bonded diamond grains exhibiting an

average grain size of about 40 µιη or less, the pre-sintered polycrystalline diamond table

further including:

a first region adjacent to the substrate, at least a portion of the interstitial

regions of the first region including an infiltrant disposed therein;

a second region adjacent to the first region and extending inwardly from

the exterior working surface to a selected depth of at least about 700 µιη, the interstitial

regions of the second region being substantially free of the infiltrant; and

a nonplanar interface located between the first and second regions.

10. The polycrystalline diamond compact of claim 9 wherein the infiltrant

includes a material selected from the group consisting of cobalt, iron, nickel, and alloys

thereof.



11. The polycrystalline diamond compact of claim 9 wherein the infiltrant is

provided from the substrate.

12. The polycrystalline diamond compact of claim 9 wherein the interstitial

regions the second region are substantially void of material.

13. The polycrystalline diamond compact of claim 9 wherein the selected

depth is about 750 µιη to about 2100 µιη.

14. The polycrystalline diamond compact of claim 9 wherein the second

region of the pre-sintered polycrystalline diamond table is essentially free of silicon,

nickel, or combinations thereof.

15. A rotary drill bit comprising a bit body configured to engage a

subterranean formation and a plurality of polycrystalline diamond cutting elements

affixed to the bit body, at least one of the plurality of polycrystalline diamond cutting

elements configured according to any one of the polycrystalline diamond compacts of

claims 9-14.
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