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ABSTRACT

It is widely known that the addition of vanadium carbide to tungsten carbide significantly
enhances the performance of the tungsten carbide tool by improving the hardness as well
as the abrasion resistance of the material. This thesis describes the addition of different
concentrations of vanadium carbide to polycrystalline diamond (PCD), and investigates
the microstructure and behaviour of the PCD. It was observed that a (V,W)Cx mixed
carbide phase was formed in the PCD together with residual vanadium carbide in solution
with the cobalt binder. The (V,W)Cx carbide deposited predominantly at the WC-
Co/diamond interface. The 1wt% vanadium carbide enhanced PCD showed the presence
of tungsten carbide evenly distributed within the PCD, whereas the 3wt% vanadium
carbide enhanced PCD and the 5wt% vanadium carbide enhanced PCD revealed the

absence of tungsten carbide in the sintered PCD.

Both TEM and SEM analysis confirmed the presence of the (V,W)Cx mixed carbide
phase within the PCD. The sandstone milling test revealed the vanadium carbide
enhanced PCD to be more thermally stable with approximately 40% improvement in
performance, whilst both the Paarl Granite Turning test and Vertical borer tests showed
the vanadium carbide enhanced PCD to be more wear resistant than the standard cobalt
based PCD.

Heat treatment experiments were undertaken to determine the thermal stability of the
(V,W)Cx mixed carbide phase. Using hot stage XRD, the (V,W)Cx mixed carbide phase
was found to be stable up to a temperature of 1100 °C. In addition, the vanadium carbide
enhanced PCD showed a reduced amount of graphite being formed during hot stage
XRD analysis. This suggests that the vanadium carbide enhanced PCD would be more

thermally stable during tool use as compared to the conventional PCD.

Other carbide additives such as molybdenum carbide, chromium carbide and titanium
carbide were also investigated. The Cr3;C; did not seem to react with the WC in the PCD
to form a mixed carbide. The addition of titanium carbide to the vanadium carbide
enhanced PCD led to the formation of a proposed mixed (Ti,V,W)Cx phase. Vertical borer
test results showed that the VC-TiC enhanced PCD exhibited superior durability.



The addition of vanadium carbide and chromium carbide to fine grained PCD was also
investigated in terms of abnormal grain growth (AGG). It was observed that the grain size
of the AGG in the standard PCD ranged from 100-400 um with an AGG region of 250-300
um, the vanadium carbide doped PCD showed an AGG size of 100-200 um with an AGG
region of 250-300 um and the chromium carbide doped PCD showed an AGG size of
100-250 um with an AGG region of 650-700 um. The exaggerated AGG present in the
chromium carbide doped PCD was likely due to the increase in the carbon activity in the
PCD.

From this body of work, two patents were filed. A patent was filed by Kaveshini Naidoo et
al. with the publication number: US2010285335A1 that described the performance
improvement of the vanadium carbide enhanced PCD. An additional patent was filed by
Kaveshini Naidoo et al. with the publication number: US2015151410A1 that described the

performance improvement of the VC-TiC enhanced PCD.
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CHAPTER ONE
POLYCRYSTALLINE DIAMOND (PCD)

1.1 Background

Polycrystalline diamond (PCD) is predominantly used for oil and gas drilling applications
[1] [2]. It is believed that the Chinese knew the art of drilling several hundred feet of rock
back in 1700 BC [3]. They would pound a single diamond stone into a suitable brass
alloy, which acted as a tool holder. This was a method to hold the diamond and manually
impact the rock without shattering the brittle diamond. Hundreds of workers would ‘drill’

man-sized holes, mostly over 70 m (230 ft) in depth, to gain access to fresh water.

Prior to the introduction of PCD inserts for drilling applications, a roller cone bit was
effectively used (refer to Figure 1.1). Roller cone bits cut rock using a ‘crushing’ action
whereas PCD bits cut rock using a ‘shearing’ action. PCD bits cost up to five times more
than conventional bits, the PCD bits must therefore provide outstanding performance to
offset the bit costs [4].

Figure 1.1: Roller cone bit [5]

The advent of PCD has greatly improved the speed, efficiency and effectiveness of oil
and gas drilling over the past 30 years. PCD cutters were first developed by General

Electric (GE) in 1973 and since then have revolutionized the oil and gas industry [ [6], [7]].



Essentially, GE used synthetic monocrystalline diamond which was loaded onto a
tungsten carbide substrate and sintered at high pressures and temperatures to produce a

13 mm diameter compact having a 0.5 mm diamond layer thickness.

Figure 1.2 shows the gradual displacement of Tricone bits with diamond bits. According
to Security DBS, in 2003 the split of footage drilled was 60% roller cone and 40% fixed
cutter. Figure 1.3 shows the average bit life for Roller cone bits and Diamond bits. The
Diamond bit footage (over the life of a bit) took off rapidly in 1995 due to the growing
rental/repair of PCDs.
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Figure 1.2: Comparison of footage drilled for Diamond bits and Tricone bits [8]



10000 -
-@-Tricone Ftge (%)
=B-Diamond Ftge (%)

9000 -

8000 -

7000 -

6000 -

5000 -

4000 -

Footage Drilled (%)

3000 -
2000 -

—o—— o o
1000.’/‘.—

0

1980 1985 1990 1995 2000

Figure 1.3: Average Bit Life for Roller cone bits and Diamond bits [8]

To better understand and appreciate the sintering of PCD, it is essential to understand
the synthesis of diamond particles. A powder mixture of graphite, iron and nickel in the
correct ratio is placed in a reaction vessel and subjected to higher pressures and
temperatures typically in the order of 5.5 GPa and 1400 °C.
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Figure 1.4: lllustration showing the various diamond synthesis regimes [9] [10]



Figure 1.4 shows an illustration of the various synthesis regimes that are used for the
manufacture of synthetic diamond crystals. Although graphite can be transformed to
diamond in the absence of a catalyst, this requires very high pressures and temperatures
and in terms of the efficiency of production, this is not quite feasible. The most
economical method of synthesizing diamond is by the addition of a catalyst, and the most
common catalysts that are used are iron and nickel [11]. The ratio of the iron and nickel
can vary depending on the type of diamond required. The synthesized diamond is then
recovered using acid digestion and processed into various size fractions. The micron

fraction (usually less than 30 pm) is typically used for the sintering of PCD.

Although PCD is predominantly used for the Oil and Gas Industry, it also finds extensive
application in the aerospace and automotive industries [12] [13]. Figure 1.5 shows a
picture of the PCD insert that is generally manufactured. It consists of a PCD table
sintered onto a tungsten carbide substrate. This insert is then brazed into pockets of a
drill bit. The thickness of the PCD varies depending on the application. For example,
precision machining applications require the PCD table to have a thickness in the range
of 0.2 to 0.6 mm [14] in order to maintain the cutting efficiency. Oil and Gas applications
require the PCD table to have a thickness ranging from 2 mm to 4 mm in order to

maintain the durability.

Figure 1.5: PCD insert

Figure 1.6 shows images of a typical oil rig that is used in the drilling of Oil and Gas.
There are two types of oil rigs, namely offshore rigs (refer to Figure 1.7) and rigs that are
based inland. The PCD inserts used to drill offshore must be able to withstand greater

impact, whilst the PCD inserts used in the inland drilling operations must possess both



impact and abrasion resistance [15]. Impact resistance is defined as a material’s ability to
resist the force of a sudden impact. In the case of Oil and Gas drilling, impact occurs
between the PCD insert and the rock. The consequence of impact is the chipping and
spalling of the PCD table, and this reduces the ability of the cutter to perform its task.
Abrasion resistance on the other hand is defined as a process of wearing away a surface
by friction. It is imperative that the PCD cutter has very good wear resistance in order to
maintain its sharp cutting edge and improve cutting efficiency. The most important criteria
in drilling are increased rate of penetration (ROP) and higher tool durability, allowing the

driller to complete the well using as few bits as possible.

Figure 1.6: Land-based Oil Rig [16]
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Figure 1.7: Off shore drilling rig [17]

Figure 1.8 provides a closer look at the drill bit. The bit consists of 6 blades which have
pockets mounted on them for the easy insertion of the PCD cutter. Depending on the drill
bit manufacturer, the bit design can vary from a 5 blade design to a 6 blade design to
even an eight blade design. The greater the number of blades inserted onto the bit, the
more aggressive the drilling conditions become. The PCD cutters are brazed into the bit
using an oxy-acetylene flame (refer to Figure 1.9), and usually reach a temperature of

approximately 800 °C during the brazing process.



Back-up cutters

Primary cutters

Figure 1.8: Drill Bit

Each blade consists of two rows of cutters, i.e. the first row of cutters are the primary
cutters used predominantly for the drilling of the rock and the second row of cutters are
called the back-up cutters and these offer support to the frontline cutters. The back-up
cutters are usually smaller than the frontline cutters. During the drilling operation, the
temperature of the drill bit can increase considerably and in order to prevent this drastic
increase in temperature, highly fluid mud is circulated as the coolant, and is also used to

flush rock chips back to the surface.

Figure 1.9: Brazing of PCD inserts into a bit [16]

1.2 Manufacture of PCD inserts

PCD is usually made by sintering diamond powders in the temperature range 1400 °C to
1500 °C at pressures of 5 GPa to 7 GPa [18], by using suitable metallic solvent sintering

aids [19]. There are different grades of diamond that can be sintered and these range



from fine grained PCD to coarse grained PCD. Essentially, the diamond micron powder is
placed on top of the tungsten carbide substrate, as shown in Figure 1.10. The tungsten
carbide substrate typically consists of predominantly tungsten carbide, 13% cobalt and
6% carbon. The cobalt that is present in the substrate infiltrates the diamond powder and

this enables liquid phase sintering.

al ‘ » ‘-,

Powder Carbide
Substrate

PCD Cutter

Figure 1.10: Schematic showing formation of a PCD cutter

There are two types of substrate interfaces, namely planar interfaces and non-planar
interfaces. A planar interface has a tendency to increase the residual stress between the
sintered diamond table and the carbide substrate, leading to possible delamination during
tool operation, i.e. lower durability [20]. Initial PCD cutters were made using planar
interfaces, which then evolved to the use of non-planar interfaces to better distribute the

residual stress across the cutter.

Figure 1.11 shows an example of a non-planar interface. Residual stress is an artifact of
the stress resulting from the sintering conditions experienced by the cutter during the
manufacturing process. Residual stresses are usually generated during the cooling
process in the sintering cycle once the sintering of the PCD is complete. The coefficient
of thermal expansion mismatch between the carbide interface and the PCD causes the
carbide to shrink more than the PCD, leading to potential delamination of the PCD layer.




Figure 1.11: Carbide substrate showing an example of a non-planar interface [21]

After purification of the pre-composite unit containing the diamond powder at high
temperatures under vacuum to remove all residual impurities, the unit is placed in an
insulated capsule and sintered at high pressures and temperatures. Typical gaseous
impurities are oxygen and nitrogen. During the high temperature treatment, partial
graphitization of the diamond particles occur and this increases the reactivity of the
diamond surface during the sintering process. It is critical to remove the oxygen present

as this can adversely affect the sintering of the PCD.

The nitrogen atoms substitute the carbon atoms and result in the yellow colouration of
synthetic diamond during the synthesis stage. Figure 1.12 explains the occurrence of this
phenomenon. The nitrogen atom has 5 valence electrons and these electrons can be
donated into the empty orbitals of the conduction band, enabling the absorption of blue
and violet light leading the yellow appearance of the diamond. The left diagram in Figure
1.12 shows the effect of minute concentrations of nitrogen on the colour of the
synthesized diamond, i.e. the energy required to excite an electron from the donor level
to the conduction band is 4 eV resulting in the formation of colourless diamond. In
contrary, the right diagram in Figure 1.12 shows that at a few nitrogen atoms per million
carbon atoms, the donor level is broadened and energies greater than 2.2 eV can excite
an electron from the donor level to the conduction band. The absorption of these higher

energies (blue and violet light) results in the yellow color of the diamond.
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Figure 1.12: Effect of nitrogen on the colour of the diamond crystals [22]

There are three distinctive phases that the PCD undergoes during sintering, namely cold
compaction, hot compaction and liquid phase sintering [23]. During cold compaction, the
diamond particles are forced together due to only the pressure being applied. The force
exerted on the particles results in the crushing of the particles due to point-to-point
contact. In general, a coarse unimodal diamond mix will result in greater compaction as
compared to a mixture of coarse particles and fine particles. The reason for this is that
the fine particles tend to cushion the coarser particles therefore hindering excessive
crushing. Effective crushing of the particles is essential in achieving high levels of green

density.

Hot compaction occurs when the heat is applied and this enables plastic deformation of
the diamond particles [24]. The heat applied is insufficient to cause the metal sintering aid
to melt. During liquid phase sintering, the metal sintering aid in the tungsten carbide
substrate melts, and infiltrates the PCD thereby allowing the diamond to saturate the
cobalt by dissolution and re-precipitate as regrown diamond particles [25]. The most
common sintering aid used for the sintering of PCD is cobalt, although other sintering

aids such as iron and nickel-manganese have been used.
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The various stages of sintering are shown in Figure 1.13. Particle to particle necking
typically occurs according to Figure 1.14 in general sintering dynamics. The sintering of
PCD is however slightly different in that the carbon from the diamond particles firstly
dissolve in the sintering aid and re-precipitate as regrown diamond. The carbon
dissolution process involves the electron transfer between the empty d orbitals of the
sintering aid such as cobalt and the electrons in the pi orbitals of carbon [11].

loose powder initial stage

intermediate stage final stage

Figure 1.13: Stages of Sintering [24]

One of the reasons why cobalt is an effective sintering aid is because half of its d orbitals
are filled with electrons whilst the other half is empty. A metal such as copper where the d
orbitals are fully occupied with electrons acts as a poor sintering aid due to its inability to
accept electrons from the carbon atom. Conversely, elements such as vanadium and
tantalum where the d orbitals are almost devoid of electrons, can readily accept electrons
from the carbon atom thereby forming a very strong bond with carbon, usually in the form
of metal carbides. Due to this phenomenon, carbide formers are poor transition metal
catalysts because they have a tendency to preferably form metal carbides instead of

dissolving the carbon present to form diamond.
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Figure 1.14: Frenkel and Kuczynski Model [24]

Figure 1.15 shows the infiltration of the cobalt binder from the tungsten carbide substrate

into the PCD table, thereby creating a firm bond between the substrate and the PCD

table. The infiltration of the cobalt from the tungsten carbide substrate typically occurs at
1400 °C and 5.5 GPa.

(b) (c)
Figure 1.15: Schematic showing infiltration of the cobalt binder into the PCD table:

(a) Diamond particles placed on top of the WC substrate, (b) Infiltration of cobalt
from the substrate into the diamond powder bed, (c) Liquid phase sintering of the

diamond particles forming a polycrystalline compact

After sintering, there is residual binder remaining in the open pores of the sintered
material which can be removed at a later stage by leaching of the binder out of the PCD
using acid media. After sintering of the PCD, the cupping material is removed and the
PCD is machined in order to attain the required specifications. Figure 1.16 shows the
scanning electron microstructure (SEM) of a typical PCD. The microstructure was taken
in the backscatter mode where the lighter elements such as carbon appear darker, and

the heavier elements such as tungsten carbide appears lighter. The dark grey grains are

12



diamond and the light grey pools are the binder which comprises a combination of cobalt,
tungsten and carbon. The white particles are tungsten carbide. During the admixing
process, tungsten carbide seeds are introduced into the diamond powder mix by the
tungsten carbide milling media. During liquid phase sintering, the tungsten carbide from
the substrate dissolves into the cobalt binder. The cobalt binder then infiltrates the PCD.
The tungsten present in the cobalt binder precipitates onto the existing tungsten carbide

seeds, resulting in grain growth of the tungsten carbide precipitate.

Diamond

Binder

Tungsten
Carbide

i

I 10um JEOL 8/28/2012
15.0kV AUX1 SEM WD 8mm 12:40:44 PM

Figure 1.16: Scanning electron microstructure (SEM) of a typical PCD showing the
presence of diamond appearing as dark grey particles, cobalt binder appearing as
the light grey phase and small tungsten carbide particles shown as the bright white

phase

Figure 1.17 shows the typical structure of a PCD interface showing the acicular tungsten
carbide particles and the cobalt pooling area. As the cobalt from the substrate diffuses
into the PCD table at an elevated temperature and pressure, the tightly bonded tungsten

carbide network breaks apart slightly, producing the acicular particles at the interface.
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Figure 1.17: PCD interface structure [21]

1.2.1 Types of PCD

There are various types of PCD manufactured for different purposes. Fine grain PCD for
example is normally categorized as PCD having a particle size of less than 6 ym. The
finer the PCD grain size, the more abrasion resistant the PCD [26]. Abrasion resistant
PCD is ideally used to drill hard rock formations. This type of PCD has a tendency to
readily spall as a function of drilling time and speed. The cutting edge of the PCD is
constantly kept sharp and smooth as the drilling operation proceeds. However, if a chip
forms on the cutting edge of the PCD during the drilling operation, the PCD begins to
crack, then spall and in severe cases, the entire PCD can delaminate. Conversely,
coarse grain PCD is used for general purpose and impact resistant applications, with

lower abrasion resistance requirements.

According to Bellin et al. [6], the sintering process is faster if both the pressure and

temperature is increased. This is best expressed in Equation 1-1.

Log (dp/dt) ~ -D,P*/(RT).... Equation 1-1

where P* is the average effective pressure, p is the powder apparent density, t is time, Dy

is the carbon diffusivity in the molten metal sintering aid, R is the ideal gas constantand T
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is the temperature. In addition, when sintering PCD using smaller grain sizes, higher

temperatures and pressures are usually required. This is explained in Equation 1-2.
P* ~ (4a® | (Zx?)) . Papp--.. Equation 1-2

where a is the average particle size, y is the radius of the contact area between two
spherical particles, Z is the number of surrounding particles and P,y is the external

pressure applied to the system.

1.2.2 Limitations of PCD

Although the introduction of PCD for drilling applications has revolutionized the Oil and
Gas industry, there are a few limitations that PCD experiences. The most common
problems associated with PCD are graphitisation, oxidation and thermal expansion (refer

to Figure 1.18). These three categories will be discussed in further detail.

Graphitisation

Thermal
Expansion

Oxidation

Figure 1.18: Schematic showing the primary problems associated with PCD, i.e. the
inter-relationship between graphitisation, oxidation and thermal expansion
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1.2.3 Graphitisation

Graphitisation is the formation of graphite when the PCD is exposed to elevated
temperatures [6]. Graphite is formed by the reverse catalysis of diamond to graphite
under high temperatures and atmospheric pressure, in the presence of a binder such as
cobalt. Graphite is a much weaker material in comparison to PCD, and the presence of
graphite in the PCD causes localized weak points along the PCD whereby the PCD can

fracture, chip or spall leading to the ultimate failure of the PCD cutter.

One method to overcome graphitization is to leach the cobalt from the surface of the PCD
[27] [28] [29]. This is effectively achieved using acid mixtures such as hydrochloric acid,
aqua regia (i.e. one part nitric acid and three parts hydrochloric acid) or caustic materials
such as sodium hydroxide, potassium hydroxide or halogen gasses. During the leaching
process, it is imperative that the carbide substrate attached to the PCD is protected, and
this is best accomplished using a fixture that can withstand the harsh acidic or caustic
environment that the PCD is exposed to. Leaching is a post treatment that is carried out

after the PCD is sintered and processed.

Taking it a step further, work has been carried out to mask certain areas on the top
surface of the PCD to produce selective leaching of the binder [30]. This reduces the
hazardous waste produced by the leaching process and further ensures that only the
PCD exposed to the cutting surface is free from the metal binder. In addition, work has
been done by Naidoo et al. to re-infiltrate the leached PCD with low melting point
additives [31]. One of the advantages of this invention is to offer the PCD additional
strength during tool operation as compared to the structure containing open porosity post
leaching. Low melting point additives such as copper and gold do not adversely interact
with the diamond to form graphite. Other inert additives may be infiltrated into the PCD
post leaching such as silicon [32].

To avoid a two stage process which can become quite costly, extensive research is
continuously being carried out to sinter PCD that is more thermally stable. One method of
doing this is to use a sintering aid that is active during the sintering process but is inactive

post sintering. An example is the sintering of PCD using carbonate binders such as
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calcium carbonate [33]. This binder system however requires higher temperatures and
pressures in the region of 2200 °C and 8 GPa. Other non-metallic catalytic systems may
also be employed for example the use of magnesium carbonate in combination with
ammonium chloride [34] or metal oxoanions such as molybdates, tungstates, vanadates

and phosphates [35].

1.2.4 Oxidation

Oxidation is the process whereby an element or compound combines chemically with
oxygen. In PCD, both the binder and diamond particles can be oxidized if the PCD is
exposed to elevated temperatures. Diamond oxidises to form gaseous carbon monoxide
and carbon dioxide, whereas cobalt oxidises to form either Co3O4 or the more stable

Co0. Both of these oxidation reactions are exothermic.

Shi et al. investigated the thermal degradation of PCD compacts introduced by induction
heating and observed that when cobalt present in the PCD oxidises to form cobalt oxide,
micro-cracking of the PCD layer occurs [36]. In addition, bulge like formations also occur.
This is most probably due to the molar volume increase when cobalt transitions from the

cobalt metal to the cobalt oxide phase.

Figure 1.19 shows an image of the extreme micro-cracking on the surface of the PCD as

a result of the oxidation of the cobalt binder.

pot n Det WD p 2
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Figure 1.19: Image showing micro-cracking of PCD
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1.2.5 Thermal Expansion

Due to the significantly different thermal expansion rates of the binder (which comprises
cobalt and tungsten carbide) and the diamond matrix, the PCD is susceptible to thermal
degradation, i.e. the binder expands at a substantially greater rate. As the binder
expands, it creates pressure on the diamond-to-diamond bonds, expanding and
weakening them. This combined with the external forces acting on the PCD cutter, the

bonds begin to break thereby causing accelerated degradation of the PCD [30].

Table 1.1 shows the coefficient of linear expansion for the various metals as compared to
diamond. It is obvious from Table 1.1 that the difference between cobalt and diamond is

significant.

