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POLYCRYSTALLINE DIAMOND ABRASIVE ELEMENTS

BACKGROUND OF THE INVENTION
This invention relates to polycrystalline diamond abrasive elements.

Polycrystalline diamond abrasive elements, also known as polycrystalline
diamond compacts (PDC), comprise a layer of polycrystalline diamond
(PCD) generally bonded to a cemented carbide substrate. Such abrasive
elements are used in a wide variety of drilling, wear, cutting, drawing and
other such applications. PCD abrasive elements are used, in particular, as

cutting inserts or elements in drill bits.

(Polycrystalline diamond is extremely hard and provides an excellent wear-
resistant material. Generally, the wear resistance of the polycrystalline
diamond increases with the packing density of the diamond particles and
the degree of inter-particle bonding. Wear resistance will also increase with
structural homogeneity and a reduction in average diamond grain size.
This increase in wear resistance is desirable in order to achieve bettef
cutter life. However, as PCD material is made more wear resistant it
typically becomes more brittle or prone to fracture. PCD elements
designed for improved wear performance will therefore tend to have
compromised or reduced resistance to spalling.

With spalling-type wear, the cutting efficiency of the cutting inserts can
rapidly be reduced and consequently the rate of penetration of the drill bit
into the formation is slowed. Once chipping begins, the amount of damage
to the table continually increases, as a result of the increased normal force
now required to achieve the required depth of cut. Therefore, as cutter
damage occurs and the rate of penetration of the drill bit decreases, the

CONFIRMATION COPY
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response of increasing weight on bit can quickly lead to further degradation
and ultimately catastrophic failure of the chipped cutting element.

JP 59-219500 teaches that the performance of PCD tools can be improved
by removing a ferrous metal binding phase in a volume extending to a
depth of at least 0.2 mm from the surface of a sintered diamond body.

A PCD cutting element has recently been introduced on to the market
which is said to have greatly improved cutter life, by increasing wear
resistance without loss of impact strength. United States Patents US
6,544,308 and 6,562,462 describe the manufacture and behaviour of such
cutters. The PCD cutting element is characterised inter alia, by a region
adjacent the cutting surface which is substantially free of catalysing
material. Catalysing materials for polycrystalline diamond are generally

transition metals such as cobalt or iron.

In order to provide PCD abrasive elements with greater wear resistance
than those claimed in the prior art previously discussed, it has been
proposed to provide a mix of diamond particles, differing in their average
particle size, in the manufacture of the PCD layers. United States Patents
5,505,748 and 5,468,268 describe the manufacture of such PCD layers.

SUMMARY OF THE INVENTION

According to the present invention, there is provided a polycrystalline
diamond abrasive element, particularly a cutting element, comprising a
table of polycrystalline diamond having a working surface and bonded to a
substrate, particularly a cemented carbide substrate, along an interface, the

polycrystalline diamond abrasive element being characterised by:

i. the interface being non-planar having a cruciform

configuration;
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ii. the polycrystalline diamond having a high wear-resistance;
and

iii. the polycrystalline diamond having a region adjacent the
working surface lean in catalysing material and a region rich
in catalysing material.

The polycrystalline diamond table may be in the form of a single layer,
which has a high wear resistance. This may be achieved, énd is preferably
achieved, by producing the polycrystalline diamond from a mass of
diamond particles having at least three, and preferably at least five different
particle sizes. The diamond particles in this mix of diamond particles are

preferably fine.

The average particle size of the layer of polycrystalline diamond is
preferably less than 20 microns, although adjacent the working surface it is
preferably less than about 15 microns. In polycrystalline diamond,
individual diamond particles are, to a large extent, bonded to adjacent
particles through diamond bridges or necks. The individual diamond
particles retain their identity, or generally have different orientations. The
average particle size of these individual diamond particles may be
determined using image analysis techniques. Images are collected on the
scanning electron microscope and are analysed using standard image
analysis techniques. From these images, it is possible to extract a

representative diamond particle size distribution for the sintered compact.

