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including a substrate and a polycrystalline diamond table including a sintering aid compound,
a dissociated non-sintering aid component, a derivative compound, or a mixture thereof and
further including dissociated sintering aid. The disclosure further provides an earth-boring
drill bit containing a bit body and the PDC in the form of a cutter. The disclosure also provides
a method of forming a PDC including placing a substrate and a mixture of diamond grains
and a sintering aid compound in a can and performing an HTHP process to form a PDC
including the substrate and a polycrystalline diamond table formed from the diamond grains
and the sintering aid compound and including the sintering aid compound, a dissociated
non-sintering aid component, a derivative compound, or a mixture thereof and dissociated
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POLYCRYSTALLINE DIAMOND COMPACT WITH SINTERING AID
COMPOUND, A COMPOUND FORMED FROM A SINTERING AID
COMPOUND, OR A MIXTURE THEREOF

TECHNICAL FIELD

The current disclosure relates to a polycrystalline diamond compact (PDC),

such as a cutter in an earth-boring drill bit.

BACKGROUND

Components of various industrial devices are often subjected to extreme
conditions, such as high temperatures and high impact contact with hard and/or
abrasive surfaces. For example, extreme temperatures and pressures are commonly
encountered during drilling for oil extraction or mining purposes. Diamond, with its
unsurpassed mechanical properties, can be the most effective material when properly
used in a cutting element or abrasion-resistant contact element for use in drilling.
Diamond is exceptionally hard, conducts heat away from the point of contact with the
abrasive surface, and may provide other benefits in such conditions.

Diamond in a polycrystalline form has added toughness as compared to single-
crystal diamond due to the random distribution of the diamond crystals, which avoids
particular planes of cleavage from traversing the whole diamond thickness, such as,
can be found in single-crystal diamond. Therefore, polycrystalline diamond is
frequently the preferred form of diamond in many drilling applications. A drill bit
cutting element that utilizes polycrystalline diamond is commonly referred to as a
polycrystalline diamond compact (PDC) cutter. Accordingly, a drill bit incorporating
PDC cutters may be referred to as a PDC bit.

PDCs can be manufactured in a cubic, belt, or other press by subjecting small
grains of diamond and other starting materials to ultrahigh pressure and temperature
conditions. One PDC manufacturing process involves forming a polycrystalline
diamond table directly onto a substrate, such as a tungsten carbide substrate. The
process involves placing a substrate containing a sintering aid, such as cobalt (Co),
along with loose diamond grains mixed into a container of a press, and subjecting the
contents of the press to a high-temperature high-pressure (HTHP) press cycle. The

high temperature and pressure cause the small diamond grains to form into an integral
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polycrystalline diamond table intimately bonded to the substrate, with Co acting as
sintering aid to promote the formation of new diamond-diamond bonds.

Although useful in creating the polycrystalline diamond table, sintering aids,
such as Co, typically have a coefficient of thermal expansion (CTE), both linear and
volumetric, significantly higher than that of diamond, such that, when the PDC heats

up during use, remaining sintering aid material within polycrystalline diamond

1) expands more rapidly or to a greater degree than the diamond, sometimes
causing cracks/micro cracks or otherwise modifying residual stresses within the
diamond grains. A polycrystalline diamond table may be leached to remove at least a
portion of the sintering aid. The resulting leached PDC is more thermally stable than
a similar, non-leached PDC. Leaching large portions of the sintering aid results in a
thermally stable polycrystalline (TSP) diamond table. At a certain temperature,
typically at least 750 °C at normal atmospheric pressure, the TSP cutters will not
crack or graphitize, but non-leached PDC cutters will crack or graphitize under
similar conditions. TSP diamond table needs to be reattached to a new substrate (the
original one on which the polycrystalline diamond was formed often being removed
prior to or destroyed in the leaching process) to form a TSP cutter.

Leaching thus remedies some of the problems causes by residual sintering aid
in the diamond table of a PCD, but at the same time, it leaves pores or cavities where
the leached sintering aid used to be, which can deteriorate mechanical properties of

the PDC cutters, for example by making it brittle and decreasing its impact toughness.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the present embodiments and advantages
thereof may be acquired by referring to the following description taken in conjunction
with the accompanying drawings, which show particular embodiments of the current
disclosure, in which like numbers refer to similar components, and in which:

FIG. 1 is a not-to-scale, cross-sectional schematic diagram of a sintering
assembly for a PDC cutter;

FIG. 2 is a not-to-scale, cross-sectional schematic diagram of a sintering
assembly for a PDC cutter during sintering;
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FIG. 3 is a not-to-scale, cross-sectional schematic diagram of a PDC in the
form of a PDC cutter; and

FIG. 4 is a is an earth-boring drill bit including at least one PDC in the form of
a PDC cutter.

DETAILED DESCRIPTION

The present disclosure relates to a PDC containing a sintering aid compound, a
compound formed from the sintering aid compound, or a mixture thereof and methods
of forming a PDC using a sintering aid compound. The sintering aid compound
includes a sintering aid component and a non-sintering component. The sintering aid
compound has a linear or volumetric CTE or both lower than that of the
uncompounded sintering aid, making its linear or volumetric CTE or both closer to
that of diamond and thereby reducing negative effects of different linear or volumetric
CTEs or both of the diamond and sintering aid, such as cracking during actual use of
PDC cutters in drilling and/or downhole applications.

In addition the sintering aid compound has a dissociation constant such that
the sintering aid component dissociates from the sintering aid compound during
HTHP press conditions in an amount sufficient to catalyze the formation of diamond-
diamond bonds. However, the dissociation constant is also such that the sintering aid
remains substantially in the sintering aid compound during PDC use and does not
dissociate under use conditions in an amount sufficient to cause substantial
graphitization of the polycrystalline diamond table or substantial damage due to its
difference in linear or volumetric CTE or both as compared to diamond. This allows
the PDC to benefit from the lower linear or volumetric CTE or both of the sintering
aid compound and its ability to keep the sintering aid in a form that does not
graphitize diamond, while still having sufficient dissociated sintering aid to form the
polycrystalline diamond table in the first place.

In addition, residual sintering aid compound or a derivative compound formed
from it may remain in the polycrystalline diamond table of the PDC and provide
mechanical support. Derivative compounds typically also have a linear or volumetric

CTE or both closer to that of diamond than the sintering aid does.
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Referring to FIG. 1, sintering assembly 10 includes can 20 containing
substrate 30, diamond grains 40, and sintering aid compound 50. As shown in FIG. 2,
when can 20 is subjected to a HTHP process, some sintering aid compound 50
dissociates into dissociated sintering aid 60, which catalyzes diamond-diamond bonds
between diamond grains 40. Dissociated sintering aid 60 may also catalyze diamond-
substrate bonds between diamond grains 40 and substrate 30. Sintering aid compound
50 also forms dissociated non-sintering component 70, which may further react to
form derivative compound 80.

After the HTHP process, polycrystalline diamond table 90 as shown in FIG. 3
has been formed on substrate 30 to produce PDC 100. PDC 100 contains sintering aid
compound 50. It may also contain dissociated sintering aid 60, for instance in low
amounts such as less than 0.5 wt%, less than 0.1 wt%, or less than 0.01 wt%, or it
may not contain any substantial amounts of any dissociated sintering aid 60.
Dissociated sintering aid 60 may be detected by X-ray diffraction or other phase
analysis techniques.

PDC 100 may further contain dissociated non-sintering component 70 or
derivative compound 80, formed from the dissociated non-sintering component of
sintering aid compound 50. Although FIG. 3 illustrates PDC 100 with sintering aid
compound 50, dissociated non-sintering component 70, and derivative compound 80,
PDC 100 may have only one or only two such components. For instance, it is even
possible that all of sintering aid compound 50 will dissociate during the HTHP
process and only dissociated non-sintering component 70 or derivative compound 80
will remain. As noted above, small amounts of dissociated sintering aid 60 may also
remain.

PDC 100 may be used as-is without being subjected to leaching or any other
process to remove dissociated sintering aid 60 or sintering aid compound 50 or, if
present dissociated non-sintering component 70 or derivative compound 80. PDC
100 may include TSP.