Table 1.1: Coefficient of Linear Thermal Expansion for various metals, values taken

at room temperature [37] [38]

Metal Coefficient of Linear Thermal Expansion
(10%/C)
Copper 16.5
Nickel 13.4
Cobalt 13.0
Chromium 4.9
Molybdenum 4.8
Tungsten 4.5
Silicon 3.0
Tungsten Carbide 5.8°
Titanium Carbide 7.4
Vanadium Carbide 7.2
Zirconium carbide 6.7
Niobium carbide 6.6
Tantalum carbide 6.3
Chromium carbide 10.3
Molybdenum carbide 4.9/
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Diamond 1.0

a. [39]

On application of heat, cobalt tends to expand much more than diamond, and this may
lead to possible cracking of the PCD. A possible solution to this PCD limitation is to try to
introduce an additive to PCD which has a closer CTE to diamond, or replace the existing
binder with an alternative binder having a closer CTE to the diamond. From Table 1.1, it
is clear that the transition metal carbides show a closer CTE to diamond as compared to

the transition metal catalysts, viz. cobalt and nickel.

1.3 Metal Carbide additions to Tungsten Carbide and Steel

There has been a large volume of work carried out to investigate the effect of various
carbide additions on the properties of tungsten carbide and steel. The general findings
were that the addition of carbides such as vanadium carbide, titanium carbide, niobium
carbide and chromium carbide improved the properties of tungsten carbide especially the
hardness. This was achieved by primarily controlling the grain growth of the sintered
tungsten carbide. It must be noted that the hardening mechanisms observed in steel may
not necessarily be the same as those found in cemented carbides or polycrystalline

diamond.

1.3.1 Metal Carbide additions to Steel

Popandopula et al. investigated the addition of metal carbides to high speed steel [40].
Their findings showed that MgC carbides were the principal carbides formed in the steel,
with metastable M;C3; and M3C carbides formed regardless of whether the carbon in the
steel was high or low. Their findings also revealed an increase in the red hardness (i.e.

heat resistance) of the steel.

Qi et al. showed an increase in abrasion resistance when vanadium is added to high
chromium cast iron hardfacing metal [41] . Qu et al. and Sapate et al. revealed that high
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chromium cast iron exhibited excellent wear resistance at a low-stress state when its

microstructure contained M;Cs-type carbides [42] [43].

Wei et al. studied the relationship between the hardness and wear resistance of high
speed steel, and found that the wear resistance was dependent on the amount,

morphology and distribution of vanadium carbide [44] [45].

Li et al. showed that the addition of vanadium to steel improved both the mechanical and
impact properties of the material by dispersion and dislocation strengthening of the

material [46].

1.3.2 Metal Carbide additions to Tungsten Carbide

Tungsten carbide is used for most metal cutting operations and there is always a drive to
improve the properties for high speed machining of steel. This material has attracted
great interest from both academics and engineers owing to its high hardness and wear
resistance, high melting point and chemical inertness. It is widely used in industries such

as aerospace, oil and gas, semiconductor, wear parts and automotive [47].

Weidow et al. investigated the addition of various metal carbides to tungsten carbide and
observed that titanium carbide was the most effective in controlling the grain growth of

tungsten carbide, which resulted in an increase in the hardness of the material [48].

Sugiyama et al. explored the addition of vanadium carbide to tungsten carbide and
detected the formation of (W,V)Cx thin layers at the WC/Co interfaces. They suggested
that the (W,V)Cx thin layers are formed during the liquid phase sintering stage and that
the grain growth inhibition due to vanadium carbide doping is closely related to the
formation of the (W,V)Cx layers [49]. Vanadium carbide is widely used in the tungsten
carbide industry to control grain growth of the tungsten carbide grains and in doing so,
improve the overall properties of the tungsten carbide cutting tool. Sometimes, a
combination of grain growth inhibitors is used to enhance the properties of tungsten
carbide [50].
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Marshall et al. state that both chromium carbide and vanadium carbide act as grain
growth inhibitors in tungsten carbide but since chromium carbide is more soluble in the
binder phase, it is not as effective as vanadium carbide [51]. They furthermore state that
chromium doping lowers the melting point on the WC—Co phase diagram and hence the
hcp phase of cobalt is not as suppressed in chromium-doped material as compared to

vanadium-doped materials.

It is a known fact that when vanadium carbide is added to tungsten carbide as a grain
growth inhibitor, the microstructure shows the presence of large (V,W)Cx mixed carbide
grains. The addition of more than about 2 wt% vanadium (i.e. above the solubility limit of
vanadium for the liquid binder) creates a problem during liquid state sintering in that the
vanadium dissolves in the liquid binder and then re-precipitates as very large grains of

(W,V)Cx resulting in very brittle material [52].

Attempts have also been made to reduce the grain size of (W,V)Cx cubic carbides by
replacing half of the of the vanadium atoms with titanium atoms producing WC-VC-TiC—-
Co. Titanium was added because its solubility in the liquid binder phase is lower than that
of vanadium. This was successful and the addition of titanium with vanadium is still
employed today in the making of tungsten carbide tools [53]. Other investigations were
also carried out to reduce the cubic carbide grain sizes by sintering the materials in the

presence of nitrogen, as it decreases the solubility of vanadium during sintering [54] [55].

Hashe et al. later found that by pre-alloying the (V,W)Cx powder, finer cubic carbide
grains were attained which showed superior properties such as higher hardness [56].
This was attributed to the elimination of the driving force for nucleation and growth of the
(V,W)Cx cubic carbide.

Besides carbide additives being used as grain growth inhibitors, the addition of carbides
to WC-Co influences the tungsten carbide grain morphology. Chromium carbide
generates partly rounded tungsten carbide grains [57], whilst the addition of vanadium

carbide introduces sharp triangular grains [58].
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In general, there seems to be numerous successful investigations into the improvement
of the properties of tungsten carbide by the addition of carbides to the mixture prior to

sintering.

1.3.3 Stability, Solubility and Wettability of Metal Carbides

Figure 1.20 shows the Gibbs free energy of formation of various carbides, plotted using
data obtained from the Smithells Metals Reference Book [59]. The vertical red dashed
line in the graph depicts the temperature at which the PCD is sintered. Prior to discussing
the graph, it must be noted that the sintering environment of the PCD differs from the
environment in which the data for the graph was collected, i.e. the PCD is exposed to a
cobalt rich environment at high pressures. The graph is therefore indicative of what to

expect during sintering when using the various carbide additives.
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Figure 1.20: Gibbs Free Energy of Formation for various Carbides, normalised to

one metal atom [59]

At room temperature, the most stable carbide seems to be titanium carbide, and the least

stable carbide is tungsten carbide.
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Room Temperature: CrzC, << M0,C << WC << VC << Ta,C << NbC << TaC << TiC

________________ > increasing stability

Sintering Temperature: Cr3C; << M0o,C << WC << VC << TayC << NbC << TaC << TiC

________________ > increasing stability

The carbide present in standard PCD is tungsten carbide. From Figure 1.20, it is seen
that certain carbides are more stable than tungsten carbide either at room temperature or

higher.

Figure 1.21 shows a graph depicting the wetting of metallic carbides by liquid cobalt. The

surface energies of a system dictate the wettability of the solid by the liquid according to

Equation 1-3.
Ys =ysL+ yLcosf............ Equation 1-3
Where,
Ys = Surface energy of the solid
yst = Solid-liquid interfacial energy
1L = Surface tension of the liquid
0 = Wetting angle

The surface tension of the liquid is measured by the sessile drop method and the wetting

angle can be directly measured using the drop.
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Figure 1.21: Enthalpy of formation wetted by the cobalt eutectic melt [60]

If the carbide has good wettability with cobalt, it will go into solution with cobalt much
easier. According to Figure 1.21, the wetting angle of carbides such as VC, NbC, TaC,
and TiC is much higher than Mo,C, WC or Cr3C,. In general, the more stable the carbide,
the less the wetting. The melting points of pure nickel and cobalt metal are 1453 °C and
1495 °C respectively. The measurements employing nickel and cobalt were made at
1380 °C and 1420 °C respectively. At these temperatures, all carbides are expected to
have formed eutectic melts with the two metals. Figure 1.20 illustrates that WC, Cr3C;
and Mo,C are much less stable than TiC and TaC at room temperature. The wetting

angle data in Figure 1.21 further substantiates this.

It is expected that Mo,C, WC and Cr3;C, would go into solution with cobalt more readily
than VC, NbC or TiC. It can be inferred that the addition of Cr;C, to PCD would most
probably enhance solution strengthening in the PCD whilst the addition of VC would

enhance precipitation hardening within the PCD compact.

Table 1.2 shows the wetting angle of various metals with diamond. There seems to be
three categories of metals, viz. metals that have a high wetting angle with diamond (i.e.
Cu, Ag, Au, Pt, Pd), metals that have an average wetting angle with diamond (i.e. Ni, Co,

Fe, Mn) and metals that have a low wetting angle with diamond (i.e. Cr, V, Ti). Metals
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with filled d orbitals such as Cu have very little interaction with diamond because there is
no electron transfer between the d orbitals of the metal and the pi orbitals of the carbon in
diamond (refer to Figure 1.22). Coupled to this, the low adhesion energy and high
interfacial energy of this category of metals makes interaction with diamond virtually

impossible.

The second group of metals such as Co has partially filled d orbitals and can therefore
easily accept electrons from the p orbitals of carbon, making interaction with diamond
possible. It is for this reason, that Co can enable sintering of diamond particles since it
facilitates the dissolution and re-precipitation of carbon to form diamond particles.
Adversely, since the reactivity and wettability of Co with diamond is high, Co can easily

graphitise the diamond during tool use at ambient conditions.

The third group of metals such as V has almost empty d orbitals and hence the
interaction of the d orbitals of these metals with the pi orbitals of diamond is very strong.
This group of metals have a tendency to combine with carbon to form stable carbides

thereby locking the carbon within its structure.

Table 1.3 shows the solubility data for various metals in cobalt taken from their binary
phase diagrams [61]. Chromium has the highest solubility in cobalt with titanium having
the lowest solubility. This is in agreement with the graph depicting the wetting of metallic

carbides by cobalt shown in Figure 1.21.
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Table 1.2: Wetting angle of various metals with diamond [62]

Metal Pressure  Temp (K) Wetting Adhesion Interfacial
(GPa) Angle (8) Energy (J.m?) Energy (J m?
Cu 5.5 1620 150 0.18 7.43
Ag 5.5 1620 140 0.21 6.99
Au 5.5 1620 130 0.41 7.03
Pt 7.5 2370 45 3.07 5.03
Pd 7.5 2370 38 2.68 5.12
Ni 6.5 1970 30 3.36 4.75
Co 6.5 1970 26 3.52 4.63
Fe 7.0 2070 20 3.59 4.56
Mn 7.0 2070 17 2.15 5.25
Cr 7.0 2070 12 3.17 4.74
Vv 8.0 2470 7 3.79 4.42
Ti 8.0 2470 10 3.10 4.77
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Figure 1.22: Graph showing the d orbital distribution of different metals [63]
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Table 1.3: Data showing solubility of different metals in cobalt at 1400 °C

Metal Solubility of metal in Cobalt at 1400 °C
Vanadium 23at%
Titanium 6.5at%
Molybdenum 18at%
Chromium 55at%

1.4 Metal Carbide additions to Polycrystalline Diamond

1.4.1 Additives to PCD

The three categories of problems associated with PCD need to be addressed both
individually and as a whole, i.e. most often the result of the PCD degradation is not
limited to just one cause but a combination of failures that lead to its demise. It is known
that the cobalt based PCD can easily graphitize and oxidise, whilst at the same time
degrade due to the coefficient of thermal mismatch between the binder and diamond at
elevated temperatures. As mentioned, one possible solution to the problem is to replace
the transition metal cobalt with a binder that does not aid in the graphitization of diamond,

is not prone to oxidation and has a closer CTE to diamond.

A potential replacement is the use of magnesium carbonate or calcium carbonate as a
binder system [33] [64]. Although this would seem like an easy solution, the sintering of a
magnesium or calcium carbonate based PCD requires higher temperatures and
pressures in the region of 8 GPa and >2000 °C. Given the high demands for PCD cutters
and drive for lowering the production costs, this binder system is not currently feasible.

Hence alternatives need to be investigated.

One of the alternatives as mentioned is to leach the top surface of the PCD thereby
removing the cobalt binder that is in contact with the rock at the cutting edge. This is a
relatively simple process but is heavily patented and often requires the payment of
royalties especially if deeper leach depths are required. Hence, a simpler method to

alleviate the problem is to add carbides to the diamond powder prior to sintering. The
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carbides may be admixed to the diamond powder, infiltrated from a shim or powder layer
at the PCD - substrate interface or coated onto the diamond particles prior to sintering.

There are various advantages of adding carbides to PCD and these are outlined below.

1.4.2 Displacement of Cobalt

The carbide would displace some of the cobalt present in the PCD thereby reducing the
extent of graphitization, oxidation and CTE mismatch in the sintered PCD. In addition, it is
likely that the carbides would precipitate at the diamond-binder interface within the PCD

thereby further protecting the diamond from harm (refer to Figure 1.23).

diamond

Dispersed carbide/particles

Figure 1.23: Schematic of carbide particles deposited at the diamond-binder

interface

1.4.3 Oxidation of Cobalt

The PCD would become more oxidation resistant, owing to there being less binder
present in the PCD. Also, the carbide in solution with the binder may further stabilize the
binder thereby hindering the oxidation of the binder. It is known that carbides such as
vanadium carbide enhance both the corrosion resistance and oxidation resistance of a

material [65].
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1.4.4 CTE Mismatch

Carbides generally have a coefficient of thermal expansion much lower than that of the
cobalt metal. By displacing the cobalt metal with the metal carbide, the overall CTE of the
PCD is expected to be much closer to the tungsten carbide substrate. The residual stress

between the PCD and the substrate is expected to reduce, especially during sintering.

1.4.5 Promote Diamond Intergrowth

Most carbides do not adversely affect diamond intergrowth, except for silicon carbide
where the cobalt reacts with the silicon carbide to form the inert cobalt silicide prior to

diamond intergrowth.

1.4.6 Precipitation Hardening

Precipitation hardening is another advantage that carbide additives bestow on PCD. The
carbide precipitates in the cobalt binder pools and increases the hardness of the PCD
compact. Table 1.4 shows the micro hardness values for some of the metal carbides. In
PCD, the hardness of diamond is 7000 kg/mm?, the hardness of tungsten carbide is 2100
kg/mm? and the hardness of cobalt is 1043 kg/mm? [66].

When carbide are added to PCD, some of the cobalt present in the PCD is displaced by
the carbide. So for example, if vanadium carbide is added to PCD, vanadium carbide has
a higher hardness than tungsten carbide and will therefore impart a higher overall
hardness to the PCD compact which will probably result in an increase in abrasion

resistance.
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Table 1.4: Micro Hardness of Metal Carbides [38]

Metal Carbide Micro Hardness (kg/mm?)
Diamond 7000?
VCo.o7 2900
TiC 2900
HfCo.99 2700
ZrCo.o7 2600
TaCo.g9 2500
NbCo g9 2400
WwC 2100
Mo.,C 1500
Cr3C, 1300
a [67]

1.4.7 Stabilisation of the cobalt phase

There are two cobalt phases, i.e. an hcp stable phase and an fcc metastable phase.
According to the cobalt phase diagram in Figure 1.24, the hcp phase transitions to the fcc
phase at 422 °C. In PCD, the fcc phase of cobalt is present. Huang et al. observed that
the hcp phase of cobalt can be changed to the fcc phase and vice versa using varying
ball: powder ratios during the ball milling process [68]. They noticed that when using a
ball: powder ratio = 80 with a frequency of 1.6 Hz, the hcp phase completely converted to
the fcc phase, and depending on the ball: powder ratio and frequency, the fcc phase can
partly or completely convert to the hcp phase. This implies that during the PCD tool use,
the fcc phase of cobalt could be converted to the hcp phase due to the hammering action

of the tool against the rock interface.

In a study performed by Guillermet [69], the molar volume of the hcp phase of cobalt was
found to be 6.72 (m>.mol™")10° and the molar volume of the fcc phase of cobalt was found
to be 6.75 (m®.mol")10° at room temperature. It was further shown that as the
temperature increases to 1600K, the difference in the molar volume between the fcc and

hcp phase decreases and eventually equalizes at temperatures greater than 1600K.
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Figure 1.24: Co-W Phase Diagram [61]

One possible solution is to stabilize the fcc phase of cobalt using another element. At
present the fcc phase of cobalt is stabilized by the presence of tungsten atoms in the
cobalt lattice. Other carbides such as vanadium could further stabilize the fcc cobalt

phase thus reducing or even eliminating any phase transformation that might occur.

1.5 Aim of the Study

The aim of this thesis is to investigate the effect of the addition of various carbides to the
structure and performance of polycrystalline diamond. The focus of the study will
predominantly be based on the addition of vanadium carbide to PCD. Vanadium carbide
was chosen since it showed a huge benefit when added to tungsten carbide in terms of
improving the properties of the material. The interaction of vanadium with tungsten will be
explored in terms of whether vanadium carbide remains as ‘vanadium carbide’ in the

PCD or whether it combines with the residual tungsten to form a mixed carbide.

The stability of the carbides present in the PCD will be examined using hot stage XRD.
During tool use, the tool is exposed to high temperatures especially at the tool-rock
interface. It is essential to determine the potential reaction of the carbide during tool use.
Furthermore, the extent of graphitisation in the presence of the carbide additive will also
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be studied, and a mechanism proposed for the formation and dissolution of the carbide (if

this phenomenon is shown to occur).

In addition, other carbides will also be added to PCD, viz. chromium carbide which also
results in tungsten carbide with an enhanced wear performance, titanium carbide which
reduces the grain growth of the (V,W)Cx carbide formed in tungsten carbide and
molybdenum carbide which is known to be beneficial to the properties of tungsten

carbide. Hot stage XRD of these carbides will also be investigated.

To investigate the addition of the various carbide additions to PCD, diamond particles
with an average grain size will be used. It is known that the finer the diamond grain size,
the more difficult it is to sinter as the kinetics of the sintering environment enhances grain
growth. Hence, the addition of carbides to reduce grain growth in PCD will also be
investigated. The carbides to be considered are vanadium carbide and chromium
carbide. The rationale for choosing these particular two carbides is that their behaviour is
opposite to each other in that vanadium carbide is less soluble than chromium carbide in
the cobalt binder solution. The effect of these two carbide additives is expected to be

different.

1.6 Hypotheses

Based on the vast research carried out on improving the properties of tungsten carbide
and steel, it is expected that the addition of carbides to PCD will enhance the behaviour
of PCD. Mixed carbides such as (W,M)Cx are expected to form within the PCD structure
instead of the MgC carbides that are commonly formed in steel. Some of the mixed
carbides are expected to form at the diamond-binder interface (i.e. precipitation
hardening) and some are expected to remain in the binder solution (i.e. solution

strengthening).
Carbides are generally stable compounds with respect to disassociation, so it is expected
that the newly formed mixed carbide will be stable as well, i.e. it should not dissociate on

the application of heat. The carbide additive is expected to reduce the extent of
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graphitisation in the PCD tool. Furthermore, the stabilisation of the cobalt binder should

improve with the addition of the carbide.
In terms of grain growth, both the addition of vanadium carbide and chromium carbide is

expected to reduce the grain growth of the PCD especially at the diamond-tungsten

carbide interface and the diamond-canister interface.
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CHAPTER TWO
ADDITION OF VANADIUM CARBIDE TO PCD

2.1 Background

The most commonly used carbide as a grain growth inhibitor of tungsten carbide is
vanadium carbide. In suppressing grain growth, the carbide additives create a harder and
more wear-resistant material [53], [70]. The added VC does not remain as VC in the
sintered product, but reacts with the tungsten present in the tungsten carbide to form a
mixed (V,W)Cx carbide. However, adding more than 1wt% VC results in the precipitation
of very large grains of cubic (W,V)Cx which lead to a material with poorer properties.
Hashe et al state that in their investigations, a core-rim structure in (V,W)Cx was formed

with the core having a higher vanadium concentration than the rim [53].

Bonny et al. showed that the addition of VC/Cr;C, improved the hardness of the tungsten
carbide material and reduced grain growth [71]. They also found that the wear
performance of the tool improved. Arenas et al. found that the addition of VC to tungsten
carbide increased the contiguity of the carbide network and increased the overall
toughness of the material [72], whereas Soleimanpour et al. showed that although the
addition of VC to tungsten carbide resulted in the increase in hardness of the compact,
the transverse rupture strength was compromised [73]. In general, the addition of VC to
WC-Co promotes an overall improvement in the properties of the tool, and based on the
extensive research carried out, it seems likely that similar improvements in tool

performance would be observed on addition of VC to PCD.

VC was therefore added to polycrystalline diamond to investigate the effect on the
microstructure and resulting behaviour of the compact. Two sets of experiments were
carried out, viz. PCD sintered directly onto a tungsten carbide substrate with a diamond
powder mix containing admixed VC placed on top of the substrate, and the second
experiment was a solid sintered PCD with VC infiltration from a powder bed. The
infiltration of VC from a powder bed placed at the PCD-tungsten carbide substrate
interface was expected to provide a higher degree of homogeneity of the VC within the

sintered PCD as compared to the admixing of the VC with the diamond prior to sintering.
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For the admixing route, it is always good practice for the additive to be an order of
magnitude smaller than the matrix material in order to provide acceptable homogeneity
[74]. According to German [74], the more homogeneous the additive distribution prior to
liquid phase sintering, the more rapid the densification during sintering. Hence, large

additive particle sizes are detrimental.

Besides admixing, there are other methods of introducing the VC additive to the diamond
matrix for example depositing fine particles of VC onto the diamond thus producing a
more homogeneous distribution of VC in the diamond matrix. Jin et al. synthesised WC-
Co—Cr3Co~VC nanocomposite powders using water soluble salts of ammonium
metatungstate, cobalt nitrate, ammonium dichromate, ammonium vanadate and glucose
[75]. Can et al. further describes sol gel processes to coat abrasive particles with various
metals and carbides [76]. These coating methods could be used to develop an effective
technique to deposit VC particles onto diamond prior to sintering. The study of suitable

coating techniques was not part of the scope of this investigation.

2.2 Experimental

The VC powder used in the experiments was obtained from HC Starck (HV 160). The
particle size analysis was performed using a Malvern Mastersizer 2000, X-ray diffraction
analysis was done using a Panalytical X’Pert Pro fitted with an Anton Paar HTK1400 non-
ambient stage, X-ray fluorescence analysis was carried out using a XRF PW2400,
Scanning electron microscopy analysis was performed using both a Jeol JSM 7500 and a
Philips XL30 instrument, Inductively Coupled Plasma analysis was undertaken using a
Spectro Ciros®, and 3D X-ray analysis was done using an X-Tech instrument . Diamond
powder with an average particle size of 10 ym was obtained from Element Six and used
as the matrix material. The diamond powder consisted of a multimodal feed with different
quantities of diamond fractions combined. Varying concentrations of VC was added to the
diamond powder with the concentrations ranging from 1 — 5wt%. The average particle

size of the VC powder was 3 ym.
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PCD compacts are generally sintered on a tungsten carbide substrate and this relies on
the cobalt from the substrate infiltrating into the diamond layer to enable sintering.
Another type of PCD that could be sintered, is solid PCD, i.e. PCD that is not attached to
a substrate. One of the advantages of sintering a solid PCD is that a VC interlayer or
shim could be used to infiltrate the VC into the diamond layer such that the PCD absorbs
only the amount of additive it requires ensuring that there is no excess additive. A matrix
of experiments was performed to investigate the different sintering methods (refer to
Table 2.1).