The table of polycrystalline diamond may have regions or layers which
differ from each other in their initial mix of diamond particles. Thus, there is
preferably a first layer containing particles having at least five different
average particle sizes on a second layer which has particles having at least

four different average particle sizes.

The polycrystalline diamond table has a region adjacent the working
surface which is lean in catalysing material. Generally, this region will be
substantially free of catalysing material. The region will extend into the
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polycrystalline diamond from the working surface generally to a depth of no

more than 500 microns.

The polycrystalline diamond table also has a region rich in catalysing
material. The catalysing material is present as a sintering agent in the
manufacture of the polycrystalline diamond table. Any diamond catalysing
material known in the art may be used. Preferred catalysing materials are
Group VIl transition metals such as cobalt and nickel. The region rich in
catalysing material will generally have an interface with the region lean in
catalysing material and extend to the interface with the substrate.

The region rich in catalysing material may itself comprise more than one
region. The regions may differ in average particle size, as well as in
chemical composition. These regions, when provided; will generally, but
not exclusively, lie in planes parallel to the working surface of the
polycrystalline diamond layer. In another example, the layers may be
arranged perpendicular to the working surface, i.e., in concentric rings.

The polycrystalline diamond table typically has a maximum overall
thickness of about 1 to about 3 mm, preferably about 2.2 mm as measured
at the edge of the cutting tool. The PCD layer thickness will vary
significantly from this throughout the body of the cutter as a function of the

boundary with the non-planar interface.

The interface between the polycrystalline diamond table and the substrate
is non-planar, and is preferably characterised in one embodiment by having
a step at the periphery of the abrasi.ve element defining a ring which
extends around at least a part of the periphery of the abrasive element and
into the substrate and a cruciform recess that extends into the substrate
and intersecting the peripheral ring. In pérticular, the cruciform recess is
cut into an upper surface of the substrate and a base surface of the
peripheral ring.
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In an alternative embodiment, the non-planar interface is characterised by
having a step at the periphery of the abrasive element defining a ring which
extends around at least a part of the periphery of the abrasive element and
into the substrate and a cruciform recess that extends into the substrate
and is confined within the bounds of the step defining the peripheral ring.
Further, the peripheral ring includes a plurality of indentations in a base
surface thereof, each indentation being located adjacent respective ends of

the cruciform recess.

According to another aspect of the invention, a method of producing a PCD
abrasive element as described above includes the steps of creating an
unbonded assembly by providing a substrate having a non-planar surface
and having a cruciform configuration, placing a mass of diamond particles
on the non-planar surface, the mass of diamond particles containing
particles having at least three, and preferably at least five, different average
particle sizes, providing a source of catalysing material for the diamond
particles, subjecting the unbonded assembly to conditions of elevated
temperature and pressure suitable for producing a polycrystalline diamond
table of the mass of diamond particles, such table being bonded to the non-
planar surface of the substrate, and removing catalysing material from a
region of the polycrystalline diamond table adjacent an exposed surface

thereof.

The substrate will generally be a cemented carbide substrate. The source
of catalysing material will generally be the cemented carbide substrate.
Some additional catalysing material may be mixed in with the diamond

particles.

The diamond particles contain particles having different average particle
sizes. The term “average particle size” means that a major amount of
particles will be close to the particle size, although there will be some
particles above and some particles below the specified size.
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Catalysing material is removed from a region of the polycrystalline diamond
table adjacent to an exposed surface thereof. Generally, that surface will
be on a side of the polycrystalline diamond table opposite to the non-planar
surface and will provide a working surface for the polycrystalline diamond
table. Removal of the catalysing material may be carried out using

methods known in the art such as electrolytic etching and acid leaching.

The conditions of elevated temperature and pressure necessary to produce
the polycrystalline diamond table from a mass of diamond particles are well
known in the art. Typically, these conditions are pressures in the range 4 to
8 GPa and temperatures in the range 1300 to 1700°C.

Further according to the invention, there is provided a rotary drill bit
containing a plurality of cutter elements, substantially all of which are PCD

abrasive elements, as described above.