Substrate 30 may be any substrate suitable for use in PDC 100. In particular,
it may be a conventional substrate, such as a cemented tungsten carbide substrate.
Substrates in conventional PDC formation typically contain the sintering aid and

supply it to the diamond grains during the HTPT process. PDC 100 is formed using
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sintering aid compound 50, such that there is no need for a sintering aid in substrate
30. In some instances, it may actually be detrimental to have a sintering aid in
substrate 30, as it will migrate into polycrystalline diamond table 90 during the HTHP
process and cause the same detrimental effects as in a conventional PDC unless it is
removed via leaching. Thus, substrate 30 may lack any sintering aid. As a result,
substrate 30 may be formed from materials that do not require a sintering aid 60 in
substrate 30 to form substrate 30, such as during the HTHP process, to remain intact,
or at bond to polycrystalline diamond table 90.

Although FIGs. 1-3 illustrate a PDC with a substrate 30, it is also possible to
form a PDC according to this disclosure without a substrate 30. A substrate may be
later attached to a PDC thus formed, if needed.

Diamond grains 40 may be any suitable diamond grains, including diamond
grains of substantially uniform grain sizes, diamond grains of mixed grain sizes, or
mixtures thereof located in different areas of polycrystalline diamond table 90 after it
is formed.

Sintering aid compound 50 may include any suitable sintering aid component
able to form dissociated sintering aid 60 and another element or group of elements
that form dissociated non-sintering component 70. Dissociated sintering aid 60 may
include a group VIII metal. It may also include cobalt (Co), nickel (Ni), iron (Fe),
copper (Cu), chromium (Cr), manganese (Mn), ruthenium (Ru), rhodium (Rh),
platinum (Pt), tantalum (Ta), osmium (Os), or iridium (Ir). Dissociated sintering aid
60 may be a single metal, or it may be a combination of metals formed from different
sintering aid compounds 50, one for each metal. The combination of metals may act
separately, or they may alloy to form an alloyed dissociated sintering aid 60.

Sintering aid compound 50 may include one compound or combination of
compounds. For instance, even when only one dissociated sintering aid 60 is used, it
may be dissociated from a plurality of different compounds of that sintering aid. The
plurality of different compounds may be added at the outset, or may form prior to,
during or after sintering. Transition metals are able to exist in a variety of valence
states and therefore are particularly likely to form a group of compounds even when

compounded with the same elements or elements.
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In addition, as noted above, dissociated sintering aid 60 may be formed from a
combination of metals formed from different sintering aid compounds, in which case
sintering aid compound 50 also includes a combination of compounds.

Although sintering aid compound 50 is discussed herein as an electroneutral
compound, it may exist as paired ions in some circumstances.

Each individual compound in sintering aid compound 50 may have the general
formula MIXszQP, wherein M'is a Group VIII metal, or Co, Ni, Fe, Cu, Cr, Mn, Ru,
Rh, Pt, Ta, Os, or Is sintering aid, or a combination of at least two such metals and
x>0, M” is a non-sintering metal or combination of at least two such non-sintering
metals and y>0, and Q is a non-metal, metalloid, or a combination of at least two non-
metals or metalloids and p>0. x, y and p are also such that sintering aid compound 50
is electroneutral. M'M?,Q, dissociates to form dissociated sintering aid 60 from M'
and dissociated non-sintering component 70 from M*,Q,. The general dissociation
reaction (I) is as follows:

M'M%Q, < M'+ M’Q ).

M will typically be the metal in a neutral valence state. The relative amounts of
elements in M*Q will typically be such that the compound is electroneutral as well.
The further reaction of M>Q may go on to further react to form derivative

compound 80 as shown by reaction (II) as follows:
M’Q + X <> M*X + Q(II).

M*X and Q will be such that the compounds are electroneutral or elements are in their
neutral valence state. X may be carbon (C), such as carbon in diamond grains 40, or
another component of the polycrystalline diamond table.

Alternatively the further reaction of M”Q to form derivative compound 80

may be shown by reaction (III) as follows:

MQ - M*+QX  (III).
M? will typically be the metal in a neutral valence state. The relative amounts of

elements in QX will typically be such that the material is electroneutral as well.
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In one example, sintering aid compound 50 may be cobalt (II) titanate
(CoTi0s3), which may dissociate into Co as dissociated sintering aid 60 and TiO; as
dissociated non-sintering component 70. In addition, dissociated non-sintering
component 70 may further react with C contained in diamond grains 40, to form
titanium carbide (TiC) as derivative compound 80.

In general, derivative compound 80 may often be a metal carbide, as these
materials tend to have a linear or volumetric CTE or both similar to that of substrate
30 and closer to the CTE of diamond than the sintering aid. In addition, metal
carbides tend to have a desirable impact strength, imparting additional impact
toughness to the PDC 100 overall.

Particularly useful M? metals include titanium (Ti), zirconium (Zr), tungsten
(W), tantalum (Ta), molybdenum (Mo), vanadium (V), niobium (Nb) and hathium
(Hf) because these metals may form carbides.

Oxygen (O) is a particularly useful Q element because it can form oxygen gas
(O,) which may exit PDC 100 and which is relatively safe. Carbon-oxygen (C-O)
compounds and ions, such as carbonates, or silicon-oxygen (Si-O) compounds and
ions, such as silicates, may also be particularly useful Q components due to their
ability to form O, or, in the case of carbon-oxygen compounds and ions, CO,, which
may also exit PDC 100, and to produce C or Si or their compounds in PDC 100.

Sintering aid compound 50 may have a linear CTE of 5 x 10 /K or less, 3 x
10° /K or less, or 2 x 10 /K or less at 20 °C. Non-sintering compound 70 may have
a linear CTE of 5 x 10 /K or less, 3 x 10 /K or less, or 2 x 10 /K or less at 20 °C.
Derivative compound 80 may have a linear CTE of 5 x 10 /K or less, 3 x 10 /K or
less, or 2 x 10 /K or less at 20 °C.

Sintering aid compound 50 may have a linear CTE of 8 x 10 /K or less, 6 x
10° /K or less, or 4 x 10 /K or less at 20 °C. Non-sintering compound 70 may have
a linear CTE of 8 x 10 /K or less, 6 x 10 /K or less, or 4 x 10 /K or less at 20 °C. .
Derivative compound 80 may have a linear CTE of 8 x 10 /K or less, 6 x 10 /K or
less, or 4 x 10 /K or less at 20 °C.

The disclosure further provides a method of forming a PDC, such as PDC 100.
According to the method, diamond grains 40 and sintering aid compound 50 are

placed in can 20 as shown in FIG. 1. Sintering aid compound 50 may be in the form
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of microparticles, which have a largest dimension on average of between 1 um and
1000 um. Sintering aid compound 50 may also be in the form of nanoparticles,
which have a largest dimension on average of between 1 nm and 1000 nm. In
particular, sintering aid compound 50 may have a largest dimension of between 200
nm and 5 pm. In addition, sintering aid compound 50 may be mono-disperse, with
an average size variation in the largest dimension of 10% or less.

Sintering aid compound 50 is mixed with diamond grains 40, as shown in FIG.
1. The mixing may be homogeneous or sintering aid compound 50 may be in higher
proportions in some areas. The formation of a homogenous mixture may be
facilitated by using sintering aid compound 50 particles that are similar in dimension
to diamond grains 40. For instance sintering aid particles to may have an average
largest dimension within 5% of the average largest dimension of diamond grains 40.

Sintering aid compound 50 may be formed into particles through mechanical
processing, such as ball milling. Sintering aid compound may also be formed into
discrete particles rather than clumps or agglomerates, with no more than 1% of
particles physically attached to another particle. Discrete particles also facilitate the
formation of a homogeneous mixture with diamond grains 40.

During a HTHP process, some of sintering aid compound 50 dissociates into
dissociated sintering aid 60, as shown in FIG. 2. Dissociated sintering aid 60 is
already located near diamond grains 40. As a result, less sintering aid may be used
than in conventional processes or HTHP press cycle time is reduced to increase
productivity, in which the sintering aid typically must migrate from a substrate into
the diamond grains. This is particularly true when sintering aid compound 50 is in the
form of particles homogeneously mixed with diamond grains 40. The amount of
sintering aid compound 50 may be such that the total amount of the sintering aid
component, such as Co, whether dissociated or in the compound, is less than 10 wt%
of polycrystalline diamond table 90. It may also be less than 8 wt%, less than 4.5
wt%, less than 3 wt%, less than 2 wt%, or less than 1 wt%.

The temperature of the HTHP process is typically at least the eutectic
temperature of the sintering aid component in sintering aid compound 50 so that
dispersed sintering aid 60 is in a liquid state. If dispersed sintering aid 60 is formed

from an alloy, the temperature of the HTHP process may be at least the applicable
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alloying temperature, which is typically at least the eutectic temperature of the alloy
component with the highest eutectic temperature.

Non-sintering aid component 70 may also be formed during the HTHP
process. Derivative compound 80 may be formed during HTHP process or after the
process has been completed and polycrystalline diamond table 90 is cooled.

The entire process results in PDC 100, as shown above in FIG. 3.

A PDC as described herein may be incorporated into an industrial device, such
as an earth-boring drill bit, as illustrated in FIG. 4. FIG. 4 illustrates a fixed cutter
drill bit 200 containing a plurality of cutters 210 coupled to drill bit body 220. At
least one of cutters 210 may be a PDC 100 as described in FIG. 3.

Bit body 220 may include a plurality of blades 230 extending therefrom. Bit
body 220 may be formed from steel, a steel alloy, a matrix material, or other suitable
bit body material with desired strength, toughness and machinability. Bit body 220
may be formed to have desired wear and erosion properties. PDC cutters 210 may be
mounted on the bit using methods of this disclosure or using other methods. PDC
cutters may be located in gage region 240, or in a non-gage region, or both.

Drilling action associated with drill bit 200 may occur as bit body 220 is
rotated relative to the bottom of a wellbore in response to rotation of an associated
drill string. At least some PDC cutters 210 disposed on associated blades 230 may
contact adjacent portions of a downhole formation during drilling. These PDC cutters
210 may be oriented such that their polycrystalline diamond tables contact the
formation.

The present disclosure provides an embodiment A relating to a PDC including
a substrate and a polycrystalline diamond table including a sintering aid compound, a
dissociated non-sintering aid component, a derivative compound, or a mixture thereof
and dissociated sintering aid.

The present disclosure also provides an embodiment B relating to an earth-
boring drill bit containing a bit body and the PDC of embodiment A in the form of a
cutter.

The present disclosure also provides an embodiment C relating to a method of
forming a PDC including placing a substrate and a mixture of diamond grains and a

sintering aid compound in a can to form a sintering assembly and performing an
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HTHP process on the sintering assembly to form a PDC including the substrate and a
polycrystalline diamond table formed from the diamond grains and the sintering aid
compound and including the sintering aid compound, a dissociated non-sintering aid
component, a derivative compound, or a mixture thereof and further including
dissociated sintering aid.

In addition, embodiments A, B and C may be used in conjunction with the
following additional elements, which may also be combined with one another unless
clearly mutually exclusive, and which method elements may be used to obtain devices
and which device elements may result from methods: 1) the substrate may not include
a sintering aid; i1) the sintering aid compound may include a sintering aid component
M' and a non-sintering aid component M*Q and have the general formula MIXMZYQP,
wherein M'is a Group VIII metal,

M? is a metal other than M, Q is a non-metal, metalloid, or a combination of at least
two non-metals or metalloids, x>0, y>0, p>0, and x, y and p are such that the sintering
aid compound is electroneutral; iii) the derivative compound may be formed from the
dissociated non-sintering aid component; iv) the derivative compound may be a metal
carbide; v) each of the sintering aid compound, dissociated non-sintering aid
component, and derivative compound may have a linear coefficient of thermal
expansion (CTE) of 5 x 10 /K or less; vi) the sintering aid compound may be in the
form of particles; vii) the mixture of diamond grains and sintering aid compound
maybe homogeneous; viii) the sintering aid compound particles may have an average
largest dimension within 5% of an average largest dimension of the diamond grains;
ix) the sintering aid compound may dissociate into a sintering aid component and a
non-sintering component during an HTHP process, such that the sintering aid
component catalyzes the formation of diamond-diamond bonds between the diamond
grains; x) the sintering aid compound may include at least two compounds; xi) each of
the at least two compounds may include the same sintering aid; xii) each of the at
least two compounds may include a different sintering aid and the sintering aids may
form an alloy during the HTHP process; xiii) the dissociated non-sintering component
may react with carbon to form a metal carbide derivative compound; xiv) the carbon

may be from the diamond in the diamond grains.
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Although only exemplary embodiments of the invention are specifically
described above, it will be appreciated that modifications and variations of these
examples are possible without departing from the spirit and intended scope of the
invention. For instance, the use of PDCs on other industrial devices may be

5  determined by reference to the drill bit example.
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CLAIMS

1. A polycrystalline diamond compact (PDC) comprising:

a substrate; and

a polycrystalline diamond table including a sintering aid compound, a
dissociated non-sintering aid component, a derivative compound, or a mixture thereof

and further including dissociated sintering aid.

2. The PDC of claim 1, wherein the substrate does not comprise a

sintering aid.

3. The PDC of claim 1, wherein the sintering aid compound comprises a
sintering aid component M' and a non-sintering aid component M”Q and has the
general formula M',M?*,Q,, wherein

M'is a Group VIII metal,

M? is a metal,

Q is a non-metal, metalloid, or a combination of at least two non-metals or
metalloids,

x>0,

y>0, p>0., and

x, y and p are such that the sintering aid compound is electroneutral.

4. The PDC of claim 1, wherein the derivative compound is formed from

the dissociated non-sintering aid component.

5. The PDC of claim 1, wherein the derivative compound is a metal

carbide.

6. The PDC of Claim 1, wherein each of the sintering aid compound,

dissociated non-sintering aid component, and derivative compound has a linear

coefficient of thermal expansion (CTE) of 5 x 10° /K or less.
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7. An earth-boring drill bit comprising:
a bit body; and
a polycrystalline diamond compact (PDC) in the form of a cutter, the PDC
comprising:
a substrate; and
a polycrystalline diamond table including a sintering aid compound, a
dissociated non-sintering aid component, a derivative compound, or a mixture

thereof and further including dissociated sintering aid.

8. The earth-boring drill bit of claim 1, wherein the substrate does not

comprise a sintering aid.

0. The earth-boring drill bit of claim 1, wherein the sintering aid
compound comprises a sintering aid component M' and a non-sintering aid
component M*Q and has the general formula M'M?*,Q,, wherein

M'is a Group VIII metal,

M? is a metal other than M,

Q is a non-metal, metalloid, or a combination of at least two non-metals or
metalloids,

x>0,

y>0, p>0, and

x, y and p are such that the sintering aid compound is electroneutral.

10.  The earth-boring drill bit of claim 1, wherein the derivative compound

is formed from the dissociated non-sintering aid component.

11.  The earth-boring drill bit of claim 1, wherein the derivative compound

is a metal carbide.

12.  The earth-boring drill bit of Claim 1, wherein each of the sintering aid
compound, dissociated non-sintering aid component, and derivative compound has a

linear coefficient of thermal expansion (CTE) of 5 x 10° /K or less.
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13. A method of forming a polycrystalline diamond compact (PDC)
comprising:

placing a substrate and a mixture of diamond grains and a sintering aid
compound in a can to form a sintering assembly; and

performing a high temperature high pressure (HTHP) process on the sintering
assembly to form a PDC including the substrate and a polycrystalline diamond table
formed from the diamond grains and the sintering aid compound and including the
sintering aid compound, a dissociated non-sintering aid component, a derivative

compound, or a mixture thereof and further including dissociated sintering aid.

14. The method of claim 13, wherein the sintering aid compound is in the
form of particles and the mixture of diamond grains and sintering aid compound is

homogeneous.

15. The method of claim 13, wherein the sintering aid compound is in the
form of particles having an average largest dimension within 5% of an average largest

dimension of the diamond grains.

16. The method of claim 13, wherein the sintering aid compound
dissociates into a sintering aid component and a non-sintering component during the
HTHP process, such that the sintering aid component catalyzes the formation of

diamond-diamond bonds between the diamond grains.

17. The method of claim 13, wherein the sintering aid compound

comprises at least two compounds.

18. The method of claim 17, wherein each of the at least two compounds

comprises the same sintering aid.
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19. The method of claim 17, wherein each of the at least two compounds
comprises a different sintering aid and wherein the sintering aids form an alloy during

the HTHP process.

5 20.  The method of claim 13, wherein the dissociated non-sintering

component reacts with carbon to form a metal carbide derivative compound.
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