Table 2.1: Matrix of experiments carried out on solid PCD

Experiment Description
Number
1 PCD infiltrated with a layer of cobalt foil, with no VC powder

addition, (i.e. Standard solid PCD). 20wt% (9vol%) of cobalt foil

was introduced, with the remaining PCD being diamond.

2 PCD infiltrated with a first layer of 3wt% (1.85vol%) VC powder and
a second layer of 20wt% (9vol%) Co foil

3 PCD admixed with 3wt% (1.85vol%) VC and sintered on a WC
substrate

The 20wt% (9vol%) cobalt foil was chosen as an infiltrant concentration as there is
approximately 15wt% - 20wt% binder in the sintered PCD. In order to assess whether a
solid VC doped PCD can be sintered using the modified sintering method, a standard
PCD containing no VC was initially sintered prior to assessing the infiltration of a VC layer
into the PCD (Experiment 2). The pre-composite assembly for Experiment 1 (i.e. standard
PCD) is shown in Figure 2.1. It comprises cobalt foil placed at the bottom of the canister
material with a layer of diamond powder on top. The canister material is made up of a
refractory metal. The substrate is then encased in a separate canister as to prevent the
melting and infiltration of the cobalt from the substrate into the diamond powder, and the
substrate canister placed on top of the diamond powder with kaowool as the separation
medium. The whole assembly is then encapsulated, and subjected to elevated pressures

and temperatures to enable the sintering of the PCD.
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Canister material

] Kaowool

diamond powder

Co foil

Figure 2.1: Pre-composite assembly for the sintering of solid PCD

The pre-composite assembly for Experiment 2 is shown in Figure 2.2. In this experiment,
the PCD is infiltrated with a first layer of 3wt% VC powder and a second layer of 20wt%
Co foil.

Canister material

] Kaowool

diamond powder

VC layer
Co foll

Figure 2.2: Pre-composite assembly for the sintering of PCD infiltrated with a first

layer of 3wt% VC powder and a second layer of 20wt% Co foil

For Experiment 3, the diamond powder, VC powder and a small fraction of cobalt was
admixed using a Planetary ball mill. The WC balls used in the admixing process were
abraded by the diamond particles thereby introducing WC particulates into the powder
matrix. The presence of the WC particulates in the powder mix is necessary in order to
hinder the formation of larger plumes within the PCD which is quite common during the

sintering process and generally appears at the interface. Plumes are formed by the

37



deposition of tungsten that is dissolved in the cobalt onto a freshly nucleated tungsten
carbide seed. There is an observed reduction in plume formation when there are many

tungsten carbide seeds initially present in the powder material prior to sintering.

To prepare the pre-composite, the diamond powder was placed in a canister with the
substrate placed on top of the powder (refer to Figure 2.3). The canister was then
encapsulated and subjected to high pressures and temperatures generally in the order of
5.5 GPa — 7.7 GPa, and 1400 °C — 1600 °C. Refer to Figure 2.4 and Figure 2.5 for a
schematic and a picture of the belt press typically used for the sintering of the VC based
PCD.

7 Canister material

f

Figure 2.3: Pre-composite assembly of PCD admixed with 3wt% VC and sintered on
a WC substrate

| Diamond powder

Post sintering, the samples were lapped and the outer diameter ground to remove the
capsule cupping material. In order to get a representative idea of the microstructure, the
sample was cross-sectioned using an Electro Discharge Machine (EDM), further lapped
to remove any EDM residue on the surface of the sample and then polished. It is
imperative to analyse a polished surface to ensure that a clear image is obtained and that

the electrons are not scattered.
In addition to analysing the structure of the PCD containing VC, the PCD was subjected

to a few behavioural tests such as Paarl Granite Log Test and a Sandstone Milling Test

to determine its wear behaviour and thermal resistance.
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Figure 2.4: Schematic of a high pressure vehicle

Figure 2.5: Belt Press

2.3 Brief description of Analysis Techniques

2.3.1 X-Ray Diffraction (XRD)
XRD is an analytical technique that focuses on the X-ray scattering from crystalline

materials. Each material produces a unique X-ray "fingerprint" of X-ray intensity versus
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scattering angle that is characteristic of its crystalline atomic structure [77]. X-rays are
electromagnetic radiation of exactly the same nature as light but of shorter wavelength
(10'10 m = 1 Angstrom). So x-rays are ideal to probe interatomic distances which are
typically of that order [78]. Figure 2.6 shows the schematic of the principle of x-ray
diffraction. X-rays from an x-ray tube are generally targeted at a sample, which in turn

diffracts the incoming X-rays but also emits characteristic x-rays excited from the sample.
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Figure 2.6: Schematic of X-Ray Diffraction [77]

The relationship describing the angle at which a beam of X-rays of a particular

wavelength diffracts from a crystalline surface is known as Bragg’s Law [79]:

2dsin6= n\
A = wavelength of the x-ray
0 = scattering angle
n = integer representing the order of the diffraction peak.

d = inter-plane distance of (i.e. atoms, ions, molecules)
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2.3.2 Scanning Electron Microscopy (SEM)

SEM analysis involves the interaction of a beam of primary electrons (produced by an
electron gun) with the material being examined. When the primary electron beam strikes
the sample, three main types of emissions occur, namely secondary electrons,
backscattered electrons and X-rays (refer to Figure 2.7). These emissions emanate either

from the surface of the sample or within the sample.

The secondary electrons are emitted from the surface of the sample and are used to
determine the sample topography. Backscattered electrons are emitted from deeper
within the specimen, and these electrons provide information related to the atomic
number of the specimen. Finally, the emitted X-rays can be used in conjunction with an
X-ray detector to determine which elements are present in the sample. This technique of

X-ray emission is called Energy Dispersive Spectroscopy (EDS).
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Figure 2.7: Schematic of the scanning electron microscope (SEM). Modified extract

from [80]
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EDS is generally used to determine the elemental composition of a material. A focused
beam of electrons bombards the sample, and an x-ray spectrum is emitted. In principle,
all elements from atomic number 4 (Be) to 92 (U) can be detected, although not all

instruments are equipped for 'light' elements (Z < 10) [81].

2.3.3 Malvern Analysis

The technique of laser diffraction is based on the principle that particles passing through
a laser beam will scatter light at an angle that is directly related to their size [82]. The
observed scattering angle increases as the particle size decreases. Large particles would
scatter light at narrow angles with high intensity, whereas small particles scatter at wider
angles but with low intensity. The primary measurement that generally has to be carried
out within a laser diffraction system is the capture of the light scattering data from the
particles under study (refer to Figure 2.8). Typically, a system consists of a laser which
provides light at a fixed wavelength, a sample presentation system to ensure that the
material under test passes through the laser beam as a homogeneous stream of particles
and a series of detectors which are used to measure the light pattern produced over a

wide range of angles.
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Figure 2.8: Laser Diffraction Particle Sizing [82]

2.3.4 X-ray Tomography

The basis of X-ray tomography is X-ray radiography. Essentially, an x-ray beam is

directed onto a sample and the transmitted beam is recorded on a detector (refer to
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Figure 2.9). According to the Beer—Lambert law, the ratio of the number of transmitted to
incident photons is related to the integral of the absorption coefficient of the material
along the path that the photons follow through the sample [83]. In the area of the
photoelectric effect, the absorption coefficient is linked to the density, the atomic number
and the energy (that is when the beam is monochromatic) by using an empirical law. The
resulting image is a super-imposed projection of a volume in a 2D plane. The typical way
to get 3D information is to perform a large number of radiographs while rotating the

sample between 0° and 180°.
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Figure 2.9: Schematic of the principle of X-ray tomography [84]

2.3.5 Transmission Electron Microscopy (TEM)

TEM allows the visualization of thin slices of material with nanometre resolution. A TEM
operates much like a light microscope, but uses electrons instead of visible light, since
the wavelength of electrons is much smaller than visible light [85]. A schematic of the
TEM is shown in Figure 2.10.

TEM uses high energy electrons (up to 300 kV accelerating voltage) which are
accelerated to nearly the speed of light [86]. The electron beam behaves like a wave front
with wavelength about a million times shorter than light waves. When an electron beam
passes through a thin-section specimen of a material, the electrons are scattered. A

sophisticated system of electromagnetic lenses focuses the scattered electrons into an
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image or a diffraction pattern. There are various modes that the TEM can operate, viz.
the imaging mode provides a highly magnified view of the specimen, the diffraction mode
displays accurate information about the local crystal structure and the nano-analytical

mode provides information on the elemental composition of the material.
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Figure 2.10: Schematic of a Transmission electron microscope (TEM) [85]

2.4 Results

2.4.1 XRD analysis of powder

X-ray diffraction analysis was done using a Panalytical X'Pert Pro fitted with an Anton
Paar HTK1400 non-ambient stage. A cobalt tube was used with Ko, = 1.789A. In addition,

the PANalytical HighScore Plus (version 3.0) and the ICSD database (version 1.5)
software packages were used.

X-ray diffraction (XRD) analysis was carried out on the vanadium carbide powder that
was used in the sintering experiments. The XRD was scanned from 20°20 to 90°26 to

cover the whole spectrum, with a step size of 0.0170°20 and a scan step time of 29.84
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seconds. Major VC peaks appear at 43.68°20 and 50.87°20 (refer to Figure 2.11), and no
impurities were found to be present in the raw material. The most stable phase of VC was
found to be C;Vs.
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Figure 2.11: X-ray Diffraction pattern for the vanadium carbide powder

Scanning Electron Microscopy (SEM) was also carried out on the VC powder as well as
the powder mix in order to determine the homogeneity, particle shape and size of the

powder mix.

Figure 2.12 shows the SEM microstructures of the powder mix for the VC containing PCD
consisting predominantly of diamond, 3wt% VC, admilled WC and 1wt% cobalt at various
magnifications. The powder mix was dispersed onto carbon tape and then analysed. The
diamond particles are blocky, angular and vary in shape. Figure 2.13 shows the various
components of the powder mix. In an SEM image, the lighter the atomic mass of the
particle, the darker the particle appears on the image, e.g. the mass of carbon appears
much lighter than the mass of tungsten, and therefore the appearance of carbon is much
darker than the appearance of WC. The VC appears as ‘fluffy’ particulates, whereas the
cobalt is present as spherical particles. The WC varies in particle size as these particles
have been abraded from the WC milling media. In general, the mix looks homogeneous,
and the VC additive is much smaller than the diamond matrix which is the major

constituent.
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Figure 2.12: SEM microstructures of the powder mix consisting predominantly of
diamond, and a combination of VC, WC and cobalt — A (500x mag), B (1000x mag),
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Figure 2.13: Various components of the powder mix
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Malvern analysis is generally used to determine the particle size of a sample. Figure 2.14
shows the Malvern distribution of the VC powder and Figure 2.15 shows the Malvern
distribution of the diamond — VC powder mix. The volume weighted mean D[4,3] for the
VC powder was 3.08 um, and the volume weighted mean for the powder mix was 9.97
pm. The Malvern distribution in Figure 2.15 shows a major peak with a minor shoulder

peak. This is most probably indicative of a coarser fraction and a finer fraction of

particles.
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Figure 2.14: Malvern distribution of the VC powder
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Figure 2.15: Malvern distribution of the diamond-VC powder mix
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2.4.2 Sintering of PCD

2421 Experiment 1: Sintering of solid PCD containing no VC
A solid PCD is a PCD that is not attached to a WC substrate. A new technique of

sintering had to be developed for the sintering of the solid PCD. Therefore, in order to
assess whether a solid VC doped PCD can be sintered using the modified sintering
method, a standard PCD containing no VC was initially sintered prior to assessing the
infiltration of a VC layer into the PCD. Figure 2.16 shows the microstructural images of
the standard PCD. This was shown to be well sintered from the bottom of the PCD (i.e.
region of the cobalt foil) to the top of the PCD.

Figure 2.16: Microstructural images of the standard PCD: A (bottom PCD, i.e. PCD
near the foil), B (bulk PCD), C (top PCD)

X-ray tomography analysis was performed on the samples. The power of the x-ray was
14.9W with a magnification of 6x.The x-ray image of the standard PCD (shown in Figure
2.17) shows no evidence of cracks or the presence of plumes. The lighter shade in the

image is the PCD and the darker shade is the magnetic stub which holds the PCD.
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Figure 2.17: X-ray image of the standard PCD

EDS mapping was performed on the sample to determine the levels of cobalt and
tungsten in the PCD (refer to Figure 2.18). The zero point on the x-axis refers to the
cobalt foil — PCD interface. The carbon content was found to be lower in the cobalt foil
regime (demarcated by the smallest distance) and gradually increased in the PCD layer
as a function of distance. The cobalt foil interlayer can clearly be seen in the image

shown in Figure 2.18.

There is always oxygen present in the PCD and this cannot be avoided, although the
presence of oxygen is always minimised. Oxygen has a tendency to compete with carbon
for solubility in cobalt [11], i.e. as the concentration of oxygen in the PCD increases, the
solubility of carbon in the binder pool decreases. If the solubility of carbon in the binder
pool decreases, the quality of sintering deteriorates. According to the EDS profile, the
oxygen content in the cobalt foil region seems much higher than the oxygen content in
the PCD.
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Figure 2.18: EDS map of the standard solid PCD, showing the concentration of

carbon, oxygen, cobalt and tungsten as a function of PCD distance

The cobalt content is initially high in the cobalt foil region, which is to be expected, and
then rapidly decreases to a fairly constant concentration of 10%. Similarly, the tungsten
content is initially higher and then reduces to very low levels in the PCD. As mentioned
previously, the tungsten is introduced to the PCD during the ball milling process, and not
intentionally added to the PCD.

Table 2.2 shows the average EDS values for the elements found in the PCD. Since PCD
consists primarily of diamond, the element with the highest concentration is carbon. The
tungsten content is low since the only source of tungsten was from the milling media. The
standard deviation values are high due to the heterogeneous nature of the material being

analysed.

Table 2.2: Average EDS values for the elements in the solid PCD (Standard PCD)

Carbon Oxygen Cobalt Tungsten
Mean 85 1.9 12 1.1
Standard Deviation 12 4 8 2
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XRD analysis was carried out on the sintered compact (refer to Figure 2.19). The peaks
are labelled according to the phases present in the database. The pattern shows the
presence of diamond, tungsten carbide (WC) and tungsten dissolved in cobalt
(Cop.87Wo.13). The reference peak for Cogs7Wo.13 according to the ICSD database occurs
at 59.853°20, whilst the observed Cps/Wo.13 peak shown in Figure 2.19 appears at
59.752°26. Due to the close proximity of the peak positions, it can be inferred that the

peak observed is the Co-W solid solution.
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Figure 2.19: XRD pattern of the standard solid PCD

Generally, the sintering of the standard solid PCD was successful and could be used as a

reference to analyse the other sintering methods.

2.4.2.2 Experiment 2: Sintering of PCD infiltrated with a first layer of 3wt% (1.85vol%)
VC powder and a second layer of 20wt% (9vol%) Co foil

The rationale for this experiment was to determine the quality of PCD obtained by
infiltrating the PCD with VC powder instead of admixing VC into the diamond powder.
Figure 2.20 shows the microstructural images of the solid PCD with VC infiltration. The
sintering of the PCD seems to be compromised with large binder pools appearing in the
sintered structure, especially at the bottom and at the top of the PCD. This observation

was consistent throughout the sample.
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Figure 2.20: Microstructural images of the PCD infiltrated with VC: A (bottom PCD,
i.e. PCD near the foil), B (bulk PCD), C (top PCD)

Figure 2.21 shows the VC layer at the bottom of the PCD and Figure 2.22 shows the EDS
spectrum of the VC layer. The layer at the bottom of the PCD comprises three distinct
phases, viz. (V,W)Cx phase, VC phase and the canister material (i.e. NbC). It would
appear that the tungsten from the admixed diamond diffused into the VC layer to form the
(V,W)Cx phase.
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Figure 2.21: Image showing the VC layer at the bottom of the PCD
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Figure 2.23: EDS Profile for PCD infiltrated with VC powder, showing the
concentration of carbon, cobalt, tungsten and vanadium as a function of PCD

distance

The EDS profile is shown in Figure 2.23. The cobalt content is low as the profile is taken
from the VC layer, and gradually increases to average at approximately 9vol%. The VC
content sharply increases in the regime of the VC layer and then abruptly decreases

significantly in the PCD. The amount of WC shown in the PCD is also very low. Below
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500 um, in addition to the elements present in Figure 2.23, there appeared to be a large
concentration of oxygen present which is not displayed on the graph. The oxygen
seemed to be present predominantly in the infiltration layer. The EDS profile implies that
the VC has not effectively infiltrated the PCD and seems to have combined with the

residual tungsten in the diamond powder to form a (V,W)Cx phase.

Table 2.3: EDS Analysis of the VC Phase and the (V,W)Cx Phase normalised to 8

carbon atoms

Phase Analysis Carbon Vanadium Tungsten Cobalt Observed
No. (at%) (at%) (at%) (at%) Stoichiometry
VC 1 53.67 45.9 - - Ve.84Cs
2 49.94 49.86 - - V7.99Cs
3 49.86 50.14 - - Vs.04Cs
4 50.88 49.11 - - V772Cs
5 50.29 49.71 - - V7.91Cs
6 49.25 50.75 - - Vs24Cs
7 46.31 53.69 - - Vo.27Cs
8 49.18 50.82 - - Vs.27Cs
9 48.37 51.62 - - Vg 54Cg
10 52.68 47.32 - - V7.19Cs
(V,W)Cx 1 49.47 42.89 2.38 5.26 V6.04W0.38C00.85Cs
2 49.04 41.21 2.34 7.41 V6.72W0.38C0121Cs
3 48.38 42.01 2.45 7.16 Ve6.95W0.47C01.36Cs
4 48.74 45.19 2.73 3.34 V7.42W0.45C00.55Cs
5 51.68 42.63 2.55 3.14 V6.60W0.39C00.49Cs
6 49.32 42.51 2.49 5.67 V6.90W0.40C00.92Cs
7 48.52 44.58 2.81 4.08 V7.35W0.46C00.67Cs
8 47.85 41.65 2.55 7.94 V.06W0.43C01.33Cs
9 49.86 46.97 2.68 0.50 V7.54W0.43C00.80Cs
10 48.94 48.59 1.93 0.53 V7.94W0.32C00.09Cs
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Table 2.3 shows the EDS analysis of the VC phase and the (V,W)Cx phase. The table
also shows the proposed stoichiometry based on the atomic percentage levels of the
elements present. Using the average EDS values and removing the cobalt content, the

stoichiometry of the (V,W)Cx phase was found to be C4.1V37Wy 2.
Table 2.4 shows the average EDS values for the elements found in the PCD. Since PCD
consists primarily of diamond, the element with the highest concentration is carbon. Both

the tungsten and vanadium content is low.

Table 2.4: Average EDS values for the elements in the PCD infiltrated with VC

Carbon Oxygen Cobalt Tungsten Vanadium
Mean 89.20 0.88 9.45 0.29 0.18
Std Deviation 0.58 0.42 0.47 0.27 0.43

XRD analysis was carried out on the sintered compact (refer to Figure 2.24). The pattern
shows the presence of diamond and cobalt. There does not seem to be a sufficient
quantity of either WC or VC to be detected by the XRD analysis.
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Figure 2.24: XRD pattern for the PCD infiltrated with VC powder

ICP analysis was performed on the standard solid PCD and the PCD with VC infiltration
to determine the levels of cobalt and tungsten within the PCD (refer to Table 2.5).

Although standard PCD typically contains 20wt% binder (combination of cobalt and
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tungsten), the solid PCD seems to contain slightly less binder, i.e. 17.2%. The PCD with
VC infiltration shows a lower cobalt content as compared to the standard PCD and a
much lower tungsten content. The low cobalt content could be due to VC forming a
barrier for cobalt diffusion into the PCD, and the low tungsten content could be as a result
of the combination of the residual tungsten in the PCD with the VC to form a (V,W)Cx

phase.

Table 2.5: ICP results showing Co and W content for solid sintered PCD

Sample Co (%) W (%) Total Binder
Standard PCD 16.7 0.5 17.2
VC infiltrated PCD 14.0 <0.1 14.0

The feasibility experiments show that PCD can be sintered separate from the substrate,
but PCD sintered by infiltration from a VC interlayer was found to be unsuccessful. The
method for the addition of VC to PCD was hence chosen to be admixing into the diamond

powder prior to sintering.

2423 Sintering of PCD with 3wt% (1.85v0l%) VC admixed into the diamond powder

and sintered onto a WC substrate

Figure 2.25 shows the microstructural images of the standard PCD sintered onto a WC
substrate and the PCD containing 3wt% VC. Both sets of microstructures seem similar,
i.e. there is adequate diamond-diamond bonding, and the interface looks acceptable. At
the interface, the acicular tungsten carbide grains are clearly visible and there is sufficient
cobalt pooling to ensure that the bond between the PCD and the substrate is
strengthened. The above interface structures show high levels of tungsten carbide
precipitates. This is quite a normal observation as it is well known that the excess
tungsten dissolved in the cobalt binder precipitates near the interface on the existing

tungsten carbide seeds, and this leads to high levels of tungsten carbide being present
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near the interface. Sometimes, the tungsten dissolved in the cobalt binder precipitates as

larger tungsten carbide grains called plumes.

The vanadium carbide particles in the PCD are not very visible in Figure 2.25. However,
when Figure 2.25E is compared with Figure 2.25F, there is a clear difference in the
microstructure. Figure 2.25E shows the presence of tungsten carbide particles whereas
there are no visible tungsten carbide particulates present in Figure 2.25F. From this
observation, it can be inferred that the vanadium present in the PCD reacts with the
tungsten to form a mixed carbide phase that is different from either vanadium carbide or
tungsten carbide. The images of the top surface of the PCD shows some larger diamond
grains that are bonded to adjacent grains with cobalt ‘stitching’ at the boundary of the
grains. The ‘stitching’ phenomenon is basically a number of tiny cobalt pools bonded

together.
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Figure 2.25: Microstructural images of the standard PCD and the PCD containing
3wt% VC: A (interface structure of the standard PCD), B (interface structure of the
PCD containing 3wt% VC), C (above interface structure of the standard PCD), D

(above interface structure of the PCD containing 3wt% VC), E (top surface

microstructure of the standard PCD), F (top surface microstructure of the PCD

containing 3wt% VC)

EDS analysis was carried out on the samples. It is important to note that the excitation
volume of the PCD sample that emits the secondary X-rays is of the order of 10
micrometers in size. In the samples where the PCD was doped by VC, most carbide
particles formed are less than 10 micrometers. This means that any analysis of the

carbide particles would also include excited X-rays of the surrounding area, i.e. diamond.
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Therefore, the carbon content of the carbides will usually be in excess, and the analysis

would not be as accurate.