It has been found that the PCD abrasive elements of the invention have
significantly higher wear resistance, impact strength and hence significantly
increased cutter life than PCD abrasive elements of the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a sectional side view of a first embodiment of a
polycrystalline diamond abrasive element of the invention;

Figure 2 is a plan view of the cemented carbide substrate of the
polycrystalline diamond abrasive element of Figure 1;

Figure 3 is a perspective view of the cemented carbide substrate of
the polycrystalline diamond abrasive element of Figure 1;

Figure 4 is a sectional side view of a second embodiment of a
polycrystalline diamond abrasive element of the invention;
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Figure 5 is a plan view of the cemented carbide substrate of the

polycrystalline diamond abrasive element of Figure 4;

Figure 6 is a perspective view of the cemented carbide substrate of

the polycrystalline diamond abrasive element of Figure 4;

Figure 7 is a graph showing comparative data in a first series of
vertical borer tests using different polycrystalline diamond

abrasive elements; and
Figure 8 is a graph showing comparative data in a second series of

vertical borer tests using different polycrystalline diamond

abrasive elements.

DETAILED DESCRIPTION OF THE INVENTION

The polycrystalline diamond abrasive elements of the invention have
particular application as cutter elements for drill bits. In this application,
they have been found to have excellent wear resistance and impact
strength. These properties allow them to be used effectively in drilling or

boring of subterranean formations having high compressive strength.

Embodiments of the invention will now be described. Figures 1 to 3
illustrate a first embodiment of a polycrystalline diamond abrasive element
of the invention and Figures 4 to 6 illustrate a second embodiment thereof.
In these embodiments, a layer of polycrystalline diamond is bonded to a
cemented carbide substrate along a non-planar or profiled interface.

Referring first to Figure 1, a polycrystalline diamond abrasive element
comprises a layer 10 of polycrystalline diamond (shown in phantom lines)

bonded to a cemented carbide substrate 12 along an interface 14. The
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polycrystalline diamond layer 10 has an upper working surface 16 which
has a cutting edge 18. The edge is illustrated as being a sharp edge. This
edge can also be bevelled. The cutting edge 18 extends around the entire

periphery of the surface 16.

Figures 2 and 3 illustrate more clearly the cemented carbide substrate used
in the first embodiment of the invention shown in Figure 1. The substrate
12 has a flat bottom surface 20 and a profiled upper surface 22, which
generally has a cruciform configuration. The profiled upper surface 22 has

the following features:

i. A stepped peripheral region defining a ring 24. The ring 24
has a sloping surface 26 which connects an upper flat
surface or region 28 of the profiled surface 22.

ii. Two intersecting grooves 30,32, which define a cruciform
recess, that extend from one side of the substrate to the
opposite side of the substrate. These grooves are cut
through the upper surface 28 and also through the base
surface 34 of the ring 24.

Referring now to Figure 4, a polycrystalline diamond abrasive element of a
second embodiment of the invention comprises a layer 50 of polycrystalline
diamond (shown in phantom lines) bonded to a cemented carbide substrate
52 along an interface 54. The polycrystalline diamond layer 50 has an
upper working surface 56, which has a cutting edge 58. The edge is
illustrated as being a sharp edge. This edge can also be bevelled. The
cutting edge 58 extends around the entire periphery of the surface 56.

Figures 5 and 6 illustrate more clearly the cemented carbide substrate used
in the second embodiment of the invention, as shown in Figure 4. The
substrate 52 has a flat bottom surface 60 and a profiled upper surface 62.
The profiled upper surface 62 has the following features:
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i. A stepped peripheral region defining a ring 64. The ring 64
has a sloping surface 66 which connects an upper flat

surface or region 68 of the profiled surface.

ii. Two intersecting grooves 70, 72 forming a cruciform

formation in the surface 68.

. Four cut-outs or indentations 74 in the ring 64 located
opposite respective ends of the grooves 70, 72.

In the embodiments of Figures 1 to 6, the polycrystalline diamond layers
10, 30 have a region rich in catalysing material and a region lean in
catalysing material. The region lean in catalysing material will extend from
the respective working surface 16, 56 into the layer 10, 50. The depth of
this region will typically be no more than 500 microns. Typically, if the PCD
edge is bevelled, the region lean in catalysing material will generally follow
the shape of this bevel and extend along the length of the bevel. The
balance of the polycrystalline diamond layer 10, 50 extending to the profiled
surface 22, 62 of the cemented carbide substrate 12, 52 will be the region
rich in catalysing material.

Generally, the layer of polycrystalline diamond will be produced and
bonded to the cemented carbide substrate by methods known in the art.
Thereafter, catalysing material is removed from the working surface of the
particular embodiment using any one of a number of known methods. One
such method is the use of a hot mineral acid leach, for example a hot
hydrochloric acid leach. Typically, the temperature of the acid will be about
110°C and the leaching times will be 24 to 60 hours. The area of the
polycrystalline diamond layer which is intended not to be leached and the
carbide substrate will be suitably masked with acid resistant material.

In producing the polycrystalline diamond abrasive elements described
above, and as illustrated in the preferred embodiments, a layer of diamond
particles, optionally mixed with some catalysing material, will be placed on
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the profiled surface of a cemented carbide substrate. This unbonded
assembly is then subjected to elevated temperature and pressure
conditions to produce polycrystalline diamond of the diamond particles
bonded to the cemented carbide substrate. The conditions and steps
required to achieve this are well known in the art.

The diamond layer will comprise a mix of diamond particles, differing in
average particle sizes. In one embodiment, the mix comprises particles

having five different average particle sizes as follows:

Average Particle Size Percent by mass

(in microns)
20 to 25 (preferably 22) 25 to 30 (preferably 28)
10 to 15 (preferably 12) 40 to 50 (preferably 44)
5to0 8 (preferably 6) 51010 (preferably 7)
3 to & (preferably 4) 15 to 20 (preferably 16)
less than 4 (preferably 2) Less than 8 (preferably 5)

In a particularly preferred embodiment, the polycrystalline diamond layer
comprises two layers differing in their mix of particles. The first layer,
adjacent the working surface, has a mix of particles of the type described
above. The second layer, located between the first layer and the profiled
surface of the substrate, is one in which (i) the majority of the particles
have an average particle size in the range 10 to 100 microns, and consists
of at least three different average particle sizes and (ji) at least 4 percent by
mass of particles have an average particle size of less than 10 microns.
Both the diamond mixes for the first and second layers may also contain

admixed catalyst material.

Polycrystalline diamond cutter elements were produced with cemented
carbide substrates having profiled surfaces generally of the type illustrated
by Figures 1 to 3. In one embodiment, a diamond particle mix was used in
producing the polycrystalline diamond layer which had particles having five
different particle sizes, as described in the preferred embodiment above,
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and having a general thickness of about 2.2 mm. The average diamond
particle size of the polycrystalline diamond layer was found to be 10.3 um
after sintering.  This polycrystalline diamond cutter element will be
designated “Cutter A”.

A second polycrystalline diamond element was produced, again using a
cemented carbide substrate having a profiled surface substantially as
illustrated by Figures 1 to 3. The diamond mix used in producing the
polycrystalline diamond table in this embodiment consisted of two layers.
The mix of particles in the two layers was as described in respect of the
particularly preferred embodiment above, and once again had a general
thickness of about 2.2 mm. The average overall diamond particle size, in
the polycrystalline diamond layer, was found to be 15 um after sintering.
This polycrystalline diamond cutter element will be designated “Cutter B”

A third polycrystalline diamond element was produced, using a cemented
carbide substrate having a profiled surface substantially as illustrated by
Figures 4 to 6. The diamond mix used in producing the polycrystalline
diamond table in this embodiment consisted of two layers. The mix of
particles in the two layers was as described in respect of the particularly
preferred embodiment above, and once again had a general thickness of
about 2.2mm. The average overall diamond particle size, in the
polycrystalline diamond layer, was found to be 15 um after sintering. This
polycrystalline diamond cutter element will be designated “Cutter C”.

Each of the polycrystalline diamond cutter elements A, B and C had
catalysing material, in this case cobalt, removed from the working surface
thereof to create a region lean in catalysing material. This region extended
below the working surface to an average depth of about 250 um. Typically,
the range for this depth will be +/- 50 um, giving a range of about 200 —
about 300 um for the region lean in catalysing material across a single

cutter.
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The leached cutter elements A, B and C were then compared in a vertical
borer test with a commercially available polycrystalline diamond cutter
element having similar characteristics, i.e. a region immediately below the
working surface lean in catalysing material, designated in each case as
“Prior Art cutter A”. This cutter does not have the high wear resistance
PCD, optimised table thickness or substrate design of cutter elements of
this invention. A vertical borer test is an application-based test where the
wear flat area (or amount of PCD worn away during the test) is measured
as a function of the number of passes of the cutter element boring into the
work piece, which equates to a volume of rock removed. The work piece in
this case was granite. This test can be used to evaluate cutter behaviour
during drilling operations. The results obtained are illustrated graphically in
Figures 7 and 8.

Figure 7 compares the relative performance of Cutters A and B of this
“invention with the commercially available Prior Art cutter A. As these
curves show the amount of PCD material removed as a function of the
amount of rock removed in the test, the flatter the gradient of the curve, the
better the performance of the cutters. Both cutters of the invention show a
marked improvement in wear rate over the prior art cutter. From Figure 7 it
is evident that for the same amount of PCD wear, the cutters of this
invention will remove significantly more rock than that which is removed by
the Prior Art cutter A. Note too the reduction in the undulations of the wear
curve. This indicates control of the continuous spalling wear phenomenon.

Figure 8 compares the relative performance of Cutter C of the invention
with that of the commercially available Prior Art cutter A. Note that this

cutter also shows a marked improvement over the prior art cutter.

It will also be noted from Figures 7 and 8, that a larger wear flat area
developed much more quickly on the prior art cutter element than any of
the cutter elements A, B or C of the invention. The larger the wear flat area
generated, the more difficult it is to bore or cut. This will necessitate an
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increase in weight on bit in order to achieve an acceptable rate of cutting.
This in turn induces higher stresses within the cutter element, resulting in a
further reduction in life. Even after extended boring, the cutter elements of
this invention had not developed significant wear flat areas, whereas the
prior art cutter had done so. An added advantage of the reduced wear flat
size in these cutters, is that a higher rate of penetration can be achieved
with the same weight on bit. Thus cutters exhibiting this type of behaviour
can also achieve higher rates of penetration, as well as extended useful

life, in a drilling application.
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CLAIMS:
1. A polycrystalline diamond abrasive element, comprising a table of

polycrystalline diamond having a working surface and bonded to a
substrate along an interface, the polycrystalline diamond abrasive

element being characterised by:

i. the interface being non-planar and having a cruciform
configuration;

ii. the polycrystaline diamond having a high wear-
resistance; and

iii.  the polycrystalline diamond having a region adjacent the
working surface lean in catalysing material and a region
rich in catalysing material.

2. An element according to claim 1, wherein the polycrystalline
diamond table is in the form of a single layer and is produced from a
mass of diamond particles having at least three different particle

sizes.

3. An element according to claim 2, wherein the polycrystalline
diamond layer is produced from a mass of diamond particles having
at least five different particle sizes.

4, An element according to claim 1, wherein the table of polycrystalline
diamond comprises a first layer defining the working surface and a
second layer located between the first layer and the substrate, the
first layer of polycrystalline diamond having a higher wear

resistance than the second layer of polycrystalline diamond.

5. An element according to claim 4, wherein the first layer of
polycrystalline diamond is produced from a mass of diamond
particles having at least five different average particle sizes and the
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second layer is produced from a mass of diamond particles having
at least four different average patrticle sizes.

6. An element according to any one of claims 1 to 5, wherein the
average particle size of the polycrystalline diamond is less than 20

microns.

7. An element according to claim 6, wherein the average particle size
of the polycrystalline diamond adjacent the working surface is less
than about 15 microns.

8. An element according to any one of claims 1 to 7, wherein the
polycrystalline diamond table has a maximum overall thickness of

about 1 to about 3 mm.

9. An element according to claim 8, wherein the polycrystalline
diamond table has a general thickness of about 2.2 mm.

10.  An element according to any one of claims 1 to 9, wherein the non-
planar interface is characterised by having a step at the periphery of

" the abrasive element defining a ring which extends around at least a

part of the periphery of the abrasive element and into the substrate

and a cruciform recess that extends into the substrate and

intersects the peripheral ring.

11. An element according to claim 10, wherein the cruciform recess is
cut into an upper surface of the substrate and a base surface of the
peripheral ring.

12.  An element according to any one of claims 1 to 9, wherein the non-
planar interface is characterised by having a step at the periphery of
the abrasive element defining a ring which extends around at least a

part of the periphery of the abrasive element and into the substrate
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and a cruciform recess that extends into the substrate and is
confined within the bounds of the step defining the peripheral ring.

13.  An element according to claim 12, wherein the peripheral ring
includes a plurality of indentations in a base surface thereof, each
indentation being located adjacent respective ends of the cruciform

recess.

14. An element according to any one of claims 1 to 13, wherein the
diamond abrasive element is a cutting element.

15. An element according to any one of claims 1 to 14, wherein the
substrate is a cemented carbide substrate.

16. A méthod of producing a PCD abrasive element according to any
one of claims 1 to 15, including the steps of creating an unbonded
assembly by providing a substrate having a non-planar surface and
having a cruciform configuration, placing a mass of diamond
particles on the non-planar surface, the mass of diamond particles
containing particles having at least three different average particle
sizes, providing a source of catalysing material for the diamond
particles, subjecting the unbonded assembly to conditions of
elevated temperature and pressure suitable for producing a
polycrystalline diamond table of the mass of diamond particles, such
table being bonded to the non-planar surface of the substrate, and
removing catalysing material from a region of the polycrystalline
diamond table adjacent an exposed surface thereof.

17. A method according to claim 16, wherein the polycrystalline
diamond table is in the form of a single layer and is produced from a
mass of diamond particles having at least five different particle

sizes.
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18. A method according to claim 16, wherein the polycrystalline
diamond table comprises a first layer defining the working surface,
and a second layer located between the first layer and the
substrate, the first layer of polycrystalline diamond having a higher
wear resistance than the second layer of polycrystalline diamond.

19. A method according to claim 18, wherein the first layer of
polycrystalline diamond comprises diamond particles having at least
five different average particle sizes and the second layer comprises
diamond particles having at least four different average particle

sizes.

20. A method according to claim 16, wherein the non-planar interface is
characterised by having a step at the periphery of the abrasive
element defining a ring which extends around at least a part of the
periphery of the abrasive element and into the substrate and a
cruciform recess that extends into the substrate and intersects the

peripheral ring.

21. A method according to claim 20, wherein the cruciform recess is cut
into an upper surface of the substrate and a base surface of the
peripheral ring. '

22. A method according to claim 16, wherein non-planar interface is
characterised by having a step at the periphery of the abrasive
element defining a ring which extends around at least a part of the
periphery of the abrasive element and into the substrate and a
cruciform recess that extends into the substrate and is confined
within the bounds of the step defining the peripheral ring.

23. A method according to claim 22, wherein the peripheral ring
includes a plurality of indentations in a base surface thereof, each
indentation being located adjacent respective ends of the cruciform

recess.
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A rotary drill bit containing a plurality of cutter elements,
substantially all of which are polycrystalline diamond abrasive
elements, as defined in any one of claims 1 to 15.

A polycrystalline diamond abrasive element substantially as herein
described with reference to any one of the illustrated embodiments.
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