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POLYCRYSTALLINE DIAMOND CUTTING ELEMENTS WITH ENGINEERED
POROSITY AND METHOD FOR MANUFACTURING SUCH CUTTING
ELEMENTS

BACKGROUND OF THE INVENTION

[0001] Cutting elements, such as shear cutter type cutting elements used in rock bits or
other cutting tools, typically have a body (i.e., a substrate) and an ultra hard material. The
ultra hard material forms the cutting surface of the cutting element, and the substrate typically
attaches the ultra hard material to the cutting tool. The substrate is generally made from
tungsten carbide-cobalt (sometimes referred to simply as "cemented tungsten carbide,"
“tungsten carbide” or "carbide”). The ultra hard material layer is a polycrystalline ultra hard
material, such as polycrystalline diamond (“PCD”), polycrystalline cubic boron nitride
("PCBN") or thermally stable product ("TSP") such as thermally stable polycrystalline
diamond. The ultra hard material provides a high level of wear and/or abrasion resistance
that is greater than that of the metallic substrate.

[0002] PCD is formed by a known process in which diamond crystals are mixed with a
catalyst material and sintered at high pressure and high temperature. The catalyst material
may be mixed into the diamond powder prior to sintering and/or may infiltrate the diamond
powder from an adjacent substrate during sintering. The high pressure high temperature
sintering process ("HPHT sintering") creates a polycrystalline diamond structure having a
network of intercrystalline bonded diamond crystals, with the catalyst material remaining in
the voids or gaps between the bonded diamond crystals.

[0003] The catalyst material facilitates and promotes the inter-crystalline bonding of the
diamond crystals. The catalyst material is typically a solvent catalyst metal from Group VIII
of the Periodic table, such as cobalt, iron, or nickel. However, the presence of the catalyst
material in the sintered PCD material introduces thermal stresses to the PCD material when
the PCD material is heated, for example by frictional heating during use, as the catalyst
typically has a higher coefficient of thermal expansion than does the PCD material. Thus, the
sintered PCD is subject to thermal stresses, which limit the service life of the cutting element.
[0004] To address this problem, the catalyst is substantially removed from the PCD
material, such as by leaching, in order to create TSP. For example, one known approach is to
remove a substantial portion of the catalyst material from at least a portion of the sintered

PCD by subjecting the sintered PCD construction to a leaching process, which forms a TSP
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material portion substantially free of the catalyst material. If a substrate was used during the
HPHT sintering, it is typically removed prior to leaching.

[0005] After the TSP material has been formed, it can be bonded onto a new substrate in
order to form a cutting element. During this process, called the "re-bonding process," the
TSP material and substrate are subjected to heat and pressure. An infiltrant material (such as
cobalt from the substrate) infiltrates the TSP material, moving into the pores (i.e., the voids or
interstitial spaces) (collectively or individually referred to herein as "pores") between the
bonded crystals, previously occupied by the catalyst material. The infiltration of this
infiltrant material from the substrate into the TSP layer creates a bond between the TSP layer
and the substrate. The re-bonded TSP layer may be partially re-leached to improve the
thermal stability, such as at the working surface of the TSP layer.

[0006] Existing TSP cutting elements are known to fail prematurely due to insufficient
infiltration of the infiltrant material into the TSP layer during the re-bonding process, leading
to residual porosity in the re-bonded TSP layer. As explained above, when the PCD material
is leached to form TSP, the catalyst material in the PCD layer is removed from the pores
between the diamond crystals. If these pores are only partially infiltrated or not properly
infiltrated during the re-bonding process, the empty pores can weaken the bond and create
structural flaws. This partial infiltration makes the TSP cutters vulnerable to cracking during
finishing operations such as lapping and grinding. Partial infiltration also makes re-leaching
more difficult, and weakens the bond between the TSP layer and the substrate. Accordingly,
there is a need for a method for forming TSP material that facilitates infiltration during re-

bonding, and improves the thermal characteristics and operating life of the material.

SUMMARY OF THE INVENTION

[0007] In an exemplary embodiment, there is provided a method for facilitating
infiltration of an infiltrant material into a TSP material during re-bonding of the TSP material
to a substrate, by enhancing the porosity of the TSP material near the interface with the
substrate. In one embodiment, the method includes mixing a filler material or additive with a
diamond powder mixture prior to HPHT sintering, and then HPHT sintering the diamond
powder and filler material mixture to form polycrystalline diamond (PCD). The filler
material occupies space in the sintered PCD layer, residing between the bonded diamond
crystals. After HPHT sintering, this filler material is removed, such as by leaching, to form a
thermally stable product (TSP) with pores between the bonded diamond crystals. The

amount and distribution of filler material in the diamond powder is controlled to provide a
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greater porosity in at least a portion of the TSP layer, which enables the infiltrant material to
more fully infiltrate the TSP during re-bonding. The result is a re-bonded TSP cutting
element with more complete infiltration, leading to a better bond between the TSP layer and
the substrate and a longer operating life than TSP created through prior methods.

[0008] In one embodiment, a method of forming a re-infiltrated thermally stable
polycrystalline diamond cutting element includes mixing diamond particles and a filler
material to create a diamond powder mixture. The diamond powder mixture comprises a first
portion with at least 4% filler material by weight, and a second portion with less filler
material than the first portion. The first portion is at least 25% of the volume of the diamond
powder mixture. The method also includes sintering the diamond powder mixture at high
temperature and high pressure to form a polycrystalline diamond material, removing the filler
material from the polycrystalline diamond material to form a thermally stable polycrystalline
diamond material having an enhanced porosity in the first portion, and bonding the thermally
stable material to a substrate. Bonding comprises infiltrating the first portion with an
infiltrant material from the substrate. In one exemplary embodiment the second portion
includes a depression and the first portion includes a projection received in the depression.
[0009] In another embodiment, a cutting element includes a substrate and a thermally
stable polycrystalline diamond body bonded to the substrate. The thermally stable
polycrystalline diamond body comprises a working surface; a material microstructure
comprising a plurality of bonded-together diamond crystals and pores between the diamond
crystals, the pores being substantially free of a catalyst material; a first portion of the material
microstructure proximate the substrate; and a second portion of the material microstructure
proximate the working surface. The first portion comprises an infiltrant material in the pores
between the diamond crystals. The first portion includes a first porosity and the second
portion comprises a second porosity, the difference in porosity being at least 1.6% when such
porosities are measured without the infiltrant. In an exemplary embodiment, the second
portion includes a depression and the first portion includes a projection received in the
depression.

[0010] In another exemplary embodiment a cutting element is provided including a
substrate, and a thermally stable polycrystalline diamond body bonded to the substrate. The
thermally stable polycrystalline diamond body includes a working surface opposite the
substrate, a material microstructure comprising a plurality of bonded-together diamond
crystals, and pores between the diamond crystals, the pores being substantially free of a

catalyst material. The thermally stable polycrystalline diamond body also includes a first
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portion of the material microstructure proximate the substrate and including a projection, and
a second portion of the material microstructure proximate the working surface and including
a depression receiving the projection. The first portion includes an infiltrant material in one
or more of the pores between the diamond crystals. The material microstructure has a
differential porosity between the first and second portions when such porosities are measured
without the infiltrant. In one exemplary embodiment, the depression is complementary to
said projection. In another exemplary embodiment, the projection is domed shaped. In a
further exemplary embodiment, the first portion has a greater porosity than the second
portion. In yet another exemplary embodiment, the material microstructure has a differential
porosity of at least 1.6% between the first and second portions.

[0011] In yet a further exemplary embodiment, a downhole tool is provided including a
tool body and at least one of the aforementioned exemplary embodiment cutting elements. In

one exemplary embodiment, the downhole tool is a drill bit, as for example as drag bit.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] Figure 1 is a flowchart of a method of forming a re-infiltrated TSP cutting element
according to an embodiment of the present disclosure.

[0013] Figure 2 is a representation of pores in a polycrystalline diamond material
according to an embodiment of the present disclosure.

[0014] Figure 3 is a cross-sectional view of a cutting element according to the prior art.
[0015] Figure 4A is a cross-sectional view of a cutting element according to an
exemplary embodiment of the present disclosure.

[0016] Figure 4B is a cross-sectional view of a cutting element according to an
exemplary embodiment of the present disclosure.

[0017] Figure 4C is a cross-sectional view of a cutting element according to an
exemplary embodiment of the present disclosure.

[0018] Figure 5 is a perspective view of a drag bit body including a cutting element

according to an embodiment of the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0019] In an exemplary embodiment, there is provided a method for facilitating
infiltration of an infiltrant material into a TSP material during re-bonding of the TSP material
to a substrate, by enhancing the porosity of the TSP material near the interface with the

substrate. In one embodiment, the method includes mixing a filler material or additive
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(collectively or individually referred to herein as "filler material") with a diamond powder
mixture prior to HPHT sintering, and then HPHT sintering the diamond powder and filler
material mixture to form polycrystalline diamond (PCD). The filler material occupies space
in the sintered PCD layer, residing between the bonded diamond crystals. After HPHT
sintering, this filler material is removed, such as by leaching, to form a thermally stable
product (TSP) with pores between the bonded diamond crystals. The amount and distribution
of filler material in the diamond powder is controlled to provide a greater porosity in at least
a portion of the TSP layer, which enables the infiltrant material to more fully infiltrate the
TSP during re-bonding. The pores provide a pathway for the infiltrant material during the re-
bonding process and facilitate movement of the infiltrant from the substrate into the TSP
layer. The result is a re-bonded TSP cutting element with more complete infiltration, leading
to a better bond between the TSP layer and the substrate and a longer operating life than TSP
created through prior methods. Thus, including a filler material or additive in the diamond
powder mixture prior to HPHT sintering enables the porosity of the TSP layer to be
controlled.

[0020] A method of forming a re-infiltrated TSP cutting element according to an
exemplary embodiment of the present disclosure is shown in Figure 1. The method includes
mixing a diamond powder mixture with a filler material or additive 110. The diamond
powder mixture is a blend of diamond crystals of the desired grain sizes. The mixture may
include diamond crystals of a uniform grain size, or a blend of multiple grain sizes. The
diamond crystals are typically provided in powder form and mixed together to create the
desired distribution of grain sizes in the diamond layer. The diamond can be natural and/or
synthetic. Exemplary diamond crystal sizes are in the range of about 1-40 microns.
Optionally, a catalyst material such as a metal from Group VIII of the Periodic table, such as
cobalt, may also be added to this mixture to promote intercrystalline bonding during HPHT
sintering. Alternatively or in addition, the catalyst material may infiltrate the diamond layer
from an adjacent substrate during HPHT sintering. For example, cobalt from a tungsten
carbide substrate may move into the diamond layer during HPHT sintering.

[0021] The diamond, catalyst, and filler materials are mixed together to create a desired
distribution of filler material throughout the diamond layer. For example, a greater amount of
filler material may be provided in the region of the diamond layer nearest the substrate, in
order to increase the porosity in this region after leaching (as described in more detail below).

Mixing may be accomplished by ball milling, mechanical mixing, or other known methods.
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[0022] After the diamond and filler materials are mixed together in the desired
distribution, the method then includes placing the diamond mixture inside a refractory metal
enclosure such as a niobium can for sintering. The method includes sintering these materials
at high pressure and high temperature ("HPHT sintering" or "HTHP sintering") 112. The
high pressure may be 5,000 MPa or greater (hot cell pressure), and the high temperature may
be about 1,300°C to 1,500°C or higher. The high pressure as measured by the hydraulic fluid
pressure of the press may be about 10.7 ksi. In one embodiment, the diamond mixture is
placed adjacent a substrate such as a tungsten carbide substrate, and the diamond mixture and
substrate are HPHT sintered. In another embodiment, the diamond mixture is HPHT sintered
without a substrate.

[0023] When a substrate is present, catalyst material from the substrate, such as cobalt,
moves into the spaces between the diamond crystals during HPHT sintering. The catalyst
material encourages the growth and bonding of crystals during the HPHT sintering to form a
polycrystalline diamond structure. As used herein, the term "catalyst material” refers to the
material that is initially used to facilitate diamond-to-diamond bonding or sintering during the
initial HPHT process used to form the PCD. In one embodiment, the filler material is an
additional amount of the catalyst, so that the total amount of this material mixed with the
diamond acts as both a catalyst to form the PCD and as a filler to eventually increase the
porosity of the TSP material.

[0024] The HPHT sintering 112 creates a polycrystalline structure as shown in Figure 2,
in which the diamond crystals 22 are bonded together, with the catalyst material 24 and filler
material 26 remaining dispersed within the pores 28 between the diamond crystals 22.
Referring again to Figure 1, the method then includes removing (such as by leaching) the
catalyst material and filler material from the PCD 114 to form a TSP material. Notably, if a
substrate is used during the HPHT sintering, then it is removed from the PCD layer prior to
leaching. The leaching can be accomplished by subjecting the PCD material to a leaching
agent (such as an acid wash) over a particular period of time or by other known leaching
methods such as electrolytic process, liquid metal solubility, etc. In an embodiment,
substantially all of the catalyst and filler materials are removed from the PCD layer, although
trace or residual amounts may remain. In one embodiment the PCD layer is leached to a
depth of approximately 2500 microns from the working surface of the PCD layer.

[0025] In one embodiment, the leaching conditions include contacting a region of the
PCD body with a sufficient volume of an acid mixture at a temperature of 40 °C + 2 °C under

atmospheric pressure. The acid mixture is 50 %v of a first acid solution and 50 %v of a
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second acid solution. The first acid solution is 5.3 mol/liter HNOs5 (reagent grade nitric acid).
The second acid solution is 9.6 mol/liter HF (reagent grade hydrofluoric acid). In one or
more embodiments, accelerating techniques for removing the catalyst material and the filler
material may also be used, and may be used in conjunction with the leaching techniques
noted herein as well as with other conventional leaching processes. Such accelerating
techniques include elevated pressures, elevated temperatures and/or ultrasonic energy, and
may be useful to decrease the amount of treatment time associated with achieving the same
level of catalyst and filler removal, thereby improving manufacturing efficiency. In one
embodiment, the leaching process may be accelerated by conducting the same leaching
process described above under conditions of elevated pressure that may be greater than about
5 bar, and that may range from about 10 to 50 bar in other embodiments. Such elevated
pressure conditions may be achieved by conducting the leaching process in a pressure vessel
or the like.

[0026] For example in one embodiment, leaching is achieved by placing the PCD sample
in an acid solution in a Teflon container, which is contained within a sealed stainless steel
pressure vessel and heated to 160-180°C. Containers suitable for such leaching procedures
are commercially available from Bergoff Products & Instruments GmbH, Eningen, Germany.
A standard acid solution which has been found to work satisfactorily in leaching to form TSP
is made from reagent grade acids and comprises a concentration of approximately 5.3
mol/liter HNO3 and approximately 9.6 mol/liter HF, which is made by ratio of 1:1:1 by
volume of HNO3 — 15.9 mol/liter (nitric acid): HF — 28.9 mol/liter (hydrofluoric acid): and
water.

[0027] Verification of complete leaching may be performed by x-ray radiography to
confirm that the acid mixture penetrated the sample and that no macro-scale catalytic metallic
regions remain. Subsequently, the sample may be cleaned of residual materials such as
nitrates and insoluble oxides by alternating exposure to deionized water in the pressure vessel
described above (dilution of the soluble nitrates) and exposing the sample to ultrasonic
energy at room temperature (removal of insoluble oxides). It is to be understood that the
exact leaching conditions can and will vary on such factors as the leaching agent that is used
as well as the materials and sintering characteristics of the diamond body. Additional
information about available leaching methods is provided in co-pending U.S. Patent
Application No. 12/784,460, the contents of which are incorporated herein by reference.
[0028] Once the catalyst and filler materials have been removed, the result is TSP. The

TSP has a material microstructure characterized by a polycrystalline phase of bonded-
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together diamond crystals and a plurality of substantially empty voids or pores between the
bonded diamond crystals. These voids or pores are substantially empty due to the removal of
the catalyst and filler materials during the leaching process described above. Thus, after
leaching, the catalyst and filler materials are removed, and the pores are substantially empty.
As used herein, the term “removed” is used to refer to the reduced presence of a specific
material in the interstitial regions of the diamond layer, for example the reduced presence of
the catalyst material used to initially form the diamond body during the sintering or HPHT
process, or the filler material, or a metal carbide present in the PCD body (a metal carbide,
such as tungsten carbide, may be present through addition to the diamond mixture used to
form the PCD body (for example from ball milling the diamond powder) or through
infiltration from the substrate used to form the PCD body). It is understood to mean that a
substantial portion of the specific material (e.g., catalyst material) no longer resides within
the interstitial regions of the PCD body, for example the material is removed such that the
voids or pores within the PCD body may be substantially empty. However, it is to be
understood that some small amounts of the material may still remain in the microstructure of
the PCD body within the interstitial regions and/or remain adhered to the surface of the
diamond crystals.

[0029] After leaching, the pores may be substantially free of the catalyst material and the
filler material. The term “substantially free”, as used herein, is understood to mean that a
specific material is removed, but that there may still be some small amounts of the specific
material remaining within interstitial regions of the PCD body. In an example embodiment,
the PCD body may be treated such that more than 98 % by weight (%w of the treated region)
has had the catalyst material removed from the interstitial regions within the treated region, in
particular at least 99 %w, more in particular at least 99.5 %w may have had the catalyst
material removed from the interstitial regions within the treated region. 1-2 %w metal may
remain, most of which is trapped in regions of diamond regrowth (diamond-to-diamond
bonding) and is not necessarily removable by chemical leaching. For example, a trace
amount of the filler material may remain in the pores after leaching.

[0030] During HPHT sintering, the filler material occupies space between the diamond
crystals and creates additional voids or pores when the filler material is removed. In one
embodiment, the filler material is provided in a portion of the diamond mixture in order to
create a TSP material with a first enhanced porosity portion and a second portion. In one
embodiment, after sintering and leaching, the pores occupy about or at least 1% of the

volume of the enhanced porosity portion. Applicants have determined that even this low
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percentage of pores leads to an improvement in infiltration. In another embodiment, the
pores occupy about or at least 0.5% of the volume of the enhanced porosity portion. In
another embodiment, the enhanced porosity portion (near the substrate) has a porosity that is
at least 1.6% greater than the porosity of the second portion of the TSP (near the working
surface), as described further below. That is, the differential porosity between the two
portions of the TSP is at least 1.6% (for example, the first portion may have a porosity of
9.0% and the second portion 7.4%).

[0031] Referring again to Figure 1, the method then includes re-bonding the TSP material
to a substrate 116. In an embodiment, the substrate includes as one of its material
constituents a metal solvent that is capable of melting and infiltrating into the TSP material.
In one embodiment, the substrate is tungsten carbide with a cobalt binder (WC-Co), and the
cobalt acts as the metal solvent infiltrant in the re-bonding process. In other embodiments,
other infiltrants such as other metals or metal alloys may be utilized. For example, an added
infiltrant in the form of a powder, foil, or film may be provided between the TSP and
substrate to infiltrate both the TSP layer and the substrate and facilitate bonding of these two
layers. The infiltrant may be a combination of cobalt from the substrate and another added
infiltrant. The term "infiltrant" as used herein refers to a material other than the catalyst
material used to initially form the PCD material and other than the filler material added to the
diamond powder mixture to create an engineered porosity, although it may be the same type
of material as either of these. The infiltrant can include materials in Group VIII of the
Periodic table. The infiltrant material infiltrates the TSP during re-bonding to bond the TSP
to a new substrate.

[0032] Bonding the TSP to a substrate includes placing the TSP and a substrate into an
HPHT assembly and pressing at high heat and pressure to bond the TSP material to the
substrate. The HPHT re-bonding 116 may have different durations, temperatures, and
pressures than the HPHT sintering 112. (For example, the temperatures and pressures may be
lower during re-bonding than during sintering.) During this final re-bonding step, the
infiltrant will infiltrate the leached TSP material, moving into the pores between the diamond
crystals (left behind by the filler material) and acting as a glue to bond the TSP layer to the
substrate.

[0033] Optionally, after re-bonding, the infiltrant can be removed from a portion of the
re-bonded TSP material 118 (a process referred to herein as "re-leaching"), as for example
from the portion that does the cutting and is exposed to high frictional heat, to improve the

thermal stability of that portion of the TSP layer. For example, in one embodiment,
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substantially all of the infiltrant is removed from the exposed cutting surface 18 (see Figure
4A) of the TSP layer to a certain depth, but not all the way through the TSP layer to the
substrate. Thus, a portion of the infiltrated TSP layer closer to the substrate still retains the
infiltrant in the voids between the diamond crystals. The presence of the infiltrant here
improves the bonding of the infiltrated TSP layer to the substrate.

[0034] The infiltrated TSP cutting element can then be incorporated into a cutting tool
such as a tool for mining, cutting, machining, milling, and construction applications, where
properties of thermal stability, wear and abrasion resistance, and reduced thermal stress are
desirable. For example, the cutting element of the present disclosure may be incorporated
into machine tools and downhole tools and drill and mining bits such as roller cone bits, and
drag bits. Figure 5 shows cutting elements 10 with substrate 12 and re-infiltrated TSP layer
14, incorporated into a drag bit body 20. In one embodiment the cutting elements 10 are
shear cutters disposed on a tool body.

[0035] As mentioned above, some prior art TSP cutting elements suffer from premature
failure due to incomplete infiltration of the TSP layer during re-bonding, especially in TSP
materials with higher diamond densities. The central region of the TSP layer is typically the
most difficult to infiltrate. A prior art cutting element 40 is shown in Figure 3. The cutting
element 40 includes a substrate 42 and a TSP body 44. However, the infiltrant material from
the substrate has only partially infiltrated the TSP body 44, moving into the region 44a
nearest the substrate 12. The region 44b of the TSP body opposite the substrate is not
infiltrated, or is only partially infiltrated, resulting in pores or voids in this region that are
empty. As shown in Figure 3, the infiltrated region 44a has a reverse dome or U-shape, with
the infiltrant moving further into the TSP body 44 near the outer surface 46 than in the central
region 48. This U-shaped infiltration pattern may be explained by wetting effects around the
sides of the TSP body 44. As mentioned above, the diamond powder and substrate are placed
into a refractory metal enclosure, such as a niobium can, for HPHT sintering. When the can
is pressed at high pressure, the refractory metal from the can, such as niobium, interacts with
the outer edges and sides of the PCD body. Subsequently, during the re-bonding process, this
residual metal around the side surface 46 of the TSP layer creates a wetting effect and assists
the infiltrant material moving up from the substrate. Accordingly, the infiltrant follows the
niobium (or other can material) and moves in a U-shaped or inverse dome shape through the
TSP layer, as shown in Figure 3.

[0036] Additionally, in the prior art, natural metal gradients that form in the PCD layer

during HPHT sintering have not been sufficient to enable infiltration during subsequent re-
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bonding. During the HPHT sintering with a substrate, shrinkage of the diamond powder is
affected by the presence of the substrate. The result is PCD with a lower diamond density
and higher metal content near the substrate. Prior art PCD cutters have been formed with
metal contents after HPHT sintering changing from about 19.8 %w near the substrate to
about 16.6 %w away from the substrate, which creates a small porosity gradient after
leaching (such as a porosity differential of less than 1.5%). However, incomplete infiltration
after leaching is still observed, especially in TSP with high diamond density. In the
embodiments described herein, porosity is increased by adding filler material prior to
sintering, which creates a different metal content gradient and pore structure than the natural
gradient created by powder shrinkage during HPHT sintering.

[0037] The central region 48 of the prior art TSP body 44 may be insufficiently infiltrated
during re-bonding. Applicants have discovered that this central region of the TSP layer can
be more fully infiltrated by providing larger and/or more pores in this region of the TSP
layer. Increasing the porosity of the TSP layer leads to better infiltration, as it provides more
pores through which the infiltrant can move. The infiltrant moves more easily into TSP with
a larger pore size.

[0038] Accordingly, in an exemplary embodiment of the disclosure, filler material is
added to the diamond powder mixture prior to HPHT sintering in order to increase the pore
size and/or increase the number of pores in the TSP layer nearest the substrate, in accordance
with the method described above. A cutting element 10 according to an embodiment is
shown in Figure 4A. The cutting element 10 includes a substrate 12 bonded to a TSP body
14 at an interface 16. The TSP body 14 includes a first region or layer 14a near the substrate
with a larger porosity than a second region or layer 14b opposite the substrate (proximate the
working surface 18). In this embodiment, the interface 15 between the two layers 14a, 14b is
domed, with the enhanced porosity layer 14a extending further into the TSP body 14 in the
center of the TSP body 14 than at the outer surface. That is, the enhanced porosity layer 14a
is closer to the working surface 18 of the TSP layer at the center than at the outer surfaces.
This geometry counteracts the reverse-dome infiltration seen in prior art cutting elements,
shown in Figure 3. As mentioned above, the infiltrant tends to move into the prior art TSP
layer in a reverse-dome shape, assisted by the residual can material on the outer surface 46.
The domed shape of the first layer 14a of increased porosity (shown in Figure 2A) facilitates
movement of the infiltrant into the center of the TSP layer, where it is typically most difficult

to infiltrate. Thus, it is believed that the movement of the infiltrant into the TSP layer may

-11-



10

15

20

25

30

35

WO 2010/148313 PCT/US2010/039184

follow a path such as the dotted line 13 in Figure 4A; that is, it may move into the TSP body
with a less pronounced inverse dome due to the increased porosity in the first layer 14a.
[0039] The domed shape of the first layer 14a in the TSP body 14 can be formed by
creating a depression in the diamond powder mixture prior to HPHT sintering. The diamond
powder that forms the second layer 14b is depressed in the center into a bowl or reverse dome
shape. Then, the diamond powder with filler material, which will form the first layer 14a, is
deposited over the depressed / bowl diamond layer and fills the depression. The diamond
powder forming the second layer 14b has no filler material, or less filler material than the
powder forming the first layer 14a. A substrate is placed on top of this diamond and filler
mixture (i.e., the first layer 14a), and the materials are then HPHT sintered. The resultis a
PCD layer with a domed portion having the extra filler material between the bonded diamond
crystals. When this filler material is removed, leaving pores behind, the result is a TSP
material with a domed first layer 14a of enhanced porosity.

[0040] In other embodiments, the first layer with enhanced porosity has other shapes. In
Figure 4B, a cutting element 10" includes a TSP body 14 with a first layer 14a with enhanced
porosity and an overlying second layer 14b without this increased porosity. The interface 15
between these two layers in Figure 4B is planar or flat. In one embodiment the first layer 14a
is smaller than the second layer 14b, and in another embodiment it is larger, and in another
embodiment the two layers are the same size, each occupying one half of the TSP body 14.
[0041] In Figure 4C, a cutting element 10" includes a TSP body 14 with enhanced
porosity throughout, rather than two separate layers, one with enhanced porosity.

[0042] In other embodiments, the enhanced porosity layer 14a extends up into the central
region of the TSP layer but is not necessarily a dome shape as shown in Figure 4A. Other
three-dimensional geometries can be used to create additional pores in the central region of
the TSP body, in order to assist infiltration. In one embodiment, the enhanced porosity layer
14ais at least 25% of the volume of the TSP body 14. In another embodiment the layer 14a
is about 50% of the volume of the TSP body 14, and the layer 14b is about 50%. Within the
layer 14a itself, in one embodiment the pores occupy about 1% of the volume of this portion.
[0043] In each of the embodiments shown in Figures 4A-4C, the TSP body with the
enhanced porosity layer is re-bonded to a substrate as described above, and then optionally
re-leached and incorporated into a cutting tool.

[0044] The portion with enhanced porosity may be a discrete portion of the TSP body,
with a step-wise interface to an adjacent portion with a lower porosity. Two, three, or more

portions with different porosities may be included in the TSP body, with each portion further
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from the substrate having a lower porosity. These portions may be layers that are formed by
stacking two or more diamond powder layers formed from diamond powder mixtures that
have less filler material, or a different filler material, further from the substrate, and then
HPHT sintering as described above. In arranging these stacked layers, the porosity of the
TSP body and thus its infiltration characteristics can be controlled. Alternatively, the
porosity may decrease as a gradient through the TSP body. Prior to HPHT sintering, the
diamond powder and filler material mixture can be arranged with decreasing filler material
particle size, or with decreasing amounts of filler particles, in order to create a decreasing
porosity gradient. Thus, by varying the size, amount, and type of filler material, a porosity
gradient or porosity layers can be formed in the TSP body.

[0045] The filler material or additive that is added to the diamond powder mixture to
increase the porosity of the resulting TSP layer can be cobalt, tungsten carbide, silicone
carbide, metals not in Group VIII of the Periodic Table, any other solvent metal catalyst such
as nickel or iron or alloys of these, or any other carbide or metal that is removable, as for
example by a leaching process. The filler should be digestible by some type of acid mixture
or chemical or thermal treatment to remove the filler from the sintered PCD body. The filler
can be a mixture of these materials as well. In one embodiment, to control the porosity, the
filler near the substrate is cobalt and the particles of cobalt added to the diamond powder
mixture are approximately 1.5 to 2 microns in size. In another exemplary embodiment, the
filler is tungsten carbide and the particles of tungsten carbide are approximately 0.6 micron.
In an exemplary embodiment, the portion of the diamond powder with the filler material
includes at least 5% filler material by weight. In another embodiment, this portion of the
diamond powder includes at least 10% filler material by weight, and in another embodiment
at least 15%. For example, when tungsten carbide is used as the filler material, the diamond
powder can include 5%, 10%, or 15% tungsten carbide by weight, or any percentage within
this range of 5-15%. The size of the particles of the filler material can be chosen to control
the resulting pore structure after sintering and leaching. Fine particles of filler material can
be added to create a distribution of fine, dispersed pores. Larger particles of filler material
can be added to create larger, less dispersed pores.

[0046] In another embodiment, the filler material is cobalt, and the cobalt acts as both a
catalyst material and a filler. That is, cobalt particles can be added to the diamond powder
mixture as both a catalyst material to promote intercrystalline diamond bonding, and as a

filler material to create the desired porosity. Before leaching this cobalt (or other catalyst
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material) from the sintered PCD, the PCD layer includes at least 4% cobalt by weight, or in
another embodiment about 4-10% cobalt by weight.

[0047] In other embodiments, the filler material is a different material from the catalyst
material. For example, the filler material may be tungsten carbide, and the catalyst material
may be cobalt, with the weight percentages of tungsten carbide as given above. Both the
tungsten carbide filler and the cobalt catalyst can be mixed into the diamond powder mixture
prior to sintering. In one embodiment, the portion of the diamond powder mixture with the
tungsten carbide filler includes 5 % by weight tungsten carbide particles. In some
applications, it may be desirable to use a filler material that is different than the catalyst
material, as a large amount of added catalyst material can decrease the diamond density and
wear resistance of the resulting sintered cutter. A filler that is different from the catalyst
material can be utilized in order to increase the porosity in the TSP body while maintaining
the desired amount of catalyst material.

[0048] A comparison of the TSP infiltration yield of prior art TSP cutting elements and
embodiments of the present disclosure shows an improvement in infiltration. The data
provided below was obtained by HPHT sintering diamond powders at various pressures, as
shown. For each pressure, at least 200 monolayer cutting elements were sintered. The TSP
infiltration yield was found by determining the percentage of these sintered cutting elements
that had the infiltrant material present at the top surface of the TSP body after re-bonding.
The average particle size of the diamond grains in these tests was 12 micron, with 2% cobalt
added. The TSP infiltration yield for cutting elements without any filler material (monolayer

TSP bodies) was found to be as follows:

Table I
HPHT Sintering | Cold Cell Pressure TSP Infiltration (Yield)
Pressure
9,200 pst 4.9 GPa Near 100%
10,000 pst 5.2 GPa 70 - 80 %
10,785 psi 5.4 GPa Below 70%

[0049] The sintering pressures above are hydraulic fluid pressures during HPHT
sintering. As the sintering pressure is increased, the diamond crystals are forced closer
together in the sintering stage, creating a smaller pore structure (lower porosity). When this

sintered material is processed into TSP and re-bonded, it is more difficult to infiltrate the
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material with this smaller pore structure. Thus, the yield above decreases with higher HPHT

sintering pressure.

[0050]

To test for improvement with embodiments of the inventive process, a two layer

TSP material construction was formed in which the upper half (2nd layer) of the TSP layer

was the same as in the previous example, and the bottom half (1st layer) of the TSP layer

contained a filler material of either Co or WC, as shown below. Equal volumes of each

material (the first and second layers) were used to manufacture the TSP. The TSP infiltration

yield for cutting elements including the filler materials shown below was found to be as

follows (with the first row below showing the mono-layer TSP for comparison):

Table I1
Mixture Reinfiltration
Sintering [2nd Layer 1st Layer Differential Vield
ie
Pressure |Composition Composition Vol% Porosity
|[(samples tested)
1 98 wt% Dia 98 wt% Dia < 70%
10785 psi 0 vol%
2 wt% Co 2 wt% Co (>100 samples)
2 |98 wt% Dia 96 wt% Dia 83%
10785 psi 1.0 vol%
2 wt% Co 4 wt% Co (10/12)
3 98 wt% Dia 93 wt% Dia 100%
10785 psi 2.6 vol%
2 wt% Co 7 wt% Co (12/12)
4 98 wt% Dia 90 wt% Dia 100%
10785 psi 4.2 vol%
2 wt% Co 10 wt% Co (12/12)
S . 97 wt% Dia
08 wt% Dia 100%
10785 psi S wt% WC 1.6 vol%
2 wt% Co (20/20)
2 wt% Co
6 88 wt% Dia
98 wt% Dia 100%
10785 psi 10 wt% WC 3.4 vol%
2 wt% Co (12/12)
2 wt% Co
[0051] The diamond mixture used in this study was a uniform blend of 50% 12-22

micron, 38% 6-12 micron, and 12% 2-4 micron cuts. Mixtures 2-4 above used an additional

amount of the catalyst material, cobalt, as the filler material. Mixtures 5 and 6 used tungsten

cobalt as the filler material. The sintering pressure of 10785 psi corresponds to a cold cell

pressure of about 5.4 GPa.
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[0052] Table II above shows that the filler material improved the infiltration yield
compared to a monolayer TSP body without the filler material. Table II also shows the
differential porosity between the two layers in the TSP body. Mixture 1 had a zero
differential porosity, as it was a monolayer construction. The remaining Mixtures 2-6
included different first and second layers, and resulted in a non-zero differential porosity
between the first and second layers, with the first layer (proximate the substrate) having an
enhanced porosity compared to the second layer. The differential porosity is the difference in
porosity between these two layers. The porosities of the two layers can be measured by the
apparent porosity method, described below, after leaching and prior to infiltration during re-
bonding.

[0053] As shown in Table II, each mixture that included a filler material showed an
improvement in yield over Mixture 1. An increased yield was achieved with Mixture 2 by
increasing the amount of cobalt in the first layer from 2% to 4%. However this additional
amount of filler material in Mixture 2 did not result in 100% yield. Mixture 5, with 5%
added tungsten carbide as the filler, had the smallest differential porosity (1.6%) that resulted
in 100% yield. Thus, in one embodiment, a TSP body includes a first layer and a second
layer, with the difference in porosity between the two layers being at least 1.6%, such as at
least or about 2.6%, at least or about 3.4%, or at least or about 4.2% (with the porosity of the
first layer greater than the second layer).

[0054] In another embodiment, a method of increasing the porosity of the TSP layer near
the substrate includes the use of designed diamond particle size distributions. Prior to HPHT
sintering, the diamond crystals can be arranged to have greater porosity in the region that will
be adjacent the substrate during re-bonding. For example, the diamond powder mixture can
include a region that is less dense such as by omitting the finer diamond grains that pack into
and fill the spaces between larger diamond grains. After HPHT sintering, this region will
include larger pores between bonded diamond crystals than the more densely packed
diamond regions. This technique can be used in combination with filler material to control
the porosity of the TSP layer.

[0055] By increasing the porosity of the TSP material near the interface with the substrate
and in the center of the TSP layer, more complete infiltration of the infiltrant material into the
TSP layer is achieved during re-bonding. As a result, the TSP layer is more fully infiltrated,
leading to a better bond between the TSP layer and the substrate and a more uniform TSP

layer with reduced thermal stresses and structural flaws.
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[0056] The porosity of the leached TSP layer can be characterized by such techniques as
image analysis or mercury porosimetry. One method for measuring the porosity of a TSP
body or a region or portion of the TSP body (referred to as the TSP sample) is the "Apparent
Porosity" method. The apparent porosity of a sample is the percentage by volume of voids
over the total volume of the sample. The apparent porosity method measures the volume of
voids in the sample. This method includes obtaining a TSP sample (which has been leached
to remove the catalyst and filler materials in the pores between the diamond crystals),
measuring the weight of the TSP sample, and then immersing it in water and weighing again
to determine the increased weight from the permeation of water into the pores. Based on the
increase in weight from the water, the volume of the pores can be determined.
[0057] The apparent porosity method is performed according to the ASTM (American
Society for Testing and Materials) C20 standard for determining apparent porosity of a
sample. Specifically, after leaching and cleanup, the prepared TSP sample is weighed to
determine the leached weight (WL). Next, the sample is submerged in boiling water for at
least two hours to infiltrate water into the leached interstitial regions (pores) of the TSP
sample. After cooling, the infiltrated, submerged sample is weighed in water to determine
the leached, infiltrated, submerged weight (WLIS). The sample is then gripped with a paper
towel and removed from the water. Water remains trapped in the internal pores of the
sample. The sample is then weighed to determine the leached and infiltrated weight in air
(WLD).
[0058] With these values, the apparent porosity (AP) of the sample can be determined
with the following equation:
(WLI - WL)

AP = (WLI - WLIS) (1)
[0059] That is, the apparent porosity AP is the increase in weight of the leached sample
after boiling water infiltration (WLI - WL) divided by the difference in weight of the leached
and infiltrated sample after being submerged. This value shows the percentage by volume of
empty pores in the TSP sample.
[0060] The apparent porosity measures interconnected porosity -- the increase in weight
due to water infiltration into the interconnected leached pores. However, some pores are
isolated and not reached by the water, or are too small or interconnected by channels that are
too fine to permit entry of the water. Other pores may remain partially occupied by metal and
thus will not be fully infiltrated by the water. These various un-infiltrated pores are not

included in the above calculation of apparent porosity. The above method can be used to
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calculate the interconnected porosity of various TSP samples, and compare the porosity of
different TSP layers. Thus the apparent porosity method can be used to measure the
interconnected porosity of the first layer of the TSP body, and the method can also be used to
measure the interconnected porosity of the second layer of the TSP body, so that the
differential porosity can be determined.

[0061] In one embodiment the method disclosed herein for providing increased porosity
is used with diamond mixtures having an average grain size of 12 micron or smaller.
Diamond mixtures that include fine grains in the mixture tend to have smaller pore structures
after sintering, and thus the addition of the filler material prior to sintering is useful to
increase the porosity in the region near the substrate. In one embodiment, the method
disclosed herein for providing increased porosity is used with diamond mixtures that are
HPHT sintered at pressures above 5.2 GPa (cold cell pressure). These high pressures
compact the diamond mixture, resulting in a small pore structure absent the addition of a
filler material.

[0062] Relative sizes are exaggerated in Figures 2-4 for clarity, and are not necessarily to
scale.

[0063] Although the present invention has been described and illustrated in respect to
exemplary embodiments, it is to be understood that it is not to be so limited, since changes
and modifications may be made therein which are within the full intended scope of this
invention as hereinafter claimed. For example, the infiltrants identified herein for infiltrating
the TSP material have been identified by way of example. Other infiltrants may also be used
to infiltrate the TSP material and include any metals and metal alloys such as Group VIII and
Group IB metals and metal alloys. Moreover, it should be understood that the TSP material
may be attached to other carbide substrates besides tungsten carbide substrates, such as

substrates made of carbides of W, Ti, Mo, Nb, V, Hf, Ta, and Cr.
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WHAT IS CLAIMED IS:

1. A method of forming a thermally stable polycrystalline diamond cutting
element, comprising:

mixing diamond particles and a filler material to create a diamond powder mixture,
wherein the diamond powder mixture comprises a first portion with the filler material and a
second portion with less filler material than the first portion, the first portion being at least
25% of a volume of the diamond powder mixture;

sintering the diamond powder mixture at high temperature and high pressure to form a
polycrystalline diamond material;

removing the filler material from the polycrystalline diamond material to form a
thermally stable polycrystalline diamond material having a differential porosity of at least
1.6% between the first and second portions; and

bonding the thermally stable material to a substrate, wherein bonding comprises

infiltrating the first portion with an infiltrant material from the substrate.

2. The method of claim 1, wherein bonding comprises arranging the thermally
stable material and the substrate such that the first portion of the thermally stable material is

proximate the substrate.

3. The method of claim 1, wherein the filler material comprises cobalt.
4. The method of claim 1, wherein the filler material comprises tungsten carbide.
5. The method of claim 4, wherein the filler material comprises 5% by weight

tungsten carbide in the first portion.

6. The method of claim 1, wherein mixing the diamond particles and the filler
material comprises forming a gradient of an amount of filler material in the diamond powder

mixture.

7. The method of claim 1, wherein the first portion forms a first layer of the
thermally stable material nearest the substrate, and the second portion forms a second layer of

the thermally stable material opposite the substrate.
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8. The method of claim 7, wherein the first and second layers are approximately

the same size.

9. The method of claim 1, wherein the first portion of the diamond powder

mixture has a domed shape.

10. The method of claim 1, wherein the second portion comprises a depression
and wherein the first portion comprises a projection, wherein the projection is received in

said depression.

11. The method of claim 1, wherein the first portion has at least 4% filler material

by weight.

12. The method of claim 1, wherein, after removing the filler material, the first

portion comprises pores occupying about 9% of a volume of the first portion.

13. The method of claim 1, wherein the differential porosity is at least 2.6%.

14. A cutting element comprising:
a substrate; and
a thermally stable polycrystalline diamond body bonded to the substrate,
wherein the thermally stable polycrystalline diamond body comprises:
a working surface opposite the substrate;
a material microstructure comprising a plurality of bonded-together diamond
crystals, and pores between the diamond crystals, the pores being substantially free of a
catalyst material;
a first portion of the material microstructure proximate the substrate and
having a porosity; and
a second portion of the material microstructure proximate the working surface
and having a porosity,
wherein the first portion occupies at least 25% of a volume of the

polycrystalline diamond body,
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wherein the first portion comprises an infiltrant material in one or more of the
pores between the diamond crystals, and

wherein the material microstructure has a differential porosity of at least 1.6%
between the first and second portions when said porosities are measured without said

infiltrant.

15. The cutting element of claim 14, wherein the first portion comprises a first
layer of the polycrystalline diamond body and the second portion comprises a second layer of

the polycrystalline diamond body, and wherein the first and second layers meet along an

interface..
16.  The cutting element of claim 15, wherein the interface is domed.
17.  The cutting element of claim 15, wherein the interface is planar.
18. The cutting element as recited in claim 15, wherein the second layer comprises

a depression and wherein the first layer comprises a projection received within said

depression.

19.  The cutting element of claim 14, wherein the differential porosity is at least
2.6%.

20. The cutting element of claim 14, wherein the differential porosity is at least
3.4%.

21. The cutting element of claim 14, wherein one or more pores in the first portion

comprise a trace amount of a filler material, the filler material being selected from the group
consisting of tungsten carbide, silicone carbide, and metals not in Group VIII of the Periodic

Table.

22.  The cutting element of claim 21, wherein the filler material is tungsten

carbide.
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23.  The cutting element of claim 14, wherein the second portion comprises the

infiltrant material in one or more of the pores between the diamond crystals.

24.  The cutting element of claim 23, wherein the working surface comprises the

infiltrant material in one or more of the pores between the diamond crystals.

25.  The cutting element of claim 14, wherein the first portion comprises a first
layer and the second portion comprises a second layer, and wherein the first and second

layers are each approximately 50% of the volume of the polycrystalline diamond body.

26. A downhole tool comprising a tool body and at least one cutting element as

claimed in claim 14 disposed thereon.

27.  The downhole tool of claim 26, wherein the downhole tool comprises a drill

bit.

28. A cutting element comprising:
a substrate; and
a thermally stable polycrystalline diamond body bonded to the substrate,
wherein the thermally stable polycrystalline diamond body comprises:
a working surface opposite the substrate;
a material microstructure comprising a plurality of bonded-together diamond
crystals, and pores between the diamond crystals, the pores being substantially free of a
catalyst material;
a first portion of the material microstructure proximate the substrate having a
porosity and comprising a projection; and
a second portion of the material microstructure proximate the working surface
having a porosity and comprising a depression receiving said projection,
wherein the first portion comprises an infiltrant material in one or more of the
pores between the diamond crystals, and
wherein the material microstructure has a differential porosity between the

first and second portions when said porosities are measured without said infiltrant.
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29. The cutting element of claim 28, wherein the differential porosity is at least

1.6% between the first and second portions.

30.  The cutting element of claim 28, wherein the depression is complementary to

said projection.

31.  The cutting element of claim 28, wherein the projection is domed shaped.

32. The cutting element of claim 28, wherein the first portion has a greater

porosity than the second portion.

33. A downhole tool comprising a tool body and at least one cutting element as

claimed in claim 28 disposed thereon.

34.  The downbhole tool of claim 33, wherein the downhole tool comprises a drill

bit.
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