Spectra were taken at two areas of the PCD, i.e. the overall PCD and the binder pool.
The EDS spectrum for the standard PCD is shown in Figure 2.26 and the EDS spectrum
for the PCD containing 3wt% VC is shown in Figure 2.27. From the spectrum in Figure
2.26, it is clear that the standard PCD contains carbon, cobalt and WC which is to be
expected. The spot analysis of the cobalt pool for the PCD containing 3wt% VC shows
the presence of carbon, cobalt, tungsten and vanadium. The vanadium-tungsten

particulate seems to precipitate at the binder pool.

1.
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Figure 2.26: EDS analysis of the standard PCD
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Figure 2.27: EDS analysis of the PCD containing 3wt% VC
The binder pools of the VC enhanced PCD were analysed using EDS (refer to Table 2.6).

The atomic composition and ratio of the carbon, vanadium and tungsten atoms could not
be attained due to the overwhelming presence of diamond particles and the large area of
the EDS spot analysis. Generally, the size of the interaction volume increases with
accelerating voltage. Hence, the ratio of vanadium and tungsten was determined. Table
2.6 shows the average measured ratio of vanadium: tungsten as 73:27 using EDS. The
binder pool comprises the mixed carbide deposition, vanadium in solution with cobalt and

tungsten in solution with the cobalt.

Table 2.6: EDS analysis of the binder pool showing the ratio of V:W

Spectrum V (at. %) W (at. %) Ratio of V:W (%)
EDS 1 2.27 0.60 79:21
EDS 2 7.15 2.82 72:28
EDS 3 5.84 2.21 73:27
EDS 4 5.91 2.49 70:30
EDS 5 10.91 412 73:27
EDS 6 6.79 2.81 71:29
EDS7 3.86 1.26 75:25
EDS 8 8.17 3.12 72:28
EDS 9 8.89 3.41 72:28
EDS 10 3.70 1.46 72:28
EDS 11 6.38 2.43 72:28
EDS 12 7.25 2.66 73:27
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Image analysis was carried out on the samples to try to differentiate them. The method
essentially measures the average diamond grain size, the binder pool size, diamond
area, binder area, and the diamond contiguity of an image. Generally, it is known that the
finer the diamond grain size, the smaller the binder pool size, and the higher the binder
content. The binder area and the diamond area are inter-related. The lower the binder
content, the more thermally stable the PCD becomes. In general, the higher the diamond

content of the PCD, the more abrasion resistant the PCD.

Contiguity is defined as a continuous mass, or a series of features in contact or proximity.
It is measured using a formula derived by Golovchan and Litoshenko, shown in Equation
2-1 [87], where C is contiguity, Vf is cobalt volume fraction, a and b are constants with
values 0.64 and 0.39 and S is a measure of the spread in grain size. Diamond contiguity

relates to the percentage of diamond particles in contact with each other.

C =1-V?%(exp bS) Equation 2-1

Sixteen images each at a 1000x magnification were used for the image analysis
measurements. According to the image analysis data, the average diamond grain size,
which was calculated using the mean chord length, for the standard PCD was similar to
the sample containing 3wt% VC (i.e. Std PCD: 8.14 £+ 3.46 um, 3wt% VC PCD: 7.95 +
3.62 ym). The grain size of the PCD was not expected to change as a result of the
addition of VC. Likewise, there was no significant difference observed in the binder pool
size between the two samples (i.e. Std PCD: 1.87 + 1.02 ym, 3wt% VC PCD: 2.01 £ 0.97
pum). Figure 2.28 shows the image analysis comparison of the standard PCD and the

PCD sample containing 3wt% VC.
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Figure 2.28: Image Analysis of the Std PCD and PCD containing 3wt% VC: A

(diamond area comparison), B (binder area comparison), C (diamond contiguity

comparison) and D (WC phase area comparison)

As mentioned previously, the diamond area and the binder area are inter-related. The

3wt% VC sample shows a significant decrease in diamond content and a significant

increase in binder content. This result is not surprising since additional binder in the form

of VC was intentionally added to the PCD. Figure 2.28C shows the diamond contiguity of

the standard to be higher than the 3wt% VC sample. This is most probably due to the

high binder content present in the PCD, i.e. less diamond-diamond contact. A low

diamond contiguity is not necessarily cause for concern, and this may positively affect the

performance of the material especially in drilling applications. The WC phase area of the

standard seems much higher than the 3wt% VC sample. This again is to be expected

since the microstructure of the VC containing PCD shows a decrease in the amount of

WC present (refer to Figure 2.25F).
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Figure 2.29 shows the x-ray tomography images of the sintered samples. The substrate
can clearly be seen as the darker contrast showing the obvious WC substrate profile, and
the lighter shade is the PCD. The x-ray analysis is usually used to detect the presence of
anomalies in the sintered compact. Examples of anomalies are fine cracks, plumes or
contaminants. From the images shown in Figure 2.29, both samples are well sintered
with no obvious defects present. If defects were to be present in the sintered compact,

the x-ray equipment could be calibrated to measure the dimensions of the defect.

A B
Figure 2.29: X-ray image of the sintered samples: A (Standard PCD) and B (PCD
containing 3wt% VC)

The microstructures of the PCD containing 3wt% VC do not clearly show the presence of
the VC. Hence Transmission Electron Microscopy (TEM) analysis was carried out on the
sample by Dr Johan Westraadt at NMMU. A thin specimen of the PCD containing 3wt%
VC was prepared using ion beam milling and then analysed using the TEM (refer to
Figure 2.30). An area of the binder pool in the sample was analysed to qualify the
elements present in the specific section of the material. EDX analysis showed the area to
consist predominantly of a mixture of vanadium and tungsten with a small amount of

dissolved cobalt.
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Figure 2.30: HAADF (High Angle Annular Dark Field) STEM image and EDS analysis
of the binder in the PCD containing 3wt% VC

TEM mapping was carried out on a different area of the binder (refer to Figure 2.31). Area
1 showed the presence of 3.66at% tungsten, 0.12at% vanadium, 69.70at% cobalt and
26.52at% carbon, and area 2 consisted of 13at% tungsten, 27at% vanadium, 2at% cobalt
and 58at% carbon. From the image, there is a clear phase contrast between the two
areas being analysed, i.e. area 1 (marked in black) seems to have a lighter shade of grey
than area 2. Generally, the heavier the atomic mass, the lighter the appearance of the
element. Area 1 consists predominantly of cobalt, with a significant amount of dissolved

WC, whereas area 2 consists primarily of VC and a significant amount of WC.
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Figure 2.31: TEM mapping of the binder pool in the PCD containing 3wt% VC

The TEM mapping clearly shows the presence of a combination of vanadium and
tungsten occurring in area 2. The area also contains cobalt which is the transition metal
sintering aid that enables sintering to occur. The surrounding area comprises carbon
which is essentially the diamond particles surrounding the binder. Additional images of
binder pools and TEM mapping is shown in Figure 2.32. In these images, the mixed
carbide particle consisting predominantly of vanadium and tungsten is clearly visible and

appears as a lighter grey shade.
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Figure 2.32: TEM Mapping of binder pools for the PCD containing 3wt% VC

Additional EDS quantification using the TEM was carried out to determine the V:W ratio
(the images are shown in Appendix One). The measured data is shown in Table 2.7. The
average ratio of V:W was found to be 78:22 + 4.4 which appears higher than the ratio of
V:W calculated using the SEM, i.e. 73:27 + 2.3.

Table 2.7: EDS Quantification of the binder pools using the TEM

Analysis Carbon (at%) Cobalt (at%) Vanadium Tungsten V:W Ratio
(at%) (at%)
EDS 1 57.64 1.51 31.65 9.20 77:23
EDS 2 93.57 0.41 4.55 1.47 76:24
EDS 3 88.21 0 8.61 3.18 73:27
EDS 4 84.79 0.42 11.41 3.38 77:23
EDS 5 87.77 0.56 8.87 2.80 76:24
EDS 6 89.57 0 9.01 1.42 86:14

Tiny cobalt pools usually appear between two adjacent diamond particles, and this is
commonly referred to as ‘cobalt stitching’. Essentially, the name describes the stitching
together of the diamond particles forming an interconnected bond. Figure 2.33 reflects
this phenomenon. The stitching area consists mainly of the cobalt binder with dissolved

tungsten and vanadium.
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Figure 2.33: Stem HAADF image of the binder stitching and the TEM mapping of

the area

Figure 2.34 shows the XRD patterns for the standard PCD and the PCD containing 3wt%
VC, and Table 2.8 shows the XRD data including the lattice constants (taken from the
database) for the various phases. Note that the labels of the peaks on the XRD patterns
denote the compositions of the phases in the database. The standard PCD contains
stoichiometric WC, diamond and tungsten in solution with cobalt. As a result of the
quenching process during sintering, tungsten is usually found in solution with the cobalt.
Basically, the tungsten freezes in the cobalt when the PCD compact is cooled from a
sintering temperature of 1400 °C to room temperature. An interesting observation is that
when tungsten is dissolved in cobalt, the cobalt peak position shifts, appearing at
59.92°26 instead of 60.28°20. This phenomenon occurs as a result of tungsten atoms
having an atomic radius of 139 pm substituting itself in the cobalt lattice [88]. Since the
atomic radius of cobalt is 125 pm, the presence of tungsten expands the lattice and this

results in the shift of the cobalt peak position.

The XRD pattern of the PCD containing 3wt% VC shows the presence of a new phase,
i.e. labelled as C4V32Wys in the database. This is typically referred to as a (V,W)Cx
mixed carbide phase. The phase has a cubic structure and contains more VC as
compared to WC. Generally, VC has a cubic structure whilst WC has a hexagonal
structure. It would seem that the tungsten dissolves into the VC particle to form the mixed
carbide, thus resulting in a cubic structure being formed. Interestingly, there is no free
WC present in the PCD. This observation would infer a strong interaction between the

vanadium and tungsten species. The cobalt pool contains dissolved vanadium, and the
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peak is shifted slightly towards the left relative to pure cobalt. The atomic radius of

vanadium is 134 pm.

Figure 2.34C shows an overlay of the standard PCD and the PCD containing VC. The
cobalt peak position (with a peak reflection of 200) is shifted slightly to the left (i.e. higher
d-spacing) and occurs at 59.92°20 (refer to Figure 2.35). When comparing the standard
PCD with the PCD containing VC, the tungsten dissolved in the cobalt creates a greater
peak shift to the left as compared to the vanadium dissolved in the cobalt. In addition,

stoichiometric WC is absent in the PCD containing VC.

The XRD analysis which was based on the peak positions revealed that the chemical
formula of the mixed carbide could be C4V3,Wps (according to the ICSD database).
However, there could be a multitude of vanadium and tungsten compositions since the
vanadium and tungsten form a solid solution. The TEM elemental composition of the
mixed carbide particle showed the presence of 13at% tungsten, 27at% vanadium, 2at%
cobalt and 58at% carbon (refer to Figure 2.31). If we remove the cobalt value and
normalise the concentration of the elements based on four carbon atoms, we attain the
following chemical formula: C4V18Wo.90. From the EDS analysis performed on the VC
enhanced PCD using the SEM (refer to Table 2.6), the ratio of vanadium to tungsten was
found to be 73:27 which is close to the XRD ratio of vanadium to tungsten, i.e. 80:20.
Furthermore Table 2.7 shows the average ratio of vanadium: tungsten to be 78:22 which

is in close proximity to the observed XRD ratio of vanadium: tungsten (i.e. 80:20).
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Figure 2.34: XRD patterns of the sintered PCD: A (XRD pattern of the standard
PCD), B (XRD pattern of the PCD containing 3wt% VC) and C (XRD pattern of the

overlay of the two samples)
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Table 2.8: XRD Data for the standard PCD and the PCD containing 3wt% VC

Phase Peak a=b ¢ Calculated Volume Crystal
position  (A) (A) Density (AA3) structure
(°20) (g/cm®)

WC 36.87; 2.9070 2.8370 15.67 20.76 Hexagonal
41.69;
56.71;
76.02;
87.57
CoostWo13 51.27; 3.5860 10.82 46.11 Cubic
59.92
Diamond 51.64 3.5600 3.54 45.12 Cubic
Co0.793Vo.207 51.48; 3.5660 8.63 45.35 Cubic
60.06;
90.33
C4V32Wog  43.29; 4.1980 8.04 73.98 Cubic
50.42;
74.05;
90.33;
94.96

Cournis

800 — Tristar std

Cobalt reference peak position:

60.279°20

600 —

400 —

200 +

0 T T T T
58 50 60 61
Position [°2Theta] (Cabalt (Ca))

Figure 2.35: XRD pattern showing the shift in the cobalt peak position: blue line
depicts the calculated peak and the red line depicts the experimental peak
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The molar volume change was calculated for the PCD containing VC to determine
whether the formation of the (V,W)Cx particle would increase the molar volume of the
PCD. An increase in the molar volume may lead to the initiation of cracks primarily due to
expansion and contraction. The lattice constants (i.e. a, b and c) together with the
number of atoms per unit cell (i.e. z) were used in the calculation. The volume of the
cubic structure is given by a® and the volume of the hexagonal structure is given by a’c
sin 60° (refer to Table 2.9). Equation 2-2 describes the formation of the (V,W)Cx mixed

carbide.

0.8WC + 0.4C;Vg + 0.4C > WysV32,Cs (Equation 2-2)
The theoretical volume of the starting constituents were calculated and compared to the
theoretical volume of the resulting product. The percentage difference was found to be -
3.518%, which clearly shows a reduction in molar volume, hence no volume expansion is

expected.

Table 2.9: Parameters used for the calculation of molar volume

Parameter wC C/Vs C > WjsV3.2C4
a 2.907 8.33 3.567 4.198
b 2.907 8.33 3.567 4.198
c 2.837 8.33 3.567 4.198
z 1 4 8 1

Table 2.10 shows the theoretical and practical volume calculations for the standard PCD
(i.,e. PCD containing no additives) and for the PCD containing vanadium carbide. The
practical calculation was performed using the unit cell values obtained from the XRD
patterns for the given sample, together with Rietveld refinement, whereas the theoretical
calculations were done using the theoretical values. Reaction 1 shows the formation of
the (V,W)Cx product and reaction 2 shows the formation of products in the standard
PCD. In both of the reactions shown in Table 2.10, there is no volume expansion
occurring when the products are formed.
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Table 2.10: Volume Data for the various sintering reactions

No Reaction Theoretical (% Practical (% Expansion
volume volume
difference) difference)
1 0.8WC + 04C;Vg + 04C -3.518 -3.519 No
2> WosV32C4
2 1.13WC + 0.87Co + 0.87C -0.496 -0.870 No

2> WC + Cogg/Wo13 + C
(Std reaction)

X-ray Fluorescence (XRF) analysis was carried out on the surface of the PCD containing
VC to determine whether there was a concentration difference for the various elements
(refer to Figure 2.36). Four different positions were investigated and the results appear in
Table 2.11. The vanadium concentration seems consistent across the surface of the

PCD. This implies a homogeneous distribution of vanadium in the PCD.

Conversely, both position 2 and position 3 shows higher levels of tungsten on the surface
of the PCD. This region is denoted as the hot side of the cutter since the PCD was more
exposed to the heater sleeve during sintering. Essentially, the higher the temperature, the
more tungsten gets dissolved in the cobalt during sintering, and the more tungsten is
carried into the PCD.

Figure 2.36: XRF analysis of the surface of the PCD containing 3wt% VC showing

the four different quadrants
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Table 2.11: XRF analysis results (wt%) for the PCD containing 3wt% VC

Element Position 1 Position 2 Position 3 Position 4
Vanadium 12.58 12.32 12.37 12.65
Cobalt 67.32 61.25 63.01 62.91
Tungsten 20.10 26.44 24.63 24 .44

2.4.3 PCD sintered with varying VC concentration

The investigation up to this point has been focused on using 3wt% VC. So far, the critical
findings were that a mixed (V,W)Cx phase formed with the absence of free VC or free
WC especially towards the surface of the PCD. To continue with the investigation,
different concentrations of VC additions were studied, namely 1wt% (0.61vol%), 3wt%
(1.85vo0l%) and 5wt% (3.11vol%) VC (refer to Figure 2.37).

Visually, there appears to be not much difference in the microstructures appearing in
Figure 2.37. The standard PCD and the PCD containing 1wt% VC shows evidence of WC
precipitation at the binder — diamond interface, whereas WC seems absent in the PCD
containing 3wt% VC and 5wt% VC. This observation could be explained by the
assumption that the PCD containing 1wt% VC had insufficient VC to combine with the
WC to form the (V,W)Cx mixed carbide, hence the presence of residual WC near the
surface of the PCD.
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Figure 2.37: Microstructural comparisons: A (Std PCD), B (PCD containing 1wt%
VC), C (PCD containing 3wt% VC) and D (PCD containing 5wt% VC)

Image analysis data is shown in Figure 2.38. As the vanadium concentration in the PCD
increases, the diamond area decreases and the binder content increases. The diamond
area and binder content are interchangeable. A decrease in diamond area is expected to

reduce the abrasion resistance of the diamond compact, but this is not always the case.
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Figure 2.38: Image analysis results: A (Diamond Area), B (Binder Area), C
(Diamond Contiguity), D (WC phase area) and E (Binder pool size)

The diamond contiguity of the PCD containing VC seems more-or-less similar, although
significantly lower than the standard PCD. There seems to be no difference between the

various VC additions. The WC phase area shows a distinct trend between the standard

PCD and the PCD containing 3wt% and 5wt% VC, i.e. as the concentration of VC

increases, the amount of WC present in the PCD decreases. However, the PCD
containing 1wt% VC does not seem to follow this trend.
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Figure 2.38E shows an interesting graph of binder pool size as a function of VC
concentration. It seems that as the VC concentration in the PCD increases, the binder
pool size also increases but is however not significantly different to the standard PCD.
The increase in binder pool size is expected and can possibly be attributed to the
precipitation of larger (V,W)Cx particles in the binder pool (i.e. nucleation and growth of
the (V,W)Cx particles as the concentration increases). The x-ray images of the PCD
containing VC are shown in Figure 2.39. All the images appear to be similar, i.e. no

evidence of plumes or cracks present in the PCD.
A B

C D
Figure 2.39: X-ray images: A (standard PCD), B (PCD containing 1wt% VC), C (PCD
containing 3wt% VC) and D (PCD containing 5wt% VC)
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XRD analysis of the PCD containing VC is shown in Figure 2.40. In the PCD containing
1wt% VC, clear peaks showing the presence of WC are observed. This agrees with the

observation made in Figure 2.37B that the microstructure shows the appearance of WC

precipitates in the binder pool.
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Figure 2.40: XRD Patterns for PCD containing vanadium carbide: A (PCD
containing 1wt% VC), B (PCD containing 3wt% VC) and C (PCD containing 5wt%
VC)

In the PCD containing 3wt% VC, we have seen the formation of a C4V3,Wog mixed
carbide (according to the ICSD database), however in the PCD containing 1wt% VC, we
observe the presence of a different phase, namely C,V,W; (according to the ICSD
database). Since the C,V4W, phase and the C4V3,;Wygs phase have similar diffraction
peaks, they seem to differ mainly in their respective unit cell size. The lattice parameter
for the C4V32Wog and C,V4{W; phases were found to be 4.1980A and 4.2260A
respectively. The C,V{W, phase contains less vanadium as compared to tungsten and
the ratio of vanadium to tungsten is 1:1. This implies that a reduced amount of vanadium
is present in the PCD to combine with the residual tungsten, and hence the appearance
of free tungsten carbide in the binder pools. In addition, there is more tungsten dissolved
in the cobalt in the 1wt% VC sample as evidenced by the formation of the Coo.g7Wo.13
phase, and the absence of the Cog 793V0.207 phase. Contrary to the 1wt% VC sample, the
5wt% VC sample exhibits the same phase formation as the 3wt% VC sample.

Rietveld analysis was carried out on the PCD containing 3wt% VC (results shown in

Table 2.12). It is clear from the Rietveld analysis that the 1wt% enhanced PCD sample
contains a higher concentration of WC than the 3wt% VC enhanced PCD or the 5wt% VC
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enhanced PCD. Furthermore, the amount of the carbide phase increases as the

concentration of the VC additive increases.

Table 2.12: Rietveld Analysis of PCD containing various VC concentrations

Phase 1wt% VC in PCD 3wt% VC in PCD 5wt% VC in PCD
C4V32Wos - 5 6
CoVW@ 4 - -
WC <1 <1
Diamond 88 90 89
Coo.87Wo.13 7 - _
C00.793V0.207 - 5 5

a CoVW and C4V;3,Wo g are essentially the same phase but with different cell sizes
p Distinction between Cogg7Wg 13 and Cog.793V0.207 are tenuous at best, and could be the

same phase

2.4.4 Behaviour Testing

Thus far, the microstructure and phase composition of the PCD containing VC has been
established. The question remains as to the performance of the material. It is assumed
that since the VC displaces some of the binder in the PCD, the resultant PCD would
possess a higher thermal stability and abrasion resistance. Thermal stability is an
extremely important factor in assessing the performance of a cutter. Generally, the binder
is used as a sintering aid for the transformation of carbon into diamond at elevated
pressures and temperatures. In the absence of high pressures, especially during the
drilling application where elevated temperatures are reached, the cobalt in the PCD can
graphitise the meta-stable diamond back to its stable form, i.e. graphite. This then
‘softens’ the PCD and results in early failure of the tool. Since VC doping of the PCD
table results in a decreased amount of cobalt binder, the PCD is thought to be more

thermally stable.
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To investigate the thermal stability of the PCD, a milling test was performed on the
material. Essentially, the PCD sample is clamped onto a fixture and the sample is then
exposed to a block of sandstone. The cutting action is such that the cutter is exposed to
the rock for half the revolution and exposed to air during the second half of the revolution.
This is depicted in the schematic shown in Figure 2.41. This type of cutting action is
termed interrupted cutting. During the rotation of the cutter, the cutters move along the
rock as it cuts (schematic shown in Figure 2.42). The debris emerging from the cutting

action is removed by water, which is also used to cool the cutter as it cuts along the rock.

Tool holder

Direction of PCD
cutting

tation of
cutter

Figure 2.41: Schematic of milling test

‘M

Figure 2.42: Schematic of PCD cutter removing rock material as it cuts across the

rock

Figure 2.43 shows the result of the Sandstone Milling test. Essentially, the longer the
length of the cut before the tool fails, the better the performance of the cutter. On the
graph, the blue colour shows the minimum cutting length, the red colour shows the
average cutting length and the yellow colour displays the maximum cutting length of the

cutter. Two cutters were tested in total. On comparison of the performance of these two
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cutters, it is seen that the PCD containing VC performs approximately 40% better than
the standard PCD. As mentioned, the milling test is more of a measure of the thermal
stability of the cutter and does to an extent measure the abrasion resistance of the cutter

as well.

Sandstone Milling Test

3wt% VC PCD

Std PCD

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Length of cut (mm)

Figure 2.43: Sandstone Milling Test

A more defined test for abrasion resistance is the Paarl Granite Turning test (refer to
Figure 2.44 for the schematic of the test, and Figure 2.45 for the equipment used for the
test). In this test, the edge of the PCD is exposed to the rotating Paarl granite rock until a
wear scar develops on the edge of the cutter surface. The wear scar length is measured
to determine the abrasion resistance of the cutter. This test is performed dry, i.e. there is

no coolant flowing over the cutter to reduce the temperature.
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Figure 2.44: Schematic of the Paarl Granite Turning Test

Figure 2.45: Equipment used for Paarl Granite Turning Test

Figure 2.46 shows the Paarl Granite test results of the standard PCD and the PCD
containing VC. Both the standard PCD and the PCD containing VC were exposed to the
Paarl granite bar for three minutes. It is clear that the VC doped PCD has a significantly
better abrasion resistance, i.e. the lower the wear scar length, the better the abrasion

resistance of the cutter.
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Figure 2.46: Paarl Granite test results of the standard PCD and the PCD containing
vC

In order to fully assess the wear behaviour of the standard PCD and the PCD containing
VC, the PCD was exposed to a Paarl Granite Turning test for a period of 45 min. The test
was carried out dry, i.e. no coolant water was used to cool the surface of the PCD during
cutting. Figure 2.47 shows the optical image of the wear scar after 45 min exposure to
PGT testing. The wear scar of the standard PCD has a much larger area (i.e. area = 10.9
mm?) as compared the wear scar of the PCD containing 5wt% VC (area = 2.73 mm?).
Furthermore, the wear scar of the PCD containing VC seems smooth whereas the wear

scar of the standard PCD seems rough. The standard PCD shows a woody wear with
PCD spalling on the surface of the cutter.
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Figure 2.47: Optical images of the wear scar after 45 min exposure to PGT testing:
(A) Standard PCD, (B) PCD containing 5wt% VC

A closer examination of the wear scar was performed using the SEM (refer to Figure
2.48). The secondary electron image provides more information on the topography of the
PCD. Table 2.13 shows the elemental composition of the wear scar area. Area (a) shows
the granite rock residue on the surface of the PCD with the components of the rock
typically being SiO,. Area (b) shows the exposed diamond and area (c) shows the top
surface of the PCD. Both area (b) and area (c) contains smaller quantities of SiO; residue
from the rock.

AccY Spot Magn Det WD b——— 1mm AccY Spot Magn Det wD b———— 1mm
. 120kV 40 384x CL 116 AB15164] TRISTAR STD 12.0kV 40 34x SE 119 AR151641 TRISTAR STD

R T

A B
Figure 2.48: SEM images of the Standard PCD after 45min exposure to PGT testing:

(A) Backscatter image of the wear scar, (B) Secondary image of the wear scar
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Table 2.13: EDS analysis of the wear scar area for the standard PCD, elements in

wt%

Area C O, Fe Na Al Si K Ca Co
18.56 40.13  4.36 2.31 6.12 2483 259 1.11 -
79.95 11.71 - - 055 218 - - 5.60
c 82.25 9.06 - - - 1.19 - - 7.50

Figure 2.49 shows the SEM images of the PCD containing 5wt% VC after 45 min
exposure to PGT testing. The images are similar to the standard PCD in terms of the
SiO; deposit on the surface of the wear scar. Table 2.14 shows the EDS analysis results.
Based on the extent of SiO; pick up from the granite rock, it is very difficult to assess the
oxidation of the cutter and draw a comparison between the standard PCD and the PCD

containing 5wt% VC to determine which cutter is more oxidation resistant.

The SEM images of the top surface of the wear scar are shown in Figure 2.50. The

numerous SiO; deposits can be clearly seen.

AccV SpotMagn Det WD b———— 1mm
120kV 4.0 34x CL 12.0 AR151641 TRISTAR bwi¥ VC

AccV SpotMagn Det WD b———— 1mm
12.0kV 4.0 34x SE 12.0 AR151641 TRISTAR bwi¥ VC ”
|

Figure 2.49: SEM images of the PCD containing 5wt% VC after 45 min exposure to
PGT testing: (A) Backscatter image of the wear scar, (B) Secondary image of the

wear scar
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Table 2.14: EDS analysis of the wear scar area of the PCD containing 5wt% VC,

elements in wt%

Area C (0} Mg Na Al Si K Ca Co
14.10 43.74 1.40 3.22 7.70 23.69 4.71 - 1.45

7492 18.13 - - 0.46  6.49 - - -

c 4042 38.75 - 2.21 3.73 12.58 2.21 - -

- Gt e ¢
§y"ccV SpotMagn  Det WD F—— 10mm | AccY SpotMagn Det WD 1 10um
P®A'120kv 40 2000x  CL_11.7 AR151641 TRISTARSTD 120kv 40 2000x CL 119 AR151641 TRISTAR 5wi% VC

A B
Figure 2.50: SEM images of the top surface of the wear scar: (A) Standard PCD, (B)
PCD containing 5wt% VC

XRD analysis was performed on both the standard PCD and the PCD containing 5wt%
VC after 45 min exposure to PGT testing. Figure 2.51 shows the overlay of the two
samples, where the red graph depicts the standard PCD and the blue graph shows the
PCD containing 5wt% VC. XRD analysis could not detect the presence of SiO; on the
surface of the PCD. This is most likely due to the SiO, preferentially being deposited on
the surface of the wear scar rather than on the top surface of the PCD. No oxides could

be detected in either of the XRD patterns.
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Figure 2.51: Overlay of the XRD patterns for the Standard PCD and PCD containing
5wt% VC after exposure to 45 min wear testing (phases taken from the ICSD

database)

As expected, the standard PCD seems to graphitise more readily than the PCD
containing 5wt% VC (refer to Figure 2.52). The red graph represents the standard PCD
and the blue graph shows the PCD containing 5wt% VC. Table 2.15 shows the graphite
peak area and the graphite peak height for both of the samples tested. According to the
XRD patterns, the PCD containing 5wt% VC seems to be approximately 90% more
resistant to graphitisation as compared to the standard PCD. The calculation was based
on the graphite peak area in both of the XRD patterns.
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Figure 2.52: Overlay of the XRD patterns showing graphitisation of the Standard

PCD and PCD containing 5wt% VC after exposure to 45min wear testing

Table 2.15: Measure of graphitisation from the XRD patterns for the Standard PCD

and PCD containing 5wt% VC after exposure to 45 min wear testing

Sample Graphite Peak Height (cts) Graphite Peak Area (cts)
Standard PCD 1627.448 187.9854
PCD containing 5wt% VC 600.6689 99.1184

The PGT test focuses on testing the abrasion resistance of a cutter whereas the Milling
Test focuses on assessing the thermal stability of the cutter. The vertical borer (VB) test
is a combination of the PGT test and the sandstone milling test. In addition, the VB test
also assesses the impact resistance of the cutter. Figure 2.53 shows the schematic of the
VB test. The hexagonal shaped granite rock rotates clockwise whilst the PCD cutter
moves from the edge of the rock towards the centre of the rock. The cutting distance of
the rock as a function of the wear scar generated on the PCD edge is measured.
Essentially, the performance of the cutter is measured on the cutting distance as a
function of the wear scar area. The cutting distance is determined by measuring the

distance the cutter repeatedly travels from the edge of the rock to the centre. It is
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preferable that the cutting distance is maximised whilst maintaining a small wear scar
area. The end point of the test is usually determined by the failing of the PCD cutter by
spalling, or by a pre-determined cutting distance (i.e. the test is stopped at a given cutting

distance and samples are compared to each other).

Tool holder

Rotation of
Rock

Figure 2.53: Schematic of the VB test
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Figure 2.54: VB comparison between the standard PCD and PCD containing 3wt%
VvC

Figure 2.54 shows the VB comparison between the standard PCD and the PCD
containing 3wt% VC. In this test, the durability of the tool (i.e. length of cut) seems similar

for both the standard PCD and the PCD containing VC. However, the abrasion resistance
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of the PCD containing VC is much better that the standard PCD. Abrasion resistance is
assessed by measuring the wear scar length as a function of the cutting distance, i.e. the
smaller the wear scar, the more abrasion resistant the cutter. An increase in the abrasion
resistance of the PCD infers a more powerful cutting action and a more effective tool.
Overall, the performance of the PCD containing VC seems superior to the standard PCD.
Figure 2.55 shows the wear scar area of the standard PCD and the VC enhanced PCD
post VB testing. The wear scar on the standard PCD is rough, with the presence of PCD
chipping and spalling on the surface of the PCD. The wear scar on the VC enhanced
PCD shows a smooth worn cutter with the absence of chipping or spalling. Ideally, a PCD

insert showing this type of wear behaviour would be more durable during tool use.

(a) (b)
Figure 2.55: Image of the wear scar: (a) Standard PCD, (b) VC enhanced PCD

2.5 Discussion

Vanadium carbide is widely used in the tungsten carbide industry to improve the
properties of the tool by controlling the grain growth of the WC particles. It was assumed
that the addition of VC to PCD would result in similar benefits in terms of improving the
properties of the PCD. When comparing hardness values of the various constituents (i.e.
VC = 2900 kg/mm?, WC = 2100 kg/mm?, Co = 1043 kg/mm?), the PCD was expected to
contain particles within it having a higher hardness value.
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In general, PCD is manufactured by allowing the cobalt to infiltrate the PCD from the
substrate. The reason for this is to enhance crushing of the diamond particles during cold
compaction prior to hot compaction and plastic deformation. The admixing of cobalt
particles into the diamond matrix reduces the extent of diamond-diamond crushing and
hence compromises densification. For this reason, the infiltration of VC into the PCD from
a VC powder layer was thought to be beneficial. Unfortunately, this was not possible due

to the VC layer acting as a barrier against cobalt infiltration.

The observed barrier phenomenon is best explained by the low solubility of VC in Co
(temperature = 1400°C/800°C, solubility = 1.5%/1%). Furthermore, the vanadium carbide
reacted with the WC from the diamond powder mix to form a mixed (V,W)Cx carbide, and
this newly formed phase hindered any further infiltration of the cobalt from the substrate

into the PCD. As a result, the sintered PCD contained less cobalt and tungsten.

In order to try to salvage the idea of infiltrating a vanadium source into the diamond layer,
a layer of vanadium powder was also used as an infiltration source. Regrettably, this

experiment did not work, although the PCD contained the standard amount of cobalt.

One of the major issues highlighted concerning the degradation of PCD is the
graphitisation of the compact during the brazing of the drill bit into the drill pocket, and
during tool use. Since it was shown that VC seems to be a good barrier for cobalt
infiltration, it is likely that the presence of VC would also reduce the extent of
graphitisation within the PCD. This will be investigated in a subsequent chapter in the

thesis.

Another important aspect is the deposition of the mixed carbide in the PCD compact. It is
thought that if the mixed carbide deposits along the diamond-binder interface (refer to
Figure 2.56), it will protect the diamond against extensive graphitisation by acting as a
barrier between the diamond and the cobalt binder. It is known that cobalt could easily

graphitise the diamond at elevated temperatures and ambient pressures.
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diamond

Dispersed carbide)particles

Figure 2.56: Schematic of carbide particles deposited at the diamond-binder

interface

According to the TEM images shown in Figure 2.31 and Figure 2.32, the mixed carbide
has a tendency to deposit at the diamond-binder interface, and in so doing is expected to

partially hinder graphitisation.

Figure 2.57 shows the V:W ratio in the mixed carbide as analysed on the TEM, SEM and
the XRD. According to the ICSD XRD database, the approximate or probable formula for
the mixed carbide appears to be C4V3,Wyps. Vanadium and tungsten form a solid solution
with a range of concentrations. Using the TEM, the formula for the mixed carbide was
found to be C4V1.8Wo.90. The TEM shows the tungsten content in the mixed carbide to be
slightly higher than the XRD. There is a scatter of results for both the SEM and the TEM
due to the EDS analysis being done on a slightly wider area which comprises the mixed
carbide particles, diamond and the cobalt binder. If the emitted x-rays were focused
solely on the mixed carbide particle, then the formula for the mixed carbide could be more

accurately determined.
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Figure 2.57: Ratio of V:W in the mixed carbide - measured using EDS analysis

Figure 2.58 shows the V-W-C ternary phase diagram. For the addition of 3wt% VC to the
PCD, two phases form, namely (V,W)Cx solid solution and carbon. Both the EDS data for
the TEM and SEM were plotted on the phase diagram. The TEM data showed a narrow
range, whereas the SEM data showed an expected wider range. The EDS data obtained
for both the TEM and SEM agrees with the XRD phases observed as evidenced by their
location on the phase diagram. For the addition of 1wt% VC to the PCD, a three phase
solution forms, namely C,VW (phase taken from the ICSD database), WC and carbon.

There is agreement with the phase diagram, when the proposed C,VW phase is plotted

onto the phase diagram.

93




M Analysis of C % &
(V,W)Cx
80
- . 40

'SEM Andlysis of

“Y/ vwex

(C)gra

C 10 20 ko) 40 o Z;;o W “".,‘: 70 80 =0 W
Figure 2.58: V-W-C ternary phase diagram [89] showing the formation of the
(V,W)Cx mixed carbide

One of the hypothesis mentioned previously stated that the substitution of vanadium
atoms into the cobalt lattice is expected to distort the crystal lattice of the fcc structure of
cobalt, thereby stabilising the structure and hindering it from transforming back to the hcp
structure. The cobalt peak shift for the standard PCD, 3wt% VC enhanced PCD and
5wt% VC enhanced PCD are shown in Figure 2.59. In addition, the peak positions are
outlined in Table 2.16. The standard PCD shows a greater peak shift for the cobalt peak
when compared to the reference cobalt peak position. This effect lessens as the amount
of VC addition to the PCD increases.

The result can best be explained by taking the atomic radius of tungsten (i.e. 139 pm)
and vanadium (i.e. 134 pm) into consideration. The tungsten atom is slightly larger and is
therefore able to distort the cobalt lattice to a greater extent. It would seem that as the VC
concentration increases, the distortion of the cobalt peak lessens. The atomic
concentration of tungsten in the proposed Cogg/Wo.13 phase is 13%, whilst the

concentration of vanadium in the proposed Cog 793V0.207 phase is 21%. This could imply
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that the substitution of the tungsten atom into the cobalt crystal lattice is more effective in
stabilising the fcc phase of cobalt than the substitution of the vanadium atom. However,
the observed peak shift could also possibly be explained by the differences in
composition. Nevertheless, the addition of VC to PCD seems to maintain the cubic

structure of cobalt according to the XRD traces.
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Figure 2.59: Cobalt peak shift

Table 2.16: Peak positions for shift of cobalt (200) peak

Sample Phase Peak position (°20)
Cobalt reference peak Co 60.28
Standard PCD Cops7Wo.13 59.92
3wt% VC in PCD CosV 60.06
5wt% VC in PCD CozV 60.20

The milling test shows the VC enhanced PCD to be thermally stable, the PGT tests show
an increase in the abrasion resistance of the VC enhanced PCD, and the VB test shows
an increase in the overall performance of the VC enhanced PCD. The question remains
as to the reasons for the improvement in the behaviour of the PCD when it is doped with

VC. To help explain the phenomena observed, it is pertinent to take into consideration the
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structure of the VC enhanced PCD and its associated behaviour. In the standard PCD,
WC precipitates in the binder pool more so near the interface of the PCD and less at the

surface of the PCD. PCD doped with VC contains a mixed carbide that precipitates
mostly in the binder pools.

The addition of VC to carbon steels was found to increase the hardness of the tool (refer
to Figure 2.60) [90]. Similarly, the addition of VC to WC-Co also improved the hardness of

the tool. It was therefore expected that the addition of VC to PCD would increase the
hardness of the tool as well.
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Figure 2.60: Graph illustrating the addition of VC to carbon steel and the effect on

the overall hardness of the tool

Table 2.17 shows hardness values for the various components found in the PCD. The
presence of both WC and VC within the PCD has the potential to harden the binder pool.
However, there is a fine balance between having an ultra-hard brittle material and a soft
ductile material. A brittle material generally has a tendency to chip and spall on impact,

whereas a ductile material possesses higher toughness but would lack the wear
resistance required.
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Table 2.17: Hardness measurements of PCD components [91] [92]

Element / Compound Vickers Hardness (HV) MN n™
Cobalt 1043
Tungsten Carbide 2400
Vanadium Carbide 2800

Lay et al. found that thin layers of mixed carbide precipitated at the Co/WC interface [93]
and Christensen et al. observed that vanadium segregated at the carbon rich boundaries
and increased the grain boundary strength [94]. It is therefore highly possible that the VC
addition to PCD strengthens the grain boundaries which is enabled by the segregation of
the (V,W)Cx mixed carbide at the Co/diamond interface. The PCD compact is also
stabilised and strengthened by the precipitation hardening of the binder phase by the
deposition of the (V,W)Cx mixed carbide phase.

Using ab initio total energy calculations, Sun et al showed that the incorporation of
tungsten into the cubic VC structure increases both the bulk modulus and the shear
modulus [95]. They suggested that the presence of tungsten in the VC may slightly

increase the hardness of the cubic VC phase.

2.6 Conclusion

The addition of VC to PCD showed the powder mix to be homogenous with an even
distribution of vanadium carbide, tungsten carbide and cobalt particles in the diamond
matrix. Infiltration of a VC layer (positioned at the interface between the WC substrate
and the diamond powder) into the PCD was unsuccessful due to the VC acting as a
barrier to the infiltrating cobalt. The VC was therefore admixed with the diamond particles.
The VC enhanced PCD showed no significant quantity of WC in the PCD microstructure.
This implies that most the residual WC which was both admixed prior to sintering and
swept up into the PCD from the substrate during sintering combined with the cubic VC to
form a cubic mixed carbide phase with the formula (V,W)Cx. The mixed carbide was

found to be rich in carbon and vanadium.

97



X-ray tomographic analysis showed the PCD to be well sintered with no anomalies or
cracks present in the PCD. TEM analysis revealed that the (V,W)Cx phase deposited at
the diamond-binder interface. Molar volume calculations yielded no increase in volume
with the formation of the mixed carbide, hence there was no need for concern regarding

the expansion within the PCD table on formation of the (V,W)Cx phase.

XRF analysis indicated a homogeneous distribution of the VC on the surface of the PCD.
Sometimes, owing to the temperature gradient within a capsule during sintering,
infiltration of the cobalt from the substrate may occur more rapidly on one edge as
compared to the other. Usually the cobalt has dissolved tungsten and/or vanadium in it

and this could result in the uneven distribution of the additive on the surface of the PCD.

XRD analysis showed no residual tungsten carbide present in the VC enhanced PCD
with VC addition levels of 3wt% (1.85vol%). Other additive levels were also investigated,
viz. 1wt% (0.61vol%) VC and 5wt% (3.11vol%) VC. For the 1wt% VC enhanced PCD, the
mixed carbide had the formula C,VW with a stoichiometric 1:1 ratio V:W according to the
ICSD XRD database. The XRD pattern of this sample showed residual WC present in the
PCD with no vanadium dissolved in the cobalt binder. The 5wt% VC enhanced PCD
seemed to have the similar microstructure and XRD pattern as compared to the 3wt% VC
enhanced PCD.

Mechanical testing proved that the VC enhanced PCD possesses improved behaviour
properties. The sandstone milling test revealed the VC enhanced PCD to be more
thermally stable with approximately 40% improvement, whilst both the PGT and VB tests
showed the PCD to be more wear resistant. The reason for the superior performance of
the VC enhanced PCD was explained by the precipitation hardening of the (V,W)Cx
phase within the PCD and the segregation of the (V,W)Cx towards the Co/diamond

interface.
Thus far, results show that the VC enhanced PCD shows potential as a new developed
product for oil and gas drilling in order to increase the lifespan of the tool. To this effect, a

patent was filed by Kaveshini Naidoo et al. with the publication number:
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US2010285335A1 that described the performance improvement of the VC enhanced
PCD [96].

2.7 Recommendations

In this study it was found that using 1wt% VC as a dopant produced residual WC in the
PCD. It is therefore recommended to determine the performance of the PCD doped with
different quantities of VC in order to establish what the optimum VC dopant concentration
regime is. In addition, it would be interesting to determine the optimum VC concentration

to be added to PCD to provide a microstructure that is free of any residual WC.
A few mechanisms that could be responsible for the improved performance of the VC

doped PCD were highlighted in this study, but this requires further investigation to be fully

substantiated.
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CHAPTER THREE
HEAT TREATMENT OF THE PCD

3.1 Background

The most common use of PCD is in machining and drilling applications [97] [2]. During
these applications, especially drilling, the PCD is exposed to very high temperatures.
Generally, during the manufacture of PCD, cobalt is used as a sintering aid which
enables the conversion of graphite into diamond at elevated temperatures and pressures
[98]. Diamond is known to be meta-stable at ambient pressures and temperatures.
However, during tool operation at elevated temperatures, the cobalt is able to reverse
catalyse the conversion of diamond into graphite since ambient pressures are present.
Even prior to tool use, the PCD is usually brazed onto the drill bit using an oxy-acetylene
flame and the possibility of PCD degradation is extremely high [3], and is found to be

more evident in PCD containing finer diamond grains.

The formation of graphite leads to a 55% molar volume increase and this could lead to the
cracking of the PCD table [99]. A typical microstructural crack in PCD was previously
shown in Figure 1.19. Microstructural cracking could have various causes, for example if
the coefficient of thermal mismatch between the diamond and the binder is high, it could
cause the diamond table to form micro cracks which could lead to tool failure especially
when the tool is exposed to the harsh drilling or cutting conditions. This effect is usually
exacerbated by exposure to elevated temperatures where the cobalt (having a CTE value
of 13x10° m.m™ k™, [100]) expands more rapidly than the diamond (which has a CTE
value of 1x10® m.m™ k™, [101]). The other cause could be a molar volume increase as a

result of graphitisation of the diamond or oxidation of the binder [36] [102].

Huang et al. investigated the interaction between VC and WC carbides [103]. Pure VC and
WC carbides were hot pressed at 1950 °C and 2050 °C for 90 min under a pressure of 30
MPa, using a graphite die. They observed that the (V,W)Cx phase formed at a faster rate
when cobalt was present, and this was probably due to the dissolution of tungsten and

carbon into cobalt and precipitation onto the VC grains.
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In this study, the focus was on the effect of heat treatment on the stability of the carbide

phase in the PCD. In addition, the extent of graphitisation was also investigated.

3.2 Experiments

3.2.1 Terminated Press Runs

It has been mentioned in previous chapters that the mixed carbide has the formula
(V,W)Cx, but the formation temperature or the time taken for the formation was not known.
An experiment was hence structured to investigate this phenomenon. Keeping the
pressure and sintering temperature constant, two experiments were carried out, viz. 50%
reduction in the original sintering time and 10% reduction in the original sintering time. The
sintering pressure and temperature remained at 6.8 GPa and 1400 °C respectively. A
diamond powder mix comprising 3wt% (1.85vol%) VC powder was used for the
experiments. These experiments were aimed at investigating the kinetics of the reaction. In
general, it is very difficult to modify the sintering pressure or temperature of the reaction
and this is mainly due to the existence of a small sintering window for PCD formation. The

belt press was used to carry out these experiments.

3.2.2 Heat treatment of the VC and diamond powder mix

A diamond powder mix comprising 3wt% (1.85vol%) VC powder was heated treated in a
tube furnace at three different temperatures (i.e. 1200 °C, 1300 °C and 1400 °C) under a
flowing stream of nitrogen gas for 3hrs. Figure 3.1 shows a schematic of the experimental

setup.
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Figure 3.1: Heat treatment of diamond powder in a tube furnace

The powder samples were allowed to cool under a constant stream of nitrogen gas prior to
removal in order to reduce the extent of oxidation. After removal of the powder from the
tube furnace, the samples were analysed using a Panalytical X’Pert Pro XRD and a JSM
7500 Jeol SEM.

3.2.3 Hot Stage XRD Analysis

Hot stage XRD analysis was carried out on a standard PCD to determine the onset of
graphitization, and to observe any phase changes that may occur. The VC enhanced PCD
was also subjected to hot stage XRD to determine the stability of the mixed carbide phase,
the onset of graphitization and the stability of the binder phase. The XRD was run from
room temperature to a temperature of 1100 °C, with the angle ranging from 0°26 to 80°26.
The experiment was carried out under vacuum, at a pressure of 10 - 10 mbar, using the

settings outlined in Table 3.1.

Table 3.1: Hot Stage XRD parameters

Parameter Setting Parameter Setting

Start Position [°20] 20.0237 PSD Mode Scanning
End Position [°20]  79.9517 Spinning No

Step Size [°26] 0.0330 Divergence Slit Type  Automatic
Scan Step Time [s] 29.8450 Anode Material Co

Scan Type Continuous Generator Settings 40 mA, 40 kV
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The PCD had to be electro discharge machined from a height of 12 mm to a height of 5
mm in order to fit into the tool holder. The diameter of the PCD remained the same, i.e. 16

mm.

3.3 Results
3.3.1 Terminated Press Runs

3.3.1.1  Sintering time reduced to 10% of original sintering time

Figure 3.2 shows the SEM microstructure of the 3wt% VC enhanced PCD sintered at
10% of the original sintering time. The interface microstructure looks unreacted indicating
that insufficient time was allowed for the cobalt to infiltrate from the substrate into the
PCD table. The WC particles at the interface look intact, i.e. there is no acicularity of the
WC particles at the interface which is normally an indication of an acceptable sintered
PCD structure. Furthermore, there is no cobalt pooling at the interface and the diamond
particles are not inter-grown. There appears to be a parallel crack running along the
interface which indicates that the PCD has delaminated from the substrate, which is

another indication of insufficient bonding of the PCD to the WC substrate.
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Figure 3.2: SEM microstructure of the VC enhanced PCD sintered at 10% of the

original sintering time

The microstructure of the bulk PCD shows the individual diamond grains crushed

together with no diamond-diamond bonding. The behavior properties of this type of
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microstructure are expected to be poor since the PCD compact has no continuous

diamond network and hence no structural strength.
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Figure 3.3: EDS analysis of the binder pool

Figure 3.3 shows the EDS analysis of the binder pool. Non sintered diamond particles are
clearly visible in the binder pools. The binder pool comprises a mixture of cobalt,
tungsten, silicon, carbon and oxygen. The presence of vanadium could not be detected in
the binder pool. During the polishing of the PCD compact, there was diamond pull out
since there was no diamond-diamond bonding to hold the particles together. The hole left
behind was filled with the silica residue which is normally used to polish the surface of the
PCD for microstructural analysis. The observed microstructure shows that the dwell time
was insufficient to attain adequate diamond inter-growth. XRD analysis could not be

carried out on the sample due to the extensive amount of cracks present in the sample.

3.3.1.2  Sintering time reduced to 50% of the original sintering time

Figure 3.4 shows the SEM microstructure of the 3wt% VC enhanced PCD sintered at
50% of the original sintering time. The interface between the diamond table and the
substrate again seems unreacted which indicates inadequate sintering. In addition, there
are large individual diamond particles present at the interface with no evidence of cracks
present. Exposing the diamond powder mix to a longer sintering time would allow for a
more effective bonding of the PCD table with the substrate. The bulk microstructure
shows that the PCD is evidently not sintered. Larger diamond grains are surrounded by

smaller grains, and there is a lack of diamond inter-growth between the particles. Another
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indication of inadequate sintering is that the binder pools contain undissolved diamond

particles.
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Figure 3.4: SEM microstructure of the 3wt% VC enhanced PCD sintered at 50% of

the original sintering time

Located within the PCD structure is the deposition of large carbide particles. Figure 3.5
shows the EDS analysis of the carbide particle. According to this analysis, the carbide
particle comprises both vanadium and tungsten. It would therefore seem that at a dwell
time of 50% of the original sintering time, the condition for the formation of the mixed
carbide is energetically favourable. The mixed carbide was not observed in the PCD
compact that was sintering at 10% of the original sintering time. Although there was no
evidence of cracks at the PCD interface, the bulk PCD still contained both trans-granular
and inter-granular cracks (refer to Figure 3.6). Due to the significant amount of cracking

of the PCD, the units could not be processed for XRD analysis.
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Figure 3.5: EDS analysis of a carbide particle
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Figure 3.6: PCD bulk showing presence of cracks

3.3.2 Heat treatment of the VC and diamond powder mix

So far the terminated sintering experiments showed the definite presence of the mixed
carbide phase when the PCD was sintered at 50% of the original sintering time. It seems
that the formation of the mixed carbide phase may be a function of the kinetics of the
reaction. The question remains as to the thermodynamics of the formation of the mixed

carbide phase, i.e. the temperature of formation.
Figure 3.7 shows the powder mixture of 3wt% VC, 6wt% WC and diamond particles
containing 1wt% Co at room temperature. The individual components of the powder mix

were combined in a milling pot and milled for 1hr using WC balls as the milling media.
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The powder mix seemed homogeneous with the presence of tungsten carbide, cobalt,

vanadium carbide and diamond clearly visible.
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Figure 3.7: SEM microstructure of the powder mixture containing VC, WC, Co and

diamond at room temperature

The powder mixture comprising VC, WC, Co and diamond particles was then subjected to
a temperature of 1200 °C in a tube furnace for 3hrs under a constant flow of nitrogen gas
(refer to Figure 3.8). The VC particles seem to have combined with the residual WC
particles to form a (V,W)Cx mixed carbide. The other components of the mix appears quite
separate, i.e. no evidence of solid state sintering at this temperature. Figure 3.9 shows the
XRD pattern of the powder. At 43.32°20 and 43.74°20 there appears two peaks which
belong to the (V,W)Cx phase and C;Vg phase respectively. These peaks again appear at
50.55°260 and 50.90°20. The peaks seem to have equal heights. Other phases present in
the PCD are WC and carbon. Although cobalt was added to the powder mix, it could not be
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detected using XRD and this is probably owing to cobalt concentration being below the

detection limit of the XRD.
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Figure 3.8: SEM microstructure of the powder mixture containing VC, WC, Co and

diamond post heat treatment at 1200 °C
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Figure 3.9: XRD pattern of the powder mixture containing VC, W, Co and diamond
post heat treatment at 1200 °C

Figure 3.10 shows the SEM microstructure of the powder mixture containing VC, WC, Co
and diamond post heat treatment at 1300 °C. Some of the particles seem to be
interconnected which quite possibly indicates the initiation of solid state sintering. Again the
(V,W)Cx particle is present. XRD analysis shows the presence of WC, diamond, C4V32Wys
and C;Vg (refer to Figure 3.11). The C4V32Wos and C;Vg peaks appear at 43.31°26 and
43.74°20 respectively, with the peak height of the C4V3,Wos phase being higher than the
peak height of the C;Vg phase. These twin peaks again appear at 50.45°260 and 50.92°26.
The pattern for the powder mix subjected to a temperature of 1300 °C differs from the
sample obtained at 1200 °C by the appearance of an additional peak representing the C;Vg

phase occuring at 52.60°260.
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Figure 3.10: SEM microstructure of the powder mixture containing VC, WC, Co and

diamond post heat treatment at 1300 °C
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Figure 3.11: XRD pattern of powder mixture containing VC, WC, Co and diamond
post heat treatment at 1300 °C

Figure 3.12 shows the SEM microstructure of the powder mixture containing VC, WC, Co
and diamond post heat treatment at 1400 °C. The particles seem to be interconnected
which is definitely an indication of the presence of solid state sintering. The
microstructure shows good homogeneity and distribution of the components. EDS
analysis shows the presence of a (V,W)Cx mixed carbide. Figure 3.13 shows the XRD
pattern of the powder mix. According to the ICSD XRD database, the phases present are
WC, diamond, C4V3,Wps and C7Vs. The peak height of the C4V3,Wo g phases appears
much higher than the peak height of the C;Vs phase.
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Figure 3.12: SEM microstructure of the powder mixture containing VC, WC, Co and
diamond post heat treatment at 1400 °C
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Figure 3.13: XRD pattern of powder mixture containing VC, WC, Co and diamond
post heat treatment at 1400 °C
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Figure 3.14 shows the XRD quantification of the powder mixture containing VC, WC, Co
and diamond performed using the Reference Intensity Ratio (RIR) method. It is evident
from the XRD quantification that the amount of (V,W)Cx present in the powder mix is
greater in the powder mix subjected to 1400 °C. This implies that at the higher
temperatures, the reaction between V;Cs and WC to form the (V,W)Cx phase is more

favourable.

(A)

(B)
Figure 3.14: XRD quantification of the powder mixture containing VC, WC, Co and
diamond: (A) Heat treated powder mixture at 1200 °C, (B) Heat treated powder
mixture at 1400 °C
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3.3.3 Hot stage XRD analysis of the standard PCD and PCD enhanced with 5wt% VC

3.3.3.1

Hot stage XRD is a very important tool especially in determining the high temperature
behaviour of a reaction. Figure 3.15 shows the XRD pattern of the standard PCD prior to
heat treatment. According to the ICSD XRD database, the phases present are WC,
Cop.87Wp.13 and diamond. Tungsten atoms are dissolved in the cobalt lattice and as
mentioned previously, the tungsten atoms enhance the phase stability of the cobalt

lattice. The XRD peak analysis of the Cog7Wy.13 phase shows that the phase has an fcc

structure.
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Figure 3.15: XRD pattern of the standard PCD at 25 °C
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Figure 3.16: XRD pattern of the standard PCD at 750 °C

Figure 3.16 shows the XRD pattern of the standard PCD at 750 °C. The typical phases
present are WC, Cops/Wo.13 and diamond. Interestingly, the peak that appeared at
51.54°26 in the room temperature sample which was a combination of Cogg7Wy.13 and
diamond, becomes de-convoluted at a temperature of 750 °C to form two individual peaks
appearing at 50.95°20 and 51.41°26. These peaks are identified as the Cogs7Wy.13 phase
and the diamond phase. The peak appearing at 90.26°260 is also de-convoluted into the two
individual peaks, i.e. the Cogg/Wo.13 phase and the diamond phase. The Cogg7Wo.13
remains in the fcc structure. Cobalt has a higher thermal expansion coefficient than
diamond and is therefore expected to expand much more than diamond, and hence display
a greater peak shift during heat treatment. The difference in the thermal expansion
between cobalt and diamond could possibly explain the observed de-convolution of the

peaks at higher temperatures.

The XRD pattern of the standard PCD at 800 °C is shown in Figure 3.17. The only

difference between this pattern and the pattern shown in Figure 3.16 is the distinctive

appearance of a diamond peak at 49.69°26.
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Figure 3.17: XRD pattern of the standard PCD at 800 °C

Figure 3.18 shows the XRD pattern of the standard PCD at 950 °C. Three additional
phases are present in the PCD namely graphite, W,C and CosW. The PCD subjected to

950 °C shows the clear presence of graphite with the primary peak appearing at 30.49°26.

An additional CosW phase appears in the pattern with this phase containing more tungsten

than the original Cog.g7Wy.13 phase.
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Figure 3.18: XRD pattern of the standard PCD at 950 °C
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The optical image of the standard PCD after heat treatment at 950 °C is shown in Figure
3.19. Cracks are present on the surface of the PCD. A closer look at the PCD surface
shows the presence of micro cracks. There also seems to be evidence of material on the
surface of the PCD which appears as though it might have seeped out from within the
PCD (refer to Figure 3.20). EDS analysis of the PCD surface is shown in Figure 3.21. The
EDS pattern shows that the material is predominantly cobalt combined with a small
quantity of tungsten. It would appear that at elevated temperatures, the cobalt present
within the PCD bleeds out from within the PCD and deposits on the surface of the PCD.
Since the CTE of diamond is 1x10°/C and the CTE of cobalt is 13x10°/C, one would
expect the cobalt to expand much quicker than the diamond. Due to this expansion as
well as the molar volume increase due to the conversion of diamond into graphite, micro
cracks could develop on both the surface of the PCD and within the PCD.

Figure 3.19: Optical image of the PCD after heat treatment at 950 °C
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Figure 3.20: SEM image of the surface of the standard PCD post heat treatment at
950 °C
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Figure 3.21: EDS analysis of the surface of the standard PCD post heat treatment at
950 °C

3.3.3.2 5wt% VC enhanced PCD

Hot stage XRD was used to assess the stability of the mixed carbide in order to
determine whether any phase change of the metal occurs on the application of heat and
to evaluate whether the VC enhanced PCD is more resistant to graphitisation. Figure
3.22 shows the XRD pattern of the VC enhanced PCD at room temperature. The phases
present are (V,W)Cx, Coo793Vo207 and diamond. Table 3.2 shows the XRD phases
present in the VC enhanced PCD and standard PCD as a function of temperature. For
the VC enhanced PCD, the phases within the PCD remain constant from room

temperature to 900 °C.
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Figure 3.22: XRD pattern of the 5wt% VC enhanced PCD at room temperature

At 950 °C, a small bump associated with the formation of graphite appears at 30.56°260
(refer to Figure 3.23). The XRD pattern taken at 1000 °C and 1100 °C are similar to the
pattern taken at 950°C (refer to Figure 3.24 and Figure 3.25). Figure 3.26 shows the XRD
pattern post heat treatment at 1100 °C. The peak associated with graphite seems more
pronounced and the binder phase seems to consist of a combination of cobalt and
vanadium. i.e. Co0g.793V0.207. The solubility of vanadium in cobalt at 1400 °C is
approximately 24at% and 20wt% (refer to the Co-V phase diagram in Figure 3.27). The
XRD patterns suggest that the onset of graphitization seems to begin at 800 °C for the
standard PCD and at 950 °C for the VC enhanced PCD. According to the observed XRD

patterns, the VC enhanced PCD seems to be more thermally stable than the standard

PCD.
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Table 3.2: XRD phases present in the 5wt% VC enhanced PCD and the standard
PCD during heat treatment (Appendix Two shows all the analysed XRD patterns)

Temperature

Phases Present (5wt% VC PCD)

Phases Present (Std PCD)

25°C

350°C
400°C
450°C
500°C
550°C
600°C
650°C
700°C
750°C
800°C
850°C
900°C
950°C

1000°C
1050°C
1100°C
25°C (post heat

treatment)

(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond
(V,W)Cx, CoV, diamond

(V,W)Cx, CoV, diamond, graphite

(V,W)Cx, CoV, diamond, graphite
(V,W)Cx, CoV, diamond, graphite
(V,W)Cx, CoV, diamond, graphite
(V,W)Cx, CoV, diamond, graphite

WC, CoW, diamond

WC, CoW, diamond

WC, CoW, diamond

WC, CoW, diamond

WC, CoW, diamond

WC, CoW, diamond

WC, CoW, CosW, diamond,
graphite

WC, CoW, Co3W, diamond,
graphite

(V,W)Cx represents C4V32Wys, CoV represents Cog 793Vo.207, COW represents Copg7Wo.13
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Figure 3.23: XRD pattern of the 5wt% VC enhanced PCD at 950 °C
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Figure 3.24: XRD pattern of the 5wt% VC enhanced PCD at 1000 °C
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Figure 3.25: XRD pattern of the 5wt% VC enhanced PCD at 1100 °C
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Figure 3.26: XRD pattern of the 5wt% VC enhanced PCD at 25 °C (post heat

treatment)
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Figure 3.27: Co-V Phase Diagram [104]

Figure 3.28 shows the SEM image and the EDS analysis of the VC enhanced PCD post
heat treatment. There are cracks present on the surface of the PCD, and a combination
of WC, Co and (V,W)Cx material appear on the PCD surface. Table 3.3 shows the EDS
analysis results of the various areas in the heat treated PCD. Area (a) shows a
combination of the elements present in the PCD. Area (b) indicates the atomic ratio of
V:W to be 77:23, which is more-or-less in agreement with the (V,W)Cx phase determined

using the XRD which according to the ICSD database was shown to have the formula of
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C4V32Wps and a calculated V:W ratio of 80:20. Similarly, area (c) is a mixed carbide
particle and has a V:W ratio of 76:24. It is difficult to calculate the stoichiometry of the
(V,W)Cx phase using EDS analysis due to the overwhelming presence of carbon from the

surrounding diamond particles.

It would appear that during the heat treatment of the PCD, the cobalt expanded and
seeped out of the PCD leading to extensive amount of cracking observed. The XRD trace
also showed the presence of graphite which most probably also initiated cracks due to

the molar volume increase from the conversion of diamond into graphite.
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Figure 3.28: SEM image of the VC enhanced PCD post heat treatment

Table 3.3: EDS Analysis of the various phases in the heat treated PCD, values in

atomic %

Area Carbon Oxygen Tungsten Vanadium Cobalt
90.49 418 0.58 1.68 3.08
78.27 10.81 1.65 5.58 3.7

c 79.68 8.92 2.01 6.30 3.10

3.4 Discussion

The terminated runs carried out showed incomplete sintering of the PCD diamond table
at both 10% of the original sintering time and at 50% of the original sintering time.
However, at 50% of the original sintering time, the (V,W)Cx mixed carbide was clearly
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visible. Due to the difficulties experienced in controlling the terminated sintering
experiments using the high pressure vehicle, it was decided to heat treat the Swt% VC -
diamond powder mix at three different temperatures to determine the formation

temperature of the mixed carbide, i.e. investigating the reaction at increased temperature.

XRD analysis of the VC-diamond powder showed the ratio of C4V32Wqs: C7Vs to increase
as a function of temperature, both the height of the respective peaks as well as the area
(refer to Figure 3.29). At 1200 °C, the peak heights for both the C4V3;,Wog and the C;Vs
phases appear similar. The height of the C4V32Wps peak gradually increases as the
temperature increases. The values for the peak height and peak area for the C4V32Wgs
and C;Vg phases are plotted in Figure 3.30. It was found that as the temperature
increased, the ratio of C4V35Wgos: C;Vs also increased, i.e. more of C;Vg reacted with
tungsten to form the (V,W)Cx phase. Weidow et al. found that the (V,W)Cx phase was
formed at temperatures around 900 °C — 930 °C after solidification following liquid phase

sintering in the manufacturing process [105].
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Figure 3.29: XRD pattern showing the overlay of the C4V;,W s and C;Vs peaks as a

function of temperature
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Figure 3.30: Ratio of C4V32,W;5:C7Vs in the 5wt% VC — diamond powder mix

exposed to different temperatures

Figure 3.31 shows the proposed mechanism for the formation of the mixed (V,W)Cx
carbide. The reaction between vanadium carbide and tungsten carbide s
thermodynamically favourable at higher temperatures. At a temperature of 1200 °C, the
XRD pattern contains almost equal amounts of the C,V3;,Wy s phase and the un-reacted
C;Vg phase. The crystal structure of the C;Vg phase is cubic and the crystal structure of
the WC phase is hexagonal. The C4V3,W( s phase contains more vanadium atoms than
tungsten atoms and maintains a cubic crystal structure. It would therefore seem that the
tungsten atoms that are dissolved in the cobalt matrix reacts with the C;Vg phase to form

a new compound, namely (V,W)Cx (refer to Equation 3-1).

0.8W(in Co) + 0.4C7Vs + 1.2C > WogV32Cs  (Equation 3-1)

Figure 3.32 shows the TEM microstructure of a mixed carbide particle. The mixed carbide
does not comprise a core-rim structure that is rich in VC at its core and shows the
formation of the (V,W)Cx mixed carbide at the rim. Based on this observation, it could be
assumed that either the vanadium and carbon atoms from the V;Cg starting material
dissolve in the cobalt binder as individual atoms and re-precipitate with the diffusion of
tungsten atoms into the crystal lattice, or the tungsten atoms reacts with the V;Cg particle

to form the mixed carbide.

124



It was observed in the previous chapter that PCD sintered using 1wt% VC contained
residual WC in the PCD microstructure. This observation can further be explained by the
insufficient amount of vanadium atoms present in the PCD to react with all of the residual
tungsten atoms dissolved in the cobalt binder, hence leaving behind free WC in the PCD

microstructure.

diamond diamond

diamond

cobalt cobalt

vanadium
tungsten

® VC precipitate ®» (V,W)C precipitate

Figure 3.31: Model showing the proposed formation of the (V,W)Cx mixed carbide

vanadium tungsten cobalt carbon

Figure 3.32: TEM mapping of the binder pool in the PCD containing 3wt% VC

The new (V,W)Cx phase seems to be stable on heat treatment of the PCD compact from
room temperature to 1100 °C. This suggests that during tool use, no molar volume
increase within the PCD compact is expected due to the absence of any phase change of
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the (V,W)Cx mixed carbide. Furthermore, during heat treatment the cobalt binder phase
remains in the fcc state and does not revert to the hcp state. This implies that the

vanadium dissolved in the cobalt binder stabilises the binder phase.

Figure 3.33 shows the XRD overlay of the standard PCD and the 5wt% VC enhanced
PCD at temperatures of 950 °C and 1000 °C. It is clear from the XRD pattern that the
extent of graphitisation in the PCD compact is reduced for the PCD containing VC. The
advantage of this is that micro-cracking due to the molar transition of diamond to graphite
at atmospheric pressure and elevated temperature within the PCD is also reduced. The

volume increase for the molar transition of diamond into graphite is 55%.

The phenomenon observed in Figure 3.33 can best be explained by earlier observations
that the (V,W)Cx mixed carbide deposits at the diamond — binder interface thereby
protecting the diamond from graphitisation. In addition, the (V,W)Cx phase in the PCD
displaces some of the cobalt binder present and hence the extent of graphitisation is
reduced. As mentioned previously, the cobalt binder could catalyse the reverse
transformation of diamond into graphite at elevated temperature and ambient pressures.
The reduction in the extent of graphitisation in the VC enhanced PCD further explains the

observed improvement in the behaviour of the PCD that was previously concluded.
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Figure 3.33: XRD overlay of the standard PCD and 5wt% VC enhanced PCD
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3.5 Conclusion

Interrupted high pressure and high temperature press runs were initially carried out to
determine the formation temperature of the mixed carbide. These runs were done at 10%
of the original sintering time and at 50% of the original sintering time. Unfortunately, the

PCD was found to be inadequately sintered comprising both micro and macro cracks.

Micron diamond powder containing 5wt% VC was then heat treated in a tube furnace for
3hrs under a flowing stream of nitrogen. The nitrogen was present to prevent any
oxidation of the powder. The heat treatment temperatures were 1200 °C, 1300 °C and
1400 °C. At 1200 °C, the ratio of C4V3,Wps:C7Vg (i.e. peak height) was found to be
similar. As the temperature of the reaction increased from 1200 °C to 1400 °C, the ratio of
the C4V32Wy5:C7Vs peak height and peak area also increased. It would appear that as
the temperature increased, the reaction between C;Vs and WC proceeded towards the

formation of the (V,W)Cx phase.

The newly formed (V,W)Cx phase was found to be stable at temperatures up to 1100 °C,
with the vanadium atoms stabilizing the fcc cobalt lattice as evidenced by the absence of
any hcp cobalt phase present in the sintered PCD. In addition, the presence of VC in the

PCD was found to reduce the extent of graphitisation of the PCD.

3.6 Recommendation

It is recommended that heat treatment experiments of the diamond powder containing
3wt% VC be broadened to include the formation temperature of the (V,W)Cx phase which
occurs at 900 °C — 930 °C.
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CHAPTER FOUR
ADDITION OF OTHER CARBIDES TO PCD

4.1 Background

Various carbides have been added to WC-Co to change the properties of the carbide
material. Hashe et al. discovered that vanadium carbide additions to WC-Co resulted in
the formation of very large cubic (W,V)Cx grains [53]. They found that the addition of
small amounts of titanium could be used to control the grain growth of the cubic grains. It
was believed that the low solubility of titanium in the binder phase hinders the nucleation
and growth of the cubic carbides in the solid state part of the sintering, and that the

carbide grains are formed in the liquid state part of the sintering.

Weidow et al. added different carbides to cemented carbide tools in order to improve the
properties of the tool during high steel machining [48]. The addition of titanium carbide,
zirconium carbide, niobium carbide and tantalum carbide were investigated. All cubic
carbide additions to the cemented carbide resulted in lower tungsten carbide grain
growth. The material containing both titanium carbide and zirconium addition to the
carbide produced the highest hardness due to the formation of the smallest cubic carbide

grain size.

Luyckx et al. investigated the additions of C;Vg and Cr;C, to WC-Co [106]. C;Vs was
found to be a more efficient grain refiner than Cr3C; since Cr;C, remains in solution whilst
C;Vs precipitates on cooling and hence finer tungsten carbide grain sizes were achieved
using C7Vs. In general, most carbide additions to WC-Co produced a tool with a higher

hardness and improved properties.

This chapter details the microstructural results obtained on additions of different carbides
to PCD. The carbides investigated were molybdenum carbide (Mo,C), chromium carbide
(Cr3Cy), titanium carbide (TiC) and an equal mixture of vanadium carbide and titanium

carbide. The aim of the chapter was to determine the structure and location of the carbide
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precipitation in the PCD, as well as the stability of the carbide during tool use. The

stability tests were carried out using hot stage XRD.
4.2 Experimental
Table 4.1 shows the supplier and average particle size of the various carbides that were

used in the experiments.

Table 4.1: Source and Particle size of the various carbide powders

Powder Material Source Average Particle Size
Vanadium carbide HC Starck 3.08 um
Chromium carbide Sigma Aldrich 2.67 um
Titanium carbide Sigma Aldrich 3.27 ym
Molybdenum carbide Sigma Aldrich 2.82 um

The carbides were ball milled with the diamond powder (average grain size of 10 ym) in
the same way as for the VC enhanced PCD. WC was introduced into the diamond
powder by the abrasion of the WC milling media during the ball milling process. The
diamond mixture was then placed onto a WC-Co substrate and sintered at 1400 °C and

6.8 GPa using a high pressure vehicle.

4.3 Results

4.3.1 Mo,C addition to PCD
The microstructure of the PCD containing 3wt% (1.17vol%) Mo,C showed the PCD to be

well sintered (refer to Figure 4.1). There appears to be three phases, i.e. a dark grey
phase associated with diamond, a lighter grey phase due to the presence of the binder
and an off-white brighter phase. On closer investigation, EDS analysis shows that both
the Mo,C and the WC seems to have precipitated in the binder pools (shown in Figure
4.2). The EDS analysis, however, does not differentiate whether the Mo,C precipitates on
its own next to the WC particles or whether it combines with the tungsten to form a mixed

carbide.
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Figure 4.2: SEM microstructure of PCD containing 3wt% Mo,C: (a) microstructure
of the PCD showing binder pools, (b) and (c) EDS analysis of binder pools showing

the presence of Mo,C
Table 4.2 shows the EDS semi-quantification of the PCD binder pools in the 3wt% Mo,C

enhanced PCD. The atomic % cannot be used to quantify the stoichiometry of the phases

present due to the overwhelming presence of carbon from the diamond.
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Table 4.2: EDS semi-quantification of the PCD binder pools in the 3wt% Mo,C

enhanced PCD

Atomic (%)

Element

1-Fig2b 2-Fig2c 3 4 5 6
C 85.61 81.62 70.62 68.28 60.70 80.86
O - - 15.94 12.59 22.49 -
Co 2.44 2.95 3.61 4.47 2.06 16.13
Mo 3.38 3.59 2.53 3.12 4.59 1.01
w 8.58 11.84 7.29 11.54 10.16 2.00

Figure 4.3 shows the XRD pattern of the 3wt% Mo,C enhanced PCD. According to the

XRD analysis, the molybdenum seems to have combined with the tungsten in equal ratio
to form a Moy sW( 5C mixed carbide. According to the XRD pattern, the PCD contains no
free WC. All of the tungsten in the PCD seems to have combined with the Mo to form the

Moo sWo 5sC mixed carbide.
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Figure 4.3: XRD pattern of PCD containing 3wt% Mo,C taken at 25 °C

Figure 4.4 shows the XRD quantification of the PCD containing 3wt% Mo,C performed
using the Reference Intensity Ratio (RIR) method. The PCD contains 7% CMoosWos,

10% Co and 83% diamond.
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Figure 4.4: XRD quantification of the PCD containing 3wt% Mo,C

From the Mo-W-C ternary phase diagram shown in Figure 4.5, there is clearly no spread
in the carbon content at a Mo:W ratio of 50:50. Furthermore, the molybdenum and
tungsten is shown to form a solid solution. The observed CMog Wy 5 phase was plotted
on the solid solution line and this shows agreement with the XRD phase identified as
CMoy 5Wy 5 using the ICSD database.

Mo 1477°C (vwx)

C at% W wc w

Figure 4.5: Mo-W-C Ternary Phase Diagram [89]
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Hot stage XRD analysis was carried out on the Mo,C enhanced PCD. Table 4.3 shows
the phases formed as a function of temperature. The XRD pattern for the temperature
ranging from 350 °C to 900 °C is the same as the pattern taken at room temperature.
Figure 4.6 shows the XRD pattern of the 3wt% Mo,C enhanced PCD taken at 950 °C.
The PCD appears to have slightly graphitized as evidenced by the appearance of a small
graphite peak. The phases present in the XRD pattern are constant from 950 °C to 1100

°C. The binder phase seems to consist of tungsten dissolved in cobalt.

Table 4.3: XRD phases present in the Mo,C enhanced PCD and the Standard PCD
during heat treatment (Appendix Three shows all the XRD patterns)

Temperature Phases Present (Mo,C PCD) Phases Present (Std PCD)

25°C Diamond, Co, CMoW WC, CoW, diamond

350°C Diamond, Co, CMoW -

400°C Diamond, Co, CMoW -

450°C Diamond, Co, CMoW -

500°C Diamond, Co, CMoW -

550°C Diamond, Co, CMoW -

600°C Diamond, Co, CMoW -

650°C Diamond, Co, CMoW -

700°C Diamond, Co, CMoW WC, CoW, diamond

750°C Diamond, Co, CMoW WC, CoW, diamond

800°C Diamond, Co, CMoW WC, CoW, diamond

850°C Diamond, Co, CMoW WC, CoW, diamond

900°C Diamond, Co, CMoW WC, CoW, diamond

950°C Diamond, Graphite, CMoW, CoW WC, CoW, CosW, diamond,
graphite

1000°C Diamond, Graphite, CMoW, CoW -

1050°C Diamond, Graphite, CMoW, CoW -

1100°C Diamond, Graphite, CMoW, CoW -

25°C (post Diamond, Graphite, CMoW, Co WC, CoW, CosW, diamond,

treatment) graphite

CMoW denotes C1MogsWgq5, CoW denotes Cogg7\Wo 13,
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Figure 4.6: XRD pattern of 3wt% enhanced Mo,C PCD taken at 950 °C
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Figure 4.7: XRD pattern of 3wt% enhanced Mo,C PCD taken at 25 °C post heat

treatment

Figure 4.8 and Table 4.4 shows the SEM and EDS analysis of the Mo,C enhanced PCD
post heat treatment. Macro cracking of the PCD is clearly visible in Figure 4.8. The binder
seems to have seeped out of the PCD structure and formed ‘blob’ like formations on the
surface of the PCD. Area (A) shows a combination of carbon, cobalt, tungsten and
molybdenum. Area (B) displays a cobalt particle containing some oxygen, surrounded by

diamond.
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Figure 4.8: SEM and EDS analysis of the Mo,C enhanced PCD post heat treatment

Table 4.4: EDS analysis of the various phases in the heat treated Mo,C enhanced

PCD, values in atomic %

Area Carbon Cobalt Tungsten Molybdenum  Oxygen
A 95.65 3.58 0.48 0.30 -

B 89.89 6.64 - - 3.47
C 83.53 12.15 2.11 2.20 -

4.3.2 TiC addition to PCD
Figure 4.9 shows the SEM microstructure of PCD containing 3wt% (2.16vol%) TiC. The

PCD seems well sintered, with TiC carbide deposits occurring in the binder pools. The
carbide deposits show a phase contrast that is both darker than the tungsten carbide

particles and the cobalt binder.
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Figure 4.10: SEM microstructure of a binder pool in the 3wt% TiC enhanced PCD:
(a) microstructure of the binder pool, (b) EDS spectrum of the TiC carbide

particulate, (c) EDS spectrum of WC deposit

Figure 4.10 shows the SEM microstructure of a binder pool with the TiC carbide deposits
displacing the cobalt binder. Generally, a PCD compact with a microstructure such as this
should display a higher resistance to thermal degradation due to the reduction in the
amount of cobalt present in the microstructure. It is known that high amounts of cobalt
enhance thermal degradation due to the cobalt interacting with the surrounding diamond
and enhancing the conversion of diamond into graphite. The binder is frequently removed
to enhance the thermal stability of the compact [27]. Yancong et al. observed that the
addition of TiC to PCD increases the thermal stability of the material [107]. They

explained the phenomenon by the reduction of the cobalt binder.
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According to the EDS spectrum in Figure 4.10, the darker grey deposits in the binder pool
seems to be predominantly TiC, whilst the light grey phase seems to be WC. The EDS
data for the images shown in Figure 4.10 is shown in Table 4.5. The high carbon content
observed in both the EDS spectra for Figure 4.10(b) and (c) is due to the overwhelming
presence of the neighbouring diamond particles. Additional EDS analysis was performed
on the deposits in the binder pools (refer to Table 4.6). The carbon content of the TiC
deposit is expected to be 50%, but the observed value was found to be much higher. This
is mainly due to the EDS analysis not being as accurate because the technique
measures an excitation volume of 10 ym which includes the surrounding area. In the

PCD matrix, the surrounding area is diamond.

Table 4.5: EDS data for the images shown in Figure 4.10

Element Figure 4.10(b) — atomic % Figure 4.10(c) — atomic %
C 79.09 99.35

Ti 20.54 -

W 0.37 0.65

Table 4.6: EDS analysis (atomic %) of the binder pools

Element Binder (1) Binder (2) Binder (3) Binder (4)
C 60.06 82.37 83.73 85.98
Co - 1.47 - -

Ti 39.29 14.77 15.28 13.38
w 0.65 1.39 0.98 0.64

Figure 4.11 shows the XRD pattern of the PCD containing 3wt% TiC. According to the
pattern, the PCD contains free WC particles (as observed in the microstructure) and a

mixed TipsWy2C (according to the ICSD database) phase.
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Figure 4.11: XRD pattern of PCD containing 3wt% TiC taken at 25 °C

Figure 4.12 shows the XRD quantification of the PCD containing 3wt% TiC performed
using the Reference Intensity Ratio (RIR) method. The PCD contains 3% TipsW2C, 4%

WC, 15.2% Co and 77.8% diamond.

Figure 4.12: XRD quantification of the PCD containing 3wt% TiC

Hot stage XRD analysis was carried out on the TiC enhanced PCD to determine the
onset of graphitisation. Table 4.7 shows the phases formed as a function of temperature.

The XRD pattern remains the same from room temperature to 850 °C. At 900 °C, the

binder phase comprises Cog s7Wy 13 (refer to Figure 4.13).
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Table 4.7: XRD phases present in the TiC enhanced PCD and the Standard PCD
during heat treatment (Appendix Four shows all the XRD patterns)

Temperature

Phases Present

Phases Present (Std PCD)

25°C

350°C
400°C
450°C
500°C
550°C
600°C
650°C
700°C
750°C
800°C
850°C
900°C
950°C

1000°C
1050°C

1100°C

25°C (post

treatment)

Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW
Diamond, Co, WC, CTiW

Diamond, CoW, WC, CTiW
Diamond, Graphite, CoW, WC, CTiW

Diamond, Graphite, CoW, WC, CTiW
Diamond, Graphite, CosTi, WC,

CTiW

Diamond, Graphite, CosTi, WC,

CTiw

Diamond, Graphite, Co, WC, CTiW

WC, CoW, diamond

WC, CoW, diamond
WC, CoW, diamond
WC, CoW, diamond
WC, CoW, diamond
WC, CoW, diamond
WC, CoW, CosW,
graphite

WC, CoW, CosW,
graphite

diamond,

diamond,

CTiW denotes C1Tip.sWg 2, CoW denotes Cog g7Wo 13
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Figure 4.13: XRD pattern of 3wt% enhanced TiC taken at 900 °C

Figure 4.14 shows the XRD pattern of the TiC enhanced PCD taken at 950 °C. The

pattern shows additional peaks for graphite.
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Figure 4.14: XRD pattern of 3wt% enhanced TiC taken at 1000 °C

The XRD pattern for the TiC enhanced PCD exposed to 1100 °C shows the presence of
CosTi as the binder (refer to Figure 4.15). This is most probably due to the peak shift at
higher temperatures because the XRD pattern taken at 25 °C post heat treatment shows
the binder present in the PCD to be cobalt (refer to Figure 4.16). Furthermore, there are

no additional peaks present for CosTi to substantiate the formation of another phase. It
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can therefore be concluded that the cobalt binder does not change phase and is constant

throughout the heat treatment.
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Figure 4.15: XRD pattern of 3wt% enhanced TiC taken at 1100 °C
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Figure 4.16: XRD pattern of 3wt% enhanced TiC taken at 25 °C post heat treatment

Figure 4.17 shows the TiC enhanced PCD XRD pattern of the diamond peak at various
temperatures. At 900 °C (i.e. red curve), the diamond peak contains a shoulder peak
which is associated with the cobalt binder. At 950 °C, the diamond peak begins to
separate into two different constituents, i.e. the diamond and the binder (i.e. the blue

curve). The green curve taken at 1000 °C shows the clear separation of the binder peak
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and the diamond peak. This observation is more pronounced at 1100 °C (i.e. the grey

curve).
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Figure 4.17: XRD pattern of 3wt% enhanced TiC — overlay of the diamond peak

The observed de-convolution of the diamond peak is due to the thermal expansion
differences between the diamond and the binder. Due to the large differences in thermal
expansion between the diamond and the binder, a slight displacement in the diamond
peak is expected as compared to a large displacement in the cobalt peak. According to
measured values appearing in Table 4.8, an average displacement of 0.12°20 was
observed for the diamond peak. The peak displacement for the binder increased
progressively from 0.18°20 to 0.54°260 as the temperature increased form 900 °C to 1100
°C.
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Table 4.8: Peak Displacement Calculation for the diamond peak and the binder

peak

Peak 25°C 900 °C 950 °C 1000 °C 1100 °C

Diamond Peak
Peak position  51.56°20 51.69°20 51.65°20 51.70°20 51.66°20

Displacement - 0.13°20 0.09°20 0.14°20 0.10°20
Binder Peak

Peak position  51.56°20 51.38°20 51.28°20 51.20°20 51.02°20
Displacement - 0.18°20 0.28°20 0.36°20 0.54°20

The SEM image of the TiC enhanced PCD post heat treatment is shown in Figure 4.18.

Macro cracking is present on the PCD surface, and the binder seepage from within the

PCD is quite evident. Table 4.9 shows the EDS analysis of the various phases present in

the heat treated TiC enhanced PCD. Area (a) shows a particle containing carbon, cobalt,

titanium, tungsten and oxygen. Area (b) is a SiO, and Al,O3 contaminant probably arising

from the furnace tool holder. Area (c) shows the presence of carbon, cobalt, titanium,

tungsten and oxygen.
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Figure 4.18: SEM and EDS analysis of the TiC enhanced PCD post heat treatment
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Table 4.9: EDS Analysis of the TiC enhanced heat treated PCD, values in atomic %

Area Carbon Cobalt Tungsten Titanium Oxygen Aluminium Silicon
a 25.88 1.53 2.40 18.74 51.45 - -

b 39.41 1.12 - - 36.92 17.68 4.87
c 93.96 1.88 0.77 0.62 2.78 - -

4.3.3 Cr3C;, addition to PCD
Middlemiss et al. investigated the behaviour of PCD containing Cr3C, additions [108].

They found that the addition of Cr3C, to PCD increased the abrasion resistance of the
PCD without compromising the impact resistance of the material. The addition of Cr3C;
was also found to suppress the formation of large tungsten carbide grains at the WC-Co
PCD interface.

Figure 4.19 shows the SEM microstructure of PCD containing 3wt% (1.60vol%) Cr3C..
The PCD seems well sintered, with light grey WC deposits appearing in the binder pools.
Besides the appearance of these WC deposits, the binder pools seem to have no other

carbide phases within them.
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Figure 4.19: SEM microstructure of PCD containing 3wt% Cr;C,
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Figure 4.20: EDS Spectra of the binder pools for the Cr;C, enhanced PCD

The EDS spectra in Figure 4.20 show the binder pools to consist primarily of cobalt,
tungsten, carbon and chromium. It would seem that the chromium is distributed in the
PCD as a solid solution with the cobalt binder. The EDS analysis confirms the light grey
deposits to be WC. Table 4.10 shows the EDS semi-quantification analysis of the EDS

spectra shown in Figure 4.19.
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Table 4.10: EDS data for the spectra shown in Figure 4.19

Element Figure 4.19 (a) Figure 4.19(b)
atomic % atomic %
C 60.82 72.40
Cr 1.44 -
Co 36.39 4.64
w 1.35 22.96

Figure 4.21 shows the XRD pattern of the PCD containing 3wt% Cr3C,. The phases
present are WC, Cop.s7Wo.13 and Diamond. There is noticeably no evidence on the XRD
pattern that a (Cr,W)Cx mixed carbide phase forms in the PCD compact. The cobalt

binder appears in the fcc phase and is stabilised by the tungsten atoms in the lattice.
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Figure 4.21: XRD pattern of PCD containing 3wt% Cr;C,

Figure 4.22 shows the XRD quantification of the PCD containing 3wt% Cr3;C, performed
using the Reference Intensity Ratio (RIR) method. The PCD contains 4% WC, 2%
Cop.87Wo.13 and 93.9% diamond. The ratio of Co:W in the binder is 75:25 which is typically

what is generally observed in standard PCD.

Hot stage XRD was performed on the Cr;C, enhanced PCD to determine the onset of
graphitisation and any change in the phases present in the PCD. Table 4.11 shows the
XRD phases present in the Cr;C, enhanced PCD and the standard PCD during heat
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treatment. The XRD pattern remains the same from room temperature to 650 °C. At 700
°C, the XRD pattern shows the appearance of a CrW phase at 49.36°260 (refer to Figure
4.23).

M Tungsten Carbide (1/1)

[4%]

Figure 4.22: XRD quantification of the PCD containing 3wt% Cr;C2

At 750 °C, the cobalt seems to have oxidised to form CoO4W (refer to Figure 4.24). The
oxidation of the cobalt could be due to an oxygen leak during the experiment, since no
other samples exhibited any signs of oxidation. The phases present were constant from
750 °C to 1100 °C, with the intensity of the oxide phase increasing as a function of
temperature. Figure 4.25 shows the XRD pattern of the PCD taken at 1100 °C, and
Figure 4.26 shows the overlay of the CoO4W peak at the different temperatures. As the
temperature increases, the CoO4W peak intensity also increases. It can be inferred from
the graph that the higher the temperature, the greater the amount of oxide formed. The
onset of oxidation seems to begin at 750 °C. Interestingly, there is no evidence of
graphitisation in the XRD pattern taken at any of the temperatures. It is possible that the
graphite which may have formed would have reacted with the oxygen present, and

subsequently been removed by the formation of the gaseous products.
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Table 4.11: XRD phases present in the Cr;C,; enhanced PCD and the Standard PCD
during heat treatment (Appendix Five shows all the XRD patterns)

Temperature Phases Present Phases Present (Std PCD)

25°C Diamond, CoW, WC WC, CoW, diamond

350°C Diamond, CoW, WC -

400°C Diamond, CoW, WC -

450°C Diamond, CoW, WC -

500°C Diamond, CoW, WC -

550°C Diamond, CoW, WC -

600°C Diamond, CoW, WC -

650°C Diamond, CoW, WC -

700°C Diamond, CoW, WC, CrW WC, CoW, diamond

750°C Diamond, CoW, WC, CrW, CoO4W WC, CoW, diamond

800°C Diamond, CoW, WC, CrW, CoOsW WC, CoW, diamond

850°C Diamond, CoW, WC, CrW, CoO,W WC, CoW, diamond

900°C Diamond, CoW, WC, CrW, CoO4W WC, CoW, diamond

950°C Diamond, Cogg7Wo.13, WC, CrW, WC, CoW, CosW, diamond,
CoO4W graphite

1000°C Diamond, CoW, WC, CrW, CoO,W -

1050°C Diamond, CoW, WC, CrW, CoO4W -

1100°C Diamond, CoW, WC, CrW, CoO,W -

25°C (post Diamond, CoW, WC, CrW, CoOsW WC, CoW, CosW, diamond,

treatment) graphite

CoW denotes Cogg7Wo 13
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Figure 4.23:

XRD pattern of PCD containing 3wt% Cr;C, taken at 700 °C
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Figure 4.24: XRD pattern of PCD containing 3wt% Cr;C, taken at 750 °C
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Figure 4.25: XRD pattern of PCD containing 3wt% Cr;C, taken at 1100 °C
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Figure 4.26: XRD overlay of the CoO4W peak at different temperatures

Figure 4.27 shows the SEM and EDS analysis of the Cr3;C, enhanced PCD post heat
treatment. The surface of the PCD seems to portray a ‘caulifiower’ type structure. The
EDS analysis of the surface is shown in Table 4.12. The predominant constituent across
the surface of the PCD is the presence of oxygen. There appears to be tremendous
seepage of the binder from within the PCD as well as oxidation of the cobalt.
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Figure 4.27: SEM and EDS analysis of the Cr;C; enhanced PCD post heat treatment
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Table 4.12: EDS Analysis of the Cr;C,; enhanced heat treated PCD, values in atomic
%

Area Carbon Cobalt Tungsten Chromium Oxygen

a 7.65 17.04 5.86 - 69.44
- 7.48 16.23 - 76.28

c 28.80 14.78 5.56 3.64 47.22

4.3.4 TiC-VC addition to PCD

The addition of a combination of TiC and VC to PCD was investigated. According to
Hashe et al [53], the properties of the WC-Co material was enhanced by the TiC-VC
additive. His work revealed that the addition of TiC controlled the grain growth of the

cubic carbide phase.

Figure 4.28 shows the SEM microstructure of the PCD containing 1.5wt% TiC and
1.5wt% VC. The microstructure seems well sintered with carbide deposits in the binder
pools clearly visible. The EDS analysis (refer to Table 4.13) shows carbide deposits in

some areas of the PCD (e.g. area (a)). Area (c) shows the presence of carbon, tungsten,
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titanium and vanadium. According to the EDS analysis of area (c), the ratio of Ti:V is

close to 1:1.
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Figure 4.28: SEM microstructures of PCD containing 1.5wt% TiC and 1.5wt% VC

Table 4.13: EDS Analysis of the PCD containing 1.5wt% TiC and 1.5wt% VC, values

in atomic %

Area Carbon Cobalt Tungsten Titanium Vanadium
78.70 1.86 1.38 18.06 -
74.20 4.95 9.43 7.48 3.94

c 78.75 - 9.54 5.30 6.41

Figure 4.29 shows the XRD pattern of PCD containing 1.5wt% VC and 1.5wt% TiC. In the
previous chapter, it was observed that the VC combines with W to form a mixed carbide
(V,W)Cx phase with the absence of WC in the sintered PCD. According to the XRD ICSD
database, the VC-TiC enhanced PCD indicates the formation of both C,TiV and C,TiW
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phases. In Figure 4.29, the Ti combines with the VC to form a combined C,TiV phase
with the absence of WC in the phase. The formation of this phase without the
incorporation of WC seems a bit improbable. On closer inspection of the new formed
phases (refer to Figure 4.30), it is observed that the phases do not appear exactly where
it is supposed to be when compared to the reference peak. The peaks seem slightly

shifted. Therefore it is plausible that a mixed (Ti,V,W)Cx phase could have formed, which
is supported by EDS analysis.
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Figure 4.29: XRD pattern of PCD containing 1.5wt% VC and 1.5wt% TiC
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Figure 4.30: XRD pattern of the C,TiV and C,TiW phases showing peak shift
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Hot stage XRD was performed on the VC-TiC enhanced PCD to determine the onset of
graphitisation and any change in the phases present in the PCD. Table 4.14 shows the
XRD phases present in the VC-TiC enhanced PCD and the standard PCD during heat
treatment. The XRD pattern remains the same from room temperature to 750 °C. At 750
°C, according to the ICSD database, the XRD pattern shows the appearance of tungsten
dissolved in the cobalt binder. However, the Cogs7Wy.13 peak seems to have shifted in the
XRD pattern taken at 25 °C post heat treatment. Hence, the appearance of the

Coo.87Wo.13 peak must be due to peak shift at high temperatures.

The onset of graphitisation occurs at approximately 950 °C, similar to the VC enhanced
PCD. Figure 4.31 shows the XRD pattern of PCD containing 1.5wt% VC and 1.5wt% TiC
taken at 25 °C post heat treatment. There seems to be no change in the appearance of

the phases present.
The SEM images and EDS analysis of the VC-TiC enhanced PCD post heat treatment is

shown in Figure 4.32 and Table 4.15 respectively. Macro cracking is evident on the
surface of the PCD. Area (a) shows a (Ti,V,W)Cx mixed carbide particle.
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Table 4.14: XRD phases present in the VC-TiC enhanced PCD and the Standard
PCD during heat treatment (Appendix Six shows all the XRD patterns)

Temperature Phases Present Phases Present (Std PCD)
25°C Diamond, Co, WC, (Ti,V,W)Cx WC, CoW, diamond
350°C Diamond, Co, WC, (Ti,V,W)Cx -
400°C Diamond, Co, WC, (Ti,V,W)Cx -
450°C Diamond, Co, WC, (Ti,V,W)Cx -
500°C Diamond, Co, WC, (Ti,V,W)Cx -
550°C Diamond, Co, WC, (Ti,V,W)Cx -
600°C Diamond, Co, WC, (Ti,V,W)Cx -
650°C Diamond, Co, WC, (Ti,V,W)Cx -
700°C Diamond, Co, WC, (Ti,V,W)Cx WC, CoW, diamond
750°C Diamond, CoW, WC, (Ti,V,W)Cx WC, CoW, diamond
800°C Diamond, CoW, WC, (Ti,V,W)Cx WC, CoW, diamond
850°C Diamond, CoW, WC, (Ti,V,W)Cx WC, CoW, diamond
900°C Diamond, CoW, WC, (Ti,V,W)Cx WC, CoW, diamond
950°C Diamond, CoW, WC, (Ti,V,W)Cx, WC, CoW, CosW, diamond,
graphite graphite
1000°C Diamond, CoW, WC, (Ti,V,W)Cx, -
graphite
1050°C Diamond, CoW, WC, (Ti,V,W)Cx, -
graphite
1100°C Diamond, CoW, WC, (Ti,V,W)Cx, -
graphite
25°C (post Diamond, Co, WC, (Ti,V,W)CXx, WC, CoW, CosW, diamond,
treatment) graphite graphite

CoW denotes Cogg7Wo 13
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Figure 4.31: XRD pattern of PCD containing 1.5wt% VC and 1.5wt% TiC taken at
25°C post heat treatment
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Figure 4.32: SEM and EDS analysis of the VC-TiC enhanced PCD post heat

treatment

Table 4.15: EDS Analysis of the various phases in the heat treated VC-TiC

enhanced heat treated PCD, values in atomic %

Area Carbon Cobalt Tungsten Titanium Vanadium Oxygen
a 68.14 7.79 9.94 4.97 9.16 -

b 82.05 2.29 2.62 1.07 1.54 10.43

c 52.33 40.33 - - - 7.34
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4.3.5 Image Analysis of PCD containing various Carbides

Image analysis was carried out on PCD containing the various metal carbides (refer to
Figure 4.33). The addition of the carbide does not seem to affect the diamond grain size
nor the binder pool size. The diamond area is significantly decreased on addition of the
carbide, with the PCD containing Cr;C, showing the lowest diamond density. Carbide
additions to PCD reduces the overall amount of diamond present in the PCD compact,
and hence an observed decrease in the diamond area. The addition of Cr;C, was
theoretically supposed to increase the diamond density since it is believed that the Cr3C,
would disassociate to release chromium and the bonded carbon atoms. Chromium would
then go into solution with the cobalt binder and the carbon would be used to enhance the

diamond density. However, this phenomenon is not observed.

The diamond area and binder area are inter-related. According to the graph in Figure
4.33, PCD containing Cr3;C, shows the highest binder content. This is expected since
Cr3C, does not form a carbide precipitate but rather remains in solution with the cobalt. It
must be noted that the diamond content of the Cr3C,;, Mo,C and TiC additives are
significantly less that the diamond density of the PCD compact containing VC. It could be
possible that the sintering of the PCD containing Cr3;C,, Mo,C and TiC was not as good
as the PCD containing VC.
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Figure 4.33: Image Analysis Data for PCD containing different carbides

The diamond contiguity seems to have slightly decreased with PCD containing the
carbide additive. This observation does not necessarily mean that the performance of the
PCD compact would be compromised, it probably means that the behaviour mechanism
of the PCD would be different. Some PCD compacts fail by the removal of the diamond

grains whilst others fail by trans-granular cracking.

4.3.6 Vertical Borer testing of VC-TiC enhanced PCD

The standard PCD, VC enhanced PCD and the VC-TiC enhanced PCD cutters were
tested on the vertical borer to compare the respective performance. According to the
graph shown in Figure 4.34, the VC-TiC enhanced PCD shows superior durability
compared to both the standard PCD and the VC enhanced PCD. The wear resistance of
the VC enhanced PCD and the VC-TiC enhanced PCD seemed similar with both cutters
showing an improvement over the standard PCD. The VB test shown in Figure 4.34 was
a more aggressive test as compared to the VB test previously shown (i.e. Figure 2.54),
hence the observed difference in the cutting length. Please note that there is no standard
procedure for the VB test. The results will differ depending on the type of test parameters

used, and should be used for comparison purposes only.
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The wear scar images shown in Figure 4.35 very clearly indicate the susceptibility of the
standard PCD to chip and spall. The VC enhanced PCD shows slight spalling on the

surface whereas the VC-TiC enhanced PCD shows a smooth wear of the PCD.
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Figure 4.34: Graph showing the vertical borer comparison between the standard
PCD, VC enhanced PCD and VC-TiC enhanced PCD

(b)
Figure 4.35: Optical images of the wear scar post VB: (a) Standard PCD, (b) VC
enhanced PCD, (c) VC-TiC enhanced PCD

4.4 Discussion

For the Mo,C enhanced PCD, the microstructural analysis of the PCD compact showed
the presence of carbide deposits in the binder. On further investigation, EDS analysis
revealed the elemental composition to be a combination of carbon, cobalt, molybdenum

and tungsten. The XRD pattern showed the carbide deposits to be of similar composition
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to Moo sWo5C. According to the Mo-W-C phase diagram, a solid solution forms between

molybdenum and tungsten.

Interestingly, the XRD pattern of the Mo,C enhanced PCD showed the presence of pure
cobalt binder in the PCD. In both the standard PCD and VC enhanced PCD, the binder
either comprised Cogg7Wy.13 or Cog793Vo.207. Closer analysis of the pattern showed the
cobalt binder to contain an fcc structure, even though it did not seem to be stabilized by

molybdenum substitution into the crystal lattice.

Figure 4.36 shows the XRD overlay of the diamond peak at room temperature, 1100 °C
and at 25 °C post heat treatment for the 3wt% Mo,C enhanced PCD. The blue graph
shows the XRD trace at room temperature. There is a slight shoulder on the diamond
peak that is owing to the overlap with the cobalt binder. The green graph shows the XRD
trace at 1100 °C. The diamond peak and the binder peak appear to be de-convoluted,
and the red graph shows the XRD trace at 25 °C post heat treatment. The shoulder on
the diamond peak appears more pronounced in the red graph. Peak separation at 1100

°C is due to the difference in thermal expansion between the diamond and the binder.
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Figure 4.36: XRD overlay of the diamond peak at room temperature (blue), 1100 °C
(green) and at 25 °C post heat treatment (red) for the 3wt% Mo,C enhanced PCD

For the TiC enhanced PCD, the CTigsWo2 mixed carbide phase seemed to have formed.

Both the CTipgW.2 mixed carbide and WC phases were observed to deposit in the binder
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pools. The SEM image of the Cr3C, enhanced PCD showed no evidence of a mixed
(Cr,W)Cx deposit in the binder pools. In fact, there was no evidence of any CrsC;
deposits within the PCD either. From the observations, it is inferred that the Cr3C;
dissolved in the cobalt binder and went into solution with the binder. The EDS analysis
(refer to Figure 4.20) substantiates this conclusion as the graph shows the presence of
chromium in the binder pools. Zackrisson et al. state that for Cr3;C, additions larger than
2vol%, the most obvious effect on the microstructure was the formation of a Cr;C; phase
[109]. In this study a CrsC, concentration of 1.60vol% was used, and this explains the
observation that no Crs;C, or (Cr,W)Cx was formed in the PCD. The presence of the
chromium in the binder phase probably results in the solution hardening of the binder
phase which assists in the improvement of the abrasion resistance of the compact, as

observed by Middlemiss et al. on their granite log test results.

Heat treatment of the Cr3C, enhanced PCD showed excessive oxidation of the cobalt
binder possibly due to an oxygen leak. In addition, seepage of the cobalt from within the
PCD was also observed. Figure 4.37 shows the SEM comparison of the microstructures
of the various carbides used in the study post heat treatment. In the Mo,C and TiC

enhanced PCD, the diamond grains can still be seen. However in the CrzC, enhanced

PCD, there is predominantly cobalt oxide on the surface of the PCD.

Figure 4.37: SEM comparison of the microstructures post heat treatment: (a) Mo,C
enhanced PCD, (b) TiC enhanced PCD and (c) Cr;C, enhanced PCD

Figure 4.38 shows the overlay of the graphite peak appearing in the VC-TiC enhanced
PCD and in the VC enhanced PCD. According to the XRD pattern, the peak height and
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area of graphite for the VC enhanced PCD is 106.58cts & 40.96cts, whereas the peak
height and area of graphite (002 peak) for the VC-TiC enhanced PCD is 69.81cts &
35.78cts. According to the observed results, it would appear that the VC-TiC enhanced

PCD seems slightly more resistant to graphitisation.

The wetting angle of TiC in cobalt seems much larger than the wetting angle of VC in
cobalt (refer to Figure 4.39). Hashe et al. concluded that TiC is not expected to easily go
into solution with cobalt [53]. This implies that TiC would likely be a more efficient barrier
against the cobalt reacting with the diamond to form graphite. It is therefore plausible to
speculate that the VC-TiC enhanced PCD would be more thermally resistant as

evidenced by the XRD pattern shown in Figure 4.38.
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Figure 4.38: Overlay of the graphite (002) peak appearing in the VC-TiC enhanced
PCD and in the VC enhanced PCD
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Figure 4.39: Wetting of Metallic carbides by liquid cobalt [60]

According to both SEM analysis and XRD analysis shown, WC was found in the Cr3;C;
enhanced PCD, Mo,C enhanced PCD, TiC enhanced PCD and in the VC-TiC enhanced
PCD. The wetting angle of TiC with cobalt is substantially higher and therefore TiC is not
expected to easily go into solution with the cobalt. This could reduce the interaction
between TiC and WC (which is in solution with the cobalt) and hence result in residual
WC remaining in the sintered PCD. Interestingly, the VC enhanced PCD shows no
evidence of residual WC in the sintered PCD for concentrations greater than 3wt% VC,
but in combination with TiC, the VC-TIiC enhanced PCD shows the definite presence of
WC in the sintered PCD.

Luyckx et al. observed that both VC and Cr3;C, are effective grain growth inhibitors for
WC-Co, with VC being more effective [106]. Although the hardness of Cr;C, is not as
high as VC or TiC (refer to Table 4.16 [38]), the dissolution of Cr;C; into the cobalt binder

suggests solution hardening of the cobalt binder by the presence of Cr3Co,.
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Table 4.16: Micro Hardness of Metal Carbides

Metal Carbide Micro Hardness (kg/mm?)
Diamond 7000?

VCo.o7 2900

TiC 2900

wC 2100

Mo,C 1500

Cr3C; 1300

a [67]

4.5 Conclusion

Various carbides such as molybdenum carbide (MoyC), chromium carbide (CrsC,),
titanium carbide (TiC) and an equal mixture of vanadium carbide and titanium carbide
were added to PCD. The resulting microstructure and stability of the carbide were
investigated. Surprisingly, the Cr3C, did not seem to react with the WC in the PCD to form
a mixed carbide. It was previously shown that both the 3wt% and 5wt% VC enhanced
PCD displayed no evidence of the presence of WC in the sintered PCD. However, the
strong presence of WC in the PCD containing Cr3C, or TiC is evidently visible. In
addition, the CrsC, seemed to have disassociated and entered into solution with the
cobalt binder. The Mo,C and WC seemed to have reacted to form a solid solution giving

rise to a mixed carbide phase, namely Mo 5Wg 5C.

XRD analysis showed that the carbides that formed were stable up to 1100 °C, with the
onset of graphitization at 950 °C. According to the ICSD database, the addition of a
combination of TiC and VC led to the formation of two carbides, namely C,TiV and
C,TiW. Further investigation showed that it was likely that a mixed carbide phase, namely
(Ti,V,W)Cx, formed. Vertical borer test results showed that the VC-TiC enhanced PCD
exhibited superior durability. An additional patent was filed by Kaveshini Naidoo et al. with
the publication number: US2015151410A1 that described the performance improvement
of the VC-TiC enhanced PCD.
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4.6 Recommendations

The thesis focussed predominantly on the microstructural analysis of various carbide
additives to PCD. Additional work should be done to qualify the behavioural performance
of the PCD containing different carbide additives and a comparison made as to which

carbide additive displays the highest performance.
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CHAPTER FIVE
GRAIN GROWTH OF PCD

5.1 Background

Fine grain structures have unique properties such as high tensile and fatigue strengths,
as well as a high resistance to crack growth [110]. There is generally a drive to move to
finer and finer structures in order to enhance the properties of the material, especially the
abrasion resistance [111]. One of the major challenges faced when moving to finer grain
sizes is grain growth. Generally grains grow according to the Ostwald ripening process
whereby smaller crystals dissolve and redeposit onto larger crystals to create a more
homogeneous structure [112]. This occurs due to the larger particles being more
energetically favourable as compared to the smaller particles. Equation 5-1 best

describes the process of the LSW (Lifshitz, Slyozov and Wagner) coarsening process.

8ve v2D

(B - (B = g7 7

................... Equation 5-1 [112]

Where:

{R}O: initial average radius of all the particles
{R} = average radius of all the particles
"/ = particle surface tension or surface energy
Coo = solubility of the particle material
U = molar volume of the particle material
D) = diffusion coefficient of the particle material
R_q = ideal gas constant
T’ = absolute temperature and
{ = time.

Sometimes, grains do not grow in a homogeneous way. Some grains would grow faster
than others, and this results in abnormal grain growth. Grain growth is the increase in the
size of grains or crystallites in a material at high temperature. It is a phenomenon that
occurs as a result of the movement of grain boundaries. There are two types of grain

growth, viz. continuous grain growth and discontinuous or abnormal grain growth.
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Abnormal grain growth, also known as secondary recrystallisation, occurs when a small
number of grains in a matrix grow at a higher rate as compared to the remaining grains in
the matrix. The result is a microstructure dominated by a few large grains. This is most
likely attributed to a thermodynamic instability that occurs at a three-grain boundary
junction of one large grain D with two smaller adjoining grains d if D/d>2. All the growth
then occurs in D and not in d. This process actually has an incubation time for D to grow

until it is 2d in size and then secondary recrystallisation sets in.

Continuo:y \Discontinuous

Figure 5.1: Continuous and Discontinuous (abnormal) grain growth

Konyashin et al. observed that WC coarsening in WC-Co hard metals was strongly
suppressed by decreasing the carbon content in the material and additionally increasing
the tungsten content in the binder. Furthermore, it was found that the activation energy of
WC coarsening in the alloy with medium carbon content varied from 163 to 177 kcal/mol
which resulted in greater coarsening of the WC particles, whereas the activation energy
in the alloy with low carbon content was found to be 98 kcal/mol which resulted in less

coarsening of the WC particles.

Marshall et al. found that both vanadium and chromium inhibited grain growth in WC-Co
carbide [51]. Vanadium appeared to have a stronger tendency to segregate to the WC-Co

interface than chromium, resulting in vanadium segregating more on the fine grains
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during sintering. WC grains in the chromium doped samples tended to have a more
prismatic appearance whilst WC grains in the vanadium doped samples tended to be

more rounded.

Weidow et al. investigated the effect of vanadium, chromium and manganese additions
on the microstructure of WC-Co [113]. Vanadium was found to be the most effective grain
growth inhibitor followed by chromium. WC-Co carbides containing vanadium had the
highest hardness, followed by chromium. The addition of manganese to the WC-Co
showed no significant improvement from the reference. Furthermore, WC-Co containing

vanadium showed the highest increase in WC/WC grain boundaries.

It is proposed that the grain growth inhibition due to VC doping is closely related to the
formation of the (W,V)Cx layers [49]. Jaroenworaluck et al. believe that the retardation of
the grain growth of carbide grains is closely related to the segregation of vanadium at the
WC/Co interfaces [114].

Thus far, the most successful way of controlling the WC grain growth is the addition of
small amounts of grain growth inhibitor, typically metallic carbides such as VC, Cr;Cy,
NbC, or TaