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(57) Abstract: A polycrystalline diamond body, and a method for making a carbonate polycrystalline diamond body includes com-
bining a first quantity of diamond particles with a first quantity of magnesium carbonate to form a first layer in an enclosure, the first
layer having a working surface, and placing a second quantity of magnesium carbonate in the enclosure forming a second layer, the
first layer and the second layer forming an assembly. A quantity of at least one of silicon or aluminum is mixed in with or placed ad -
jacent to at least one of the first layer or the second layer. The assembly, including the at least one of silicon or aluminum, is sintered
at high pressure and high temperature, causing the at least one of silicon or aluminum to infiltrate at least one layer of the assembly,
forming a polycrystalline diamond body.
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CARBONATE PCD AND METHODS OF MAKING THE SAME

BACKGROUND

[0001] Ultra-hard materials are often used in cutting tools and rock drilling tools.
Polycrystalline diamond material is one such ultra-hard material, and is known for its good
wear resistance and hardness. To form polycrystalline diamond, diamond particles are
sintered at high pressure and high temperature (HPHT sintering), as for example at pressure
equal to or greater than 50 kbar and temperature equal or great than 1350 °C, to produce an
ultra-hard polycrystalline structure. A catalyst material is added to the diamond particle
mixture prior to HPHT sintering and/or infiltrates the diamond particle mixture during HPHT
sintering in order to promote the intergrowth of the diamond crystals during HPHT sintering,
to form the polycrystalline diamond (PCD) structure. Metals conventionally employed as the
catalyst are selected from the group of solvent metal catalysts of Group VIII of the Periodic
table, including cobalt, iron, and nickel, and combinations and alloys thercof. After HPHT
sintering, the resulting PCD structure includes a network of interconnected diamond crystals
or grains bonded to each other, with the catalyst material occupying the interstitial spaces or
pores between the bonded diamond crystals. The diamond particle mixture may be HPHT
sintered in the presence of a substrate, to form a PCD compact bonded to the substrate. The
substrate may also act as a source of the metal catalyst that infiltrates into the diamond
particle mixture during sintering.

[0002] The amount of catalyst material used to form the PCD body represents a
compromise between desired properties of strength, toughness, and impact resistance versus
hardness, wear resistance, and thermal stability. While a higher metal catalyst content
generally increases the strength, toughness, and impact resistance of the resulting PCD body,
this higher metal catalyst content also decreases the hardness and wear resistance as well as
the thermal stability of the PCD body. This trade-off makes it difficult to provide a PCD
having desired levels of hardness, wear resistance, thermal stability, strength, impact
resistance, and toughness to meet the service demands of particular applications, such as in
cutting and/or wear elements used in subterranean drilling devices.

[0003] Thermal stability can be particularly relevant during wear or cutting operations.
Conventional PCD bodies may be vulnerable to thermal degradation when exposed to
elevated temperatures during cutting and/or wear applications. This vulnerability results
from the differential that exists between the thermal expansion characteristics of the metal
catalyst disposed interstitially within the PCD body and the thermal expansion characteristics
of the intercrystalline bonded diamond. This differential thermal expansion is known to start
at temperatures as low as 400 °C, and can induce thermal stresses that are detrimental to the
intercrystalline bonding of diamond and that eventually result in the formation of cracks that
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can make the PCD structure vulnerable to failure. Accordingly, such behavior is not
desirable.

[0004] Another form of thermal degradation known to exist with conventional PCD
materials is one that is also related to the presence of the metal catalyst in the interstitial
regions of the PCD body and the adherence of the metal catalyst to the diamond crystals.
Specifically, the metal catalyst is known to cause an undesired catalyzed phase
transformation in diamond (converting it to carbon monoxide, carbon dioxide, or graphite)
with increasing temperature, thereby limiting the temperatures at which the PCD body may
be used.

[0005] To improve the thermal stability of the PCD material, a carbonate catalyst has
been used to form the PCD. PCD formed with a carbonate catalyst is referred to hereinafter
as “carbonate PCD.” The carbonate catalyst is mixed with the diamond particles prior to
sintering, and promotes the growth of diamond grains during sintering. When a carbonate
catalyst is used, the diamond remains stable in polycrystalline diamond form with increasing
temperature, rather than being converted to carbon dioxide, carbon monoxide, or graphite.
Thus the carbonate PCD is more thermally stable than PCD formed with a metal catalyst.
[0006] However, the carbonate catalyst itself is subject to a decomposition reaction with
increasing temperature, converting to a metal oxide. The carbonate may be released as CO;
gas, causing outgassing of the carbonate PCD material. This outgassing can cause volume
expansion and undesirable voids, bubbles, or films on adjacent surfaces, leading to

imperfections and cracks in the ultra-hard material as well as decreased wear resistance.

SUMMARY

[0007] This summary is provided to introduce a selection of concepts that are further
described below in the detailed description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it intended to be used as an aid in
limiting the scope of the claimed subject matter.

[0008] In some embodiments, a carbonate polycrystalline diamond body has a working
surface opposite a non-working surface. The carbonate polycrystalline diamond body
includes a first layer including a material microstructure including a plurality of bonded-
together diamond crystals and interstitial spaces there between, a portion of the interstitial
spaces being occupied by a first quantity of a magnesium carbonate, the first layer defining
the working surface. At least one of the first layer or the second layer includes at least a
quantity of at least one of silicon, aluminum, or a combination thereof.

[0009] In some embodiments, a method for making a carbonate polycrystalline diamond
body includes combining a first quantity of diamond particles with a first quantity of
magnesium carbonate to form a first layer in an enclosure, the first layer having a working

surface, and placing a second quantity of magnesium carbonate in the enclosure forming a
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second layer. The first layer and the second layer forming an assembly. A quantity of at
least one of silicon or aluminum is mixed in with or placed adjacent to at least one of the first
layer or the second layer. The method further includes sintering the assembly including the at
least one of silicon or aluminum at high pressure and high temperature, causing the at least
one of silicon or aluminum to infiltrate at least one layer of the assembly, forming a

polycrystalline diamond body.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Embodiments of the present disclosure are described with reference to the
following figures.

[0011] FIG. 1 illustrates a schematic view of a material microstructure of a carbonate
polycrystalline diamond material according to an embodiment (where the dimensions may be
exaggerated and thus the drawing may not be to scale, for clarity).

[0012] FIGS. 2a, 2b and 2¢ schematically illustrate cross-sectional views of enclosures
including an assembly having a first layer, a second layer, and a third layer including a
distribution of a Si and/or Al compound, prior to HPHT sintering, according to various
embodiments.

[0013] FIG. 3a illustrates a perspective view of the diamond compact incorporating a
carbonate polycrystalline diamond body after HPHT sintering and subsequent heat treatment
of an assembly including a first layer or working surface, and a second layer or non-working
surface, according to an embodiment.

[0014] FIG. 3b illustrates a perspective view of the diamond compact incorporating a
carbonate polycrystalline diamond body after HPHT sintering and subsequent heat treatment
of the assembly illustrated in FIGS. 2a, 2b and 2c, including a first layer or working surface,
a second layer or non-working surface, and a substrate, according to an embodiment.

[0015] FIG. 4 is a flowchart illustrating a method of forming a carbonate polycrystalline
diamond body incorporating a distribution of a Si and/or Al compound, according to an
embodiment.

[0016] FIG. 5 illustrates a perspective view of a drag bit incorporating the diamond
compact element of FIGS. 3a or 3b.

[0017] FIG. 6 is an X-ray diffraction pattern graph for a carbonate polycrystalline
diamond layer including less than 0.2 wt% silicon, heated-treated to 1200 °C under vacuum.
[0018] FIG. 7 is an X-ray diffraction pattern graph for a carbonate polycrystalline
diamond showing a layer including less than 0.2 wt% Silicon, and a layer including
approximately 1.5 wt% silicon, heated-treated to 900 °C under vacuum, according to an

embodiment.
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[0019] FIG. 8 is a graph of the distribution of silicon along the thickness of a PCD body
including a 0.5 wt% SiC compound mixed with diamond particles of both a first and a second
layer of the PCD body, according to an embodiment.

[0020] FIG. 9 is a graph of the distribution of silicon along the thickness of a PCD body
including an MgCO; catalyst powder containing 1.5 wt% SiO,, according to an embodiment.
[0021] FIG. 10 is a graph comparatively demonstrating the distribution of Silicon along
the thickness of a PCD body including an MgCOs catalyst infiltrating the assembly from the
second layer of the PCD body versus from the first layer of the PCD body, according to an

embodiment.

DETAILED DESCRIPTION

[0022] The present disclosure relates to ultra-hard materials, and more particularly in
some embodiments, to ultra-hard materials formed with a carbonate catalyst having
controlled thermal decomposition, and methods for forming the same. For clarity, as used
herein, the term "PCD" refers to conventional polycrystalline diamond that has been formed
with the use of a metal catalyst during an HPHT sintering process, forming a microstructure
of bonded diamond crystals with the catalyst material occupying the interstitial spaces or
pores between the bonded diamond crystals. The term "carbonate PCD" refers to PCD
formed with a carbonate catalyst, forming a microstructure of bonded diamond crystals with
the carbonate catalyst material occupying the interstitial spaces or pores between the bonded
diamond crystals.

[0023] A region of a carbonate PCD material 10 is schematically illustrated in FIG. 1.
The carbonate PCD material 10 has a polycrystalline microstructure including multiple
diamond grains or crystals 14 bonded to each other, with interstitial spaces or pores 18
between the diamond crystals. This polycrystalline microstructure is formed by subjecting
diamond particles to an HPHT sintering process in the presence of a carbonate catalyst. In
some embodiments, the HPHT sintering process includes applying a pressure of about 50
kbar or greater, and a temperature of greater than 1350 °C. In other embodiments, the HPHT
sintering process includes applying a pressure of about 65 kbar or greater, and a temperature
of greater than 1800 °C. At this temperature and pressure, the carbonate catalyst material
melts and infiltrates the diamond particles mixture. The catalyst promotes the direct bonding
of diamond crystals during the HPHT sintering process, forming carbonate PCD. The result
is a carbonate PCD material with the carbonate catalyst material 16 occupying the interstitial
spaces 18 between the diamond crystals 14 (referred to hereinafter as “grains™). In some
embodiments, the diamond grains 14 in the carbonate PCD material have a size in the range
of 1 to 20 microns.

[0024] In some embodiments, a carbonate PCD body is formed by subjecting an ultra-
hard diamond element such as a volume of diamond particles to an HPHT sintering process
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in the presence of a carbonate catalyst such as magnesium carbonate (MgCOsz). In an
embodiment, the carbonate PCD body is formed by mixing diamond particles 14 with the
carbonate catalyst 16 before HPHT sintering to create the carbonate PCD body. The formed
carbonate PCD body is subsequently heat-treated under vacuum or at atmospheric pressure at
a temperature of approximately 1100 °C to 1200 °C to convert a portion of the carbonate
catalyst into an oxide, while releasing a gas. Heat treatment may occur in a furnace, such as
vacuum furnace. In embodiments including a MgCOs carbonate catalyst, the oxide is
magnesium oxide (MgO), while the gas is carbon dioxide (CO;). In some embodiments
including an MgCOs carbonate catalyst, the MgCO; carbonate catalyst contains a SiO;
impurity in the range of 1.5 wt% to 1.8 wt%. In some embodiments, the MgCO; carbonate
catalyst contains 1.5 wt% SiO..

[0025] With reference to FIGS. 2a, 2b and 2c¢, in some embodiments, the carbonate PCD
body 20 is formed in an enclosure (which in some embodiments is a refractory can or
container 28) with a series of layers 22, 24, and 26. In some embodiments, the series of
layers includes a first layer 22 defining a working surface 23 at one surface of the first layer
22. In some embodiments (e.g., in most embodiments), the third layer 26 includes a
carbonate catalyst without a diamond particle mixture (as for example shown in FIG. 2b), and
is adjacent to either the working surface side 23 of the first layer 22 (FIG. 2b), or the non-
working surface 21 side of the second layer 24 (FIG. 2a). In some embodiments, the series of
layers includes second layer 24 including a non-working surface 21 at one surface of the
second layer 24 at an opposite surface from the working surface 23 (FIG. 2a). The second
layer 24 includes a diamond particle mixture. In some embodiments, the third layer 26 may
be subdivided into a plurality of layers, and the plurality of layers of the third layer 26 may be
adjacent to the second layer 24 or to the first layer 22, and may include a diamond particle
mixture layer, a carbonate catalyst layer, or any combination thereof. In some embodiments,
during or after HPHT sintering, the series of layers may optionally be attached to a separate
substrate 27 adjacent to the non-working surface 21 (FIG. 3b). The refractory can or
container 28 contains the series of layers 22, 24, and 26, and protects them from the
surrounding environment. The refractory can or container 28 may also have a lid 30 which
fits over the top end of the refractory can or container 28. The refractory can or container 28
and lid 30 are formed from a refractory metal such as niobium, molybdenum, or tantalum.
[0026] Generally, when a non-metal catalyst such as a carbonate is used in forming a
carbonate PCD body, the diamond remains stable while being converted to polycrystalline
diamond form during HPHT sintering with increasing temperatures up to 1200 °C, without
being converted to carbon dioxide, carbon monoxide, or graphite. However, during
subsequent heat-treatment cycles of the formed carbonate PCD under atmospheric pressure or
vacuum (after HPHT sintering) for the purpose of decomposing the carbonate catalyst, the
PCD may develop cracks at temperatures between 800 °C and 1200 °C, and may be subject to
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graphitization. This threshold temperature of 1200 °C is very close to the thermally stable
temperature of PCD under vacuum. In some embodiments, by controlling the thermal
decomposition of the carbonate catalyst, a crack-free working surface 23 of the carbonate
PCD body is formed. Thus, in order to prevent or reduce thermal degradation of the PCD
after HPHT sintering and during heat-treatment cycles below the threshold 1200 °C (ranging
from temperatures between 1100 °C - 1200 °C), various embodiments provide for a MgCO;
carbonate catalyst that infiltrates the diamond particles during HPHT sintering and fully (or
mostly) decomposes at a temperature below the 1200 °C threshold during subsequent heat-
treatment cycles.
[0027] Generally, a carbonate catalyst such as MgCO; may begin to decompose at a
temperature of approximately 400 °C at ambient pressure. The thermal decomposition
temperature of MgCOs is related to the pressure. For example, MgCO; will remain in its
major phase without fully decomposing when heat-treated after HPHT sintering for one hour
under vacuum to a temperature of 1200 °C, as for example shown in FIG. 6 and Table 1,
below. FIG. 6 shows an X-ray diffraction pattern graph for a carbonate polycrystalline
diamond layer including less than 0.2 wt% Silicon, heat-treated to 1200 °C under vacuum.
Table 1, interpreting the patterns displayed in FIG. 6, demonstrates an example including a
MgCOj; catalyst based carbonate PCD, where the carbonate PCD assembly includes less than
0.2 wt% Si (and/or Al) heat-treated to 1200 °C under vacuum. According to this example and
the data shown in Table 1, approximately 35% of the carbonate catalyst entered the thermal
decomposition phase, converting the carbonate catalyst (MgCOs) into an oxide (MgO) and
releasing carbon dioxide (CO,). Thus, the example in FIG. 6 and Table 1, where the
carbonate PCD contained a mixture of 97.29 wt% diamond particles, less than 0.2 wt% Si,
and the remaining weight percentage a carbonate catalyst (MgCOs3), heat-treated to 1200 °C
under vacuum for one hour, approximately 0.97% of the approximately 2.71% of MgCOs
converted to MgO. Accordingly, the addition of the MgCOs catalyst, according to the details
of the example in FIG. 6 and Table 1, at the levels disclosed in Table 1, may not achieve full
catalyst decomposition during a post-HPHT sintering heat-treatment temperature below a
1200 °C threshold.

Table 1: Phase Content for FIG. 6 X-Ray Diffraction Pattern
Diamond | MgCO; | MgO
Content | 97.29% 1.75% 0.97%

[0028] However, by mixing the components of the first, second, and/or third layer with a

Si and/or Al compound before sintering, according to various embodiments disclosed herein,
full (or nearly full) thermal decomposition of the MgCOs carbon catalyst during a post-HPHT
sintering heat-treatment temperature below 1200 °C may be realized. When the Si and/or Al
compound mixed into the first, second, and/or third layer, according to embodiments of the
present disclosure, reacts with the MgCOs catalyst, MgSiOs;, Mg,Si04, MgAL, O, and/or
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combinations thereof is formed. The compounds formed as a result of the reaction of the Si
and/or Al compounds with the MgCO; promote thermal decomposition of the MgCOs at a
lower temperature than the temperature of thermal decomposition under vacuum during heat-
treatment cycles when Si and/or Al is/are not included. According to various embodiments,
the MgCOs will enter the full thermal decomposition phase at or below the 1200 °C threshold
for thermal degradation of the carbonate PCD, itself, and thus cause a reduction in the cracks
often formed in the carbonate PCD at heat treatment cycles of temperatures between 800 °C
and 1200 °C. As shown in FIG. 7 and Table 2 below, in some embodiments the MgCOs of
the carbonate PCD containing approximately 1.5 wt% Si (e.g., in the form of SiC), measured
using energy dispersive spectroscopy (EDX), and heat-treated to 900 °C under vacuum,
entered the full thermal decomposition phase converting to an oxide, MgSiO3, and Mg,SiOy,
while the MgCOs of the carbonate PCD including with less than 0.2 wt% Si and heat-treated
to 900 °C under vacuum did not enter the thermal decomposition phase, and remained in the
MgCOs; phase. In the embodiment of FIG. 7, the diamond particles of the first layer were
mixed with 1% MgCO3 and 0.5wt% SiC, and the diamond particles of the second layer were
mixed with 3% MgCO3 and 0.5wt%SiC. The assembly was infiltrated with a third layer
containing MgCO3 adjacent to the first layer. After HPHT sintering, the first layer had a
thickness of approximately 2.0 mm, and the second layer had a thickness of approximately
6.0 mm, as shown in FIG. 8.
Table 2: Phase Content for FIG. 7 X-Ray Diffraction Pattern

Phase Diamond | MgCO; | MgO MgSiO; Mg, SiOy
With <0.2wt%Si | 97.3% 2.7%
With ~1.5wt%Si | 96.8% 0.45% 1.38% 1.2%

[0029] In some embodiments, by increasing the percentage by weight of MgCOs
premixed with the diamond particles of the second layer, or as part of an additional third
layer, thermal decomposition of the MgCOs at a lower temperature is promoted, causing
thermal decomposition under vacuum during heat-treatment cycles. The additional
percentage by weight of MgCOs results in the formation of larger pore channels in the
carbonate PCD during HPHT sintering, allowing the CO, gas formed during subsequent
thermal decomposition of the MgCO; to more easily release from the PCD body. As shown
in Table 3 below, in one embodiment, the phase ratio of MgO to MgCOs, after heat-treating a
carbonate PCD body under vacuum at a temperature of 1100 °C (after HPHT sintering),
increases as the percentage by weight of MgCOs premixed with the diamond particles or as
part of a third layer is increased. In one embodiment including a 3% premixed percentage by
weight of MgCOs, the phase ratio is approximately 0.07, while in another embodiment
including a 5% premixed percentage by weight of MgCOs, the ratio increases to 1.63, and in
another embodiment including a 7% premixed percentage by weight of MgCOQO;3, the ratio

increases to 13.85.
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Table 3: Phase Ratio After Heat Treating at 1100 °C for MgCO;3; PCD Measured by X-ray

Diffraction
Premixed Amount Phase Ratio
of MgCOs (MgO/ MgCO3)
3% 0.07
5% 1.63
7% 13.85

[0030] However, an increase in the percentage by weight of MgCO; premixed into a
layer, while promoting thermal decomposition of the catalyst at a lower temperature, can also
decrease the wear resistance of the PCD body surface as a result of the formation of larger
pore channels on the surface carbonate PCD body and as a result of the decrease in diamond
density. In various embodiments, the increased percentage by weight of MgCOj is added to
the second layer, and/or as part of the additional third layer, while the first layer, which will
form a working surface of the carbonate PCD, optionally includes a comparably decreased
percentage by weight of MgCO;. As a result of the increased percentage by weight of
MgCO; premixed into the second and/or third layers, these layers may be generally thicker
than the first layer, which contains a lesser quantity of the MgCO; premixed into the layer.
In these embodiments, the higher concentration of the MgCOs catalyst premixed into the
second and/or third layers may promote thermal degradation of the MgCOs catalyst at a lower
temperature than the temperature at which thermal degradation of the MgCOs of the first
layer will occur because of the formation of larger pore channels in the second and/or third
layers due to the higher concentration of the MgCOs catalyst, making it easier for CO, gas to
be released from these layers. Accordingly, in some embodiments, the MgCOs catalyst in the
second and/or third layers, which will be heat-treated after HPHT sintering, may be more
fully decomposed at a lower temperature than the MgCOs catalyst in the first layer. The
result of this variance in thermal decomposition properties of the layers after HPHT sintering
and initial heat-treatment cycles due to the difference in the MgCOs catalyst concentrations in
the layers is that the carbonate PCD may form minimal to no cracks at the working surface
side of the first layer during subsequent heat-treatment cycles because the CO, decomposed
from the first layer can be quickly released through the thinner first layer, rather than remain
trapped inside the thicker second and/or third layers. However, because the Si and/or Al
compounds may promote thermal decomposition of the MgCOs; catalyst at a lower
temperature are not catalysts, in order to decrease wear resistance at the working surface, the
amount of these compounds that accumulates at the working surface after mixing these Si
and/or Al compounds into the first, second, and/or third layer, in some embodiments, may be
minimized or reduced. In some embodiments, infiltrating the first layer at the working

surface side with additional MgCOs catalyst that has not been premixed with diamond
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particles, for example by placing the third layer or another fourth layer of MgCOs catalyst
adjacent to the first layer so that the first layer is sandwiched between the third or fourth layer
and the second layer, allows for the formation of a working surface with minimal cracks, and
maintained wear resistance. In some embodiments, after HPHT sintering and subsequent
heat-treatment cycles, the additional MgCOs catalyst in the third or fourth layer, adjacent to
the first layer, may fully decompose, allowing the Si and/or Al compound to infiltrate through
the remaining layers, and resulting in the formation of a working surface having reduced to
no cracks.

[0031] A method for forming the carbonate PCD body with a distribution of Si and/or Al
clements is shown in FIG. 4 with additional reference to FIG. 2, according to one
embodiment. The method includes placing in an enclosure a first layer 22 of diamond
particles mixed with a first quantity of a carbonate catalyst having a first percentage by
weight for forming a working surface 23 of the carbonate PCD body 20 (block 101). In some
embodiments, the first percentage by weight of the carbonate catalyst is approximately 1.0
wt% (with respect to the weight of the first layer). In other embodiments, the first percentage
by weight of the carbonate catalyst is approximately 0.5-3.0 wt% (with respect to the weight
of the first layer) and the first layer has a thickness of approximately 1-3 mm. Then, a second
layer 24 of diamond particles mixed with a second quantity of a carbonate catalyst having a
second percentage by weight may be placed adjacent to the first layer 22, for forming a non-
working surface 21 of the carbonate PCD body (block 102). The second layer 24 includes a
second percentage by weight of the carbonate catalyst that is greater than the first percentage
of the first layer 22, such that the non-working surface 21 contains a greater carbonate
catalyst composition than the working surface 23. In other embodiments, the second
percentage of the carbonate catalyst is the same as the first percentage of the carbonate
catalyst. As a result of the reduced quantity of the carbonate catalyst compound in the first
layer 22 (block 106) in the embodiment where the second percentage of the carbonate
catalyst is greater than the first percentage, the first layer 22 may be infiltrated from the
working surface side 23 with an additional layer of carbonate catalyst prior to HPHT
sintering. Thus, in some embodiments, a layer of carbonate catalyst is placed adjacent to the
working surface side 23 of the first layer 22 (block 106). In some embodiments, the second
percentage of the carbonate catalyst is greater than 1.0 wt% (with respect to the weight of the
second layer). In some embodiments, the second percentage of the carbonate catalyst is 5.0
wt% (with respect to the weight of the second layer). In other embodiments, the second
percentage of the carbonate catalyst is 7.0 wt% (with respect to the weight of the second
layer). In some embodiments, the second percentage by weight of the carbonate catalyst is
approximately 2.0-9.0 wt% (with respect to the weight of the second layer) and the second
layer has a thickness of approximately 3-15 mm. In some embodiments, the first layer has a



WO 2014/143700 PCT/US2014/027770

first percentage of the carbonate catalyst that is greater than 1.0 wt% (with respect to the
weight of the first layer).

[0032] In some embodiments, the method includes introducing a third layer 26 including
a Silicon (Si) and/or Aluminum (Al) compound, as well as a carbonate catalyst adjacent to
the non-working surface 21 of the second layer (block 103). In various embodiments, this Si
and/or Al compound includes Al, Si, SiO,, Al,O3, SiC, Al;C, and/or combinations thereof. In
some embodiments, the Si and/or Al compound is included at about 1.5 wt% (with respect to
the weight of the carbonate catalyst). In other embodiments, the Si and/or Al compound is
SiC included at 0.5 wt% (with respect to the weight of the layer). In other embodiments,
instead of using a third layer, the Si and/or Al compound can be combined directly with the
second layer 24 forming a mixture of diamond particles, mixed with the second percentage of
carbonate catalyst, and mixed with the Si and/or Al compound for forming the second layer
24. In other embodiments, the Si and/or Al compound is introduced to the separate third
layer 26, the Si and/or Al compound is applied as separate layer 29 adjacent to the second
layer 24, and disposed at an opposite surface from the first layer working surface 23, and
adjacent to the non-working surface 21, as, for example, shown in FIG. 2c. In some
embodiments, the third layer 26 also includes a third percentage by weight of the carbonate
catalyst combined with the Si and/or Al compound. In some embodiments, the Si and/or Al
compound is a Si compound, such as SiO,, having a percentage by weight of 1.5 %wt (based
on the weight of the carbonate catalyst used) of the third layer. In other embodiments, the Si
and/or Al compound can be combined directly with the first layer of diamond particles mixed
with the first percentage of carbonate catalyst to form the first layer 22 or working surface 23,
and thus, a third layer may not be required. In other embodiments, the Si and/or Al
compound can be combined directly with the third layer 26 including the carbonate catalyst
placed adjacent to the working surface 23 side of the first layer 22 prior to HPHT sintering.
In other embodiments, the second layer 24 can include multiple layers, including layers of
varying compositions, catalyst types and volumes, and/or thicknesses.

[0033] In other embodiments, as shown in FIG. 3b, a substrate 27 is provided adjacent to
the second layer 24 (FIG. 3b), e.g., adjacent to the non-working surface 21 of the second
layer 24. When a third layer is included, the substrate 27 may be provided adjacent to the
third layer 26. In some embodiments, the substrate is useful for attaching the carbonated
PCD body to a cutting tool. The substrate may also provide a source of a solvent metal
catalyst such as cobalt. The substrate can be selected from the group including metallic
materials, ceramic materials, cermet materials, and/or combinations therecof. Examples of
suitable substrates include carbides such as WC, W,C, TiC, VC, and SiC. In some
embodiments, the substrate is formed of cemented tungsten carbide.

[0034] With reference again to FIG. 4, after placing the series of layers 22, 24, and 26, in
the container, the method includes subjecting the container 28 (having the series of layers) to
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HPHT sintering (block 104). In some embodiments, the third layer 26 is adjacent to the first
layer 22, sandwiching the first layer 22 between the third layer 26 and the second layer 24.
HPHT sintering according to various embodiments includes sintering to a temperature 1350
°C or greater and a pressure of about 5 GPa or 50 kbar or greater. In some embodiments, the
method includes HPHT sintering at a temperature greater than 1800 °C and a pressure of
about or greater than 6.5 GPa or 65 kbar. At this HPHT sintering temperature, the carbonate
catalyst at each layer melts, entering the liquid phase, and infiltrating into the diamond
particles of the first and second layers, catalyzing the bonding of the diamond particles grains
together to form the carbonate PCD (block 105), as also shown in FIG. 3a. Also at this
HPHT sintering temperature, most of the Si and/or Al compounds, including SiC and/or
AlyO3, will react with the carbonate catalyst to form a liquid. The liquid will flow in the
general direction of liquid flow, from the surface where it was deposited to the opposite
surface (block 105). In some embodiments, where the Si and/or Al compound is directly
mixed with the particles and catalyst of the second layer or includes a separate third layer
adjacent to the second layer prior to HPHT sintering, the Si and/or Al rich liquid flows
toward the first layer and/or the first layer working surface during HPHT sintering. In other
embodiments, the Si and/or Al compound is directly mixed with the particles and catalyst of
the first layer prior to HPHT sintering, and the Si and/or Al rich liquid flows toward the
second layer or non-working surface during HPHT sintering. As a result of the differential
percentages by weight of carbonate catalyst at cach of the first and second layers, and as a
result of the flow of the Si and/or Al rich liquid after HPHT sintering to the opposite surface
from its disposition location prior to HPHT sintering, the working surface and non-working
surface sides of the carbonate PCD body have different thermal decomposition behaviors.
Some portion of the Si and/or Al compound may remain in the layer in which it was
introduced.

[0035] By way of example, FIG. 8 shows the distribution of Si along the thickness of a
PCD body after HPHT sintering according to one embodiment including a 0.5 wt% SiC
compound (based on the weight of the layer) mixed with diamond particles in both a first and
a second layer of the carbonate PCD body. As shown in FIG. 8, the entire carbonate PCD
body has a thickness of approximately 8 millimeters (mm) as measured from the non-
working surface. The SiC compound was originally mixed in with the diamond particles and
MgCOs catalyst in both the first layer and the second layer. In this example, the first layer
diamond particles were mixed with 1 wt% MgCOs; and 0.5 wt% SiC (both based on the total
weight of the layer), and the second layer diamond particles were mixed with 3 wt% MgCOs
and 0.5 wt% SiC (both based on the total weight of the layer). A layer of MgCOs was also
introduced at the working surface side of the first layer to infiltrate the first layer with
MgCOs. During HPHT sintering, the SiC compound reacted and melted, and the resulting Si
liquid flowed to the opposite surface across the 8 mm thickness of the PCD body, mostly
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accumulating at a depth between 0.0 mm to 4.0 mm, where the depth is measured from the
non-working surface such that the working surface is at a 8 mm depth and the non-working
surface is at 0.0 mm depth. After sintering, the first layer had a thickness of approximately
2.0 mm, and the second layer had a thickness of approximately 6.0 mm.

[0036] FIG. 9 shows another example of the distribution of Si along the thickness of a
PCD body after HPHT sintering according to other embodiments including MgCO;
containing a 1.5 wt% Si0, compound (based on the weight of the MgCOs). In this example,
the diamond particles of the first layer were mixed with 1 wt% MgCOs containing 1.5 wt%
Si0,, while the diamond particles of the second layer were mixed with Swt% MgCO;
containing 1.5wt% SiO,. A layer of MgCO; was also introduced at the working surface side
of the first layer to infiltrate the first layer with MgCOs. After HPHT sintering, the first layer
had a thickness of approximately 2.5 mm (where the first layer is shown in FIG. 9 ranging
from 11.5 mm to 14 mm in depth) and the second layer had a thickness of approximately 11.5
mm (where the second layer is shown in FIG. 9 ranging from O mm to 11.5 mm in depth). As
a result of the 1.5 wt% SiO; in the MgCOs, a non-uniform Si distribution was detected after
HPHT sintering. However, most of the Si element accumulated along the second layer.
[0037] FIG. 10 shows another example of the distribution of Si along a thickness of a
PCD body after HPHT sintering, showing an embodiment where an additional layer of
MgCO; was introduced at the working surface side, and an embodiment where an additional
MgCOs; layer was introduced at the non-working surface side. The diamond particles of the
first layer were mixed with 1 wt% MgCOs (based on the total weight of the first layer) and
the first layer had a thickness of apprximately 2 mm. The diamond particles of the second
layer were mixed with 3 wt% MgCOs (based on the total weight of the second layer) and the
second layer had a thickness of approximatley 6mm. One sample was infiltrated with
MgCO; from the working surface side and the other sample was infiltrated from the non-
working surface side. The resulting Si distribution was different in each embodiment. When
the MgCOs layer was infiltrated from the working surface side, the Si level was high at the
second layer, but where the MgCOs layer was infiltrated from the non-working surface side,
the Si level was high at the first layer. Accordingly, to improve the wear resitance at the
working surface side, the additional MgCOs layer may be infiltrated from the working
surface side.

[0038] In some embodiments, where the Si and/or Al compound is directly mixed with
the particles and catalyst of the second layer or in the separate third layer adjacent to the
second layer prior to HPHT sintering, the resulting carbonate PCD after HPHT sintering has
a first layer or working surface with a higher concentration of the Si and/or Al compound.
And, as a result of the first layer including the working surface having a percentage of the
carbonate catalyst less than that of the second layer prior to HPHT sintering, a greater
percentage of the carbonate catalyst may be thermally decomposed at the first layer working
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surface, than at the second layer or non-working surface, during heat-treatment cycles. The
higher concentration of the Si and/or Al compound formed at the first layer including the
working surface results in a lower thermal decomposition temperature for the carbonate
catalyst than there would be otherwise without the Si and/or Al compound at the working
surface and throughout the remainder of the carbonate PCD, including throughout the second
layer. In other embodiments, the decomposition temperature of the first layer may be lower
than, equal to, or even greater than the decomposition temperature of the second layer, as a
result of the Si and/or Al compound introduced prior to HPHT sintering. However, the
resulting thermal decomposition temperature of the first layer will be less than the thermal
decomposition temperature for a carbonate catalyst not including a Si and/or Al compound.
The result is a diamond compact including a carbonate PCD body with a distribution of Si
and/or Al elements.

[0039] A diamond compact 30 according to an embodiment is shown in FIGS. 3a and 3b.
The diamond compact 34 includes a carbonate PCD body having a first layer 22 including a
working surface 23, a second layer 24 including a non-working surface 21, and an optional
substrate 27 (shown in FIG. 3b). The diamond compact 34 is more thermally stable, and is
able to operate at elevated temperatures without experiencing cracking (or experiencing less
cracking) caused by the thermal decomposition of the PCD during heat treatment cycles
between 800 °C and 1200 °C.

[0040] The diamond compact 30 shown in FIGS. 3a and 3b is formed as a cutting
element for incorporation into a cutting tool such as, for example, a drill bit or a drag bit.
FIG. 5 shows a drag bit 40 incorporating the cutting element of FIG. 3a or 3b, according to
embodiments of the disclosure. The drag bit 40 may include several cutting elements 30 that
are cach attached to blades 32 that extend along the drag bit. The drag bit may be used for
high-temperature rock drilling operations. In other embodiments, other types of drilling or
cutting tools include for example, rotary or roller cone drilling bits, percussion or hammer
drill bits, or hole openers or reamers, may be utilized. In some embodiments, the cutting
element is a shear cutter.

[0041] In other embodiments, rather than the carbonate catalyst, and/or the Si and/or Al
compounds being mixed in or pre-mixed with the diamond particles of the first layer, and/or
the second layer, the carbonate catalyst and/or the Si and/or Al compounds may be applied as
separate layer(s) adjacent to the first layer or the second layer, or the third layer, or any other
layer including or not including diamond particles. The separate layer(s) including the
carbonate catalyst and/or the Si and/or Al compounds may then infiltrate into the
corresponding adjacent layer during HPHT sintering.

[0042] Although only a few embodiments have been described in detail above, those
skilled in the art will readily appreciate that many modifications are possible in the
embodiments without materially departing from embodiments disclosed herein. Accordingly,
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all such modifications are intended to be included within the scope of this disclosure. In the
claims, means-plus-function clauses are intended to cover the structures described herein as
performing the recited function and not only structural equivalents, but also equivalent
structures. Thus, although a nail and a screw may not be structural equivalents in that a nail
employs a cylindrical surface to secure wooden parts together, whereas a screw employs a
helical surface, in the environment of fastening wooden parts, a nail and a screw may be

equivalent structures.
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WHAT IS CLAIMED IS:

1. A carbonate polycrystalline diamond body having a working surface opposite
a non-working surface, the carbonate polycrystalline diamond body comprising:

a first layer comprising a material microstructure comprising a plurality of bonded-
together diamond crystals and interstitial spaces there between, a portion of the interstitial
spaces being occupied by a first quantity of a magnesium carbonate, the first layer defining
the working surface, and

at least a quantity of at least one of silicon, aluminum, or a combination thereof in the

first layer.

2. The carbonate polycrystalline diamond body of claim 1, further comprising a second
layer adjacent to the first layer at a location opposite the working surface, the second layer
comprising a material microstructure comprising a plurality of bonded-together diamond
crystals and interstitial spaces there between, a portion of the interstitial spaces being

occupied by a second quantity of magnesium carbonate equal to or greater than the first

quantity.

3. The carbonate polycrystalline diamond body of claim 2, wherein the second

layer comprises a majority of the quantity of silicon, aluminum, or a combination thereof.

4. The carbonate polycrystalline diamond body of claim 1, wherein the carbonate
polycrystalline diamond body is formed by high pressure high temperature sintering.

5. The carbonate polycrystalline diamond body of claim 4,
wherein the first layer is formed by mixing a first quantity of diamond particles with a

first quantity of magnesium carbonate.

6. The carbonate polycrystalline diamond body of claim 5, wherein the carbonate
polycrystalline diamond body is heat treated after the high pressure and high temperature
sintering, causing at least a portion of the magnesium carbonate to decompose into an oxide,
resulting in a non-uniform distribution of the oxide through the first layer, wherein the
working surface with a different thermal decomposition behavior than the non-working

surface.

7. The carbonate polycrystalline diamond body of claim 1, wherein the carbonate

polycrystalline diamond body has a non-uniform distribution of the at least one of silicon,
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aluminum, or a combination thereof, wherein the working surface has a different thermal

decomposition behavior than the non-working surface.

8. The carbonate polycrystalline diamond body of claim 1, wherein the at least
one of silicon, aluminum, or a combination thereof, includes at least one selected from the
group consisting of aluminum, silicon, silicon dioxide, aluminum oxide, silicon carbide,

neutral carbon aluminum cluster, and combinations thereof.

9. The carbonate polycrystalline diamond body of claim 1, wherein the carbonate
polycrystalline diamond body further comprises a substrate adjacent to the non-working

surface.

10. A method for making a carbonate polycrystalline diamond body, comprising:

combining a first quantity of diamond particles with a first quantity of magnesium
carbonate to form a first layer in an enclosure, the first layer having a working surface;

placing a second quantity of magnesium carbonate in the enclosure, forming a second
layer, the first layer and the second layer forming an assembly;

at least one of silicon or aluminum being mixed in with or placed adjacent to at least
one of the first layer or the second layer; and

sintering the assembly including the at least one of silicon or aluminum at high
pressure and high temperature, causing the at least one of silicon or aluminum to infiltrate at

least one layer of the assembly, forming a polycrystalline diamond body.

11. The method of claim 10, further comprising combining a second quantity of
diamond particles with a third quantity of magnesium carbonate to form a third layer, the
third quantity of magnesium carbonate being equal to or greater than the first quantity of the
magnesium carbonate, the third layer being adjacent to the first layer.

12. The method of claim 11, wherein the first quantity of magnesium carbonate is
present at 0.5-3 wt% based on the total weight of the first layer and the third quantity of the
magnesium carbonate is present at 2-9 wt% based on the total weight of the third layer.

13. The method of claim 11, further comprising placing a substrate adjacent to the
third layer, wherein the third layer is sandwiched between the substrate and the first layer.

14. The method of claim 11, wherein the quantity of at least one of silicon or

aluminum is mixed with the second quantity of diamond particles and the third quantity of

magnesium carbonate to form the third layer; and wherein during sintering, at least a portion
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of the quantity of the at least one of silicon or aluminum flows in a direction away from the

third layer toward the working surface.

15. The method of claim 10, wherein the at least one silicon or aluminum
comprises a material selected from the group consisting of elemental aluminum, elemental
silicon, silicon dioxide, aluminum oxide, silicon carbide, neutral carbon aluminum cluster,

and combinations thereof.

16. The method of claim 10, wherein prior to sintering, the at least one of silicon
or aluminum comprises about 1.5 wt% silicon based on the total weight of the magnesium

carbonate in the first layer.

17. The method of claim 10, wherein the quantity of the at least one of silicon or
aluminum is mixed with the second quantity of magnesium carbonate to form the second
layer, wherein during sintering, a portion of the quantity of the silicon or aluminum flows in a

direction away from the second layer toward the working surface.
18. The method of claim 10, wherein during sintering, the at least one of silicon or
aluminum reacts with magnesium carbonate to form a material selected from the group

consisting of MgSiO3, Mg,Si04, MgA1,O4, and combinations thereof.

19. The method of claim 10, wherein the sintering comprises sintering to a
temperature greater than 1800 °C at a pressure equal to or greater than 65 kbar.

20. The method of claim 10, wherein the at least one of silicon or aluminum

comprises about 0.5 wt% SiC based on the total weight of the first layer or the second layer.

21. The method of claim 10, wherein the second layer comprises the at least one

of silicon or aluminum and the second layer is adjacent to the working surface.
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FIRST LAYER OF DIAMOND PARTICLES MIXED WITH A FIRST
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PERCENTA GE BY WEIGHT FOR FORMING A WORKING SURFACE OF
\_ THE CARBONATE PCD BODY )
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ADJACENT TO THE FIRST LAYER, FOR FORMING A NON-WORKING
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OPTIONALLY PLACE IN THE ENCLOSURE A FOURTH LAYER OF
CARBONATE CATALYST ADJACENT THE WORKING SURFACE (PRIOR
TO PLACING THE FIRST LAYER)
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104

SUBJECT THE ENCLOSURE WITH THE SERIES OF LAYERS TO HPHT
SINTERING FOR FORMING A CARBONATE PCD BODY ASSEMBLY IN
THE ENCLOSURE

SECONDARY HEAT TREAT THE CARBONATE PCD BODY
ASSEMBLY, MELTING THE CARBONATE CATALYST TO A LIQUID
INFILTRATING INTO AND BONDING THE DIAMOND PARTICLE
GRAINS TOGETHER TO FORM THE CARBONATE PCD; ALLOWING
MOST OF THE AL AND/OR SI COMPOUNDS TO REACT WITH THE
CARBONATE CATALYST TO FORM A LIQUID FLOWING FROM ITS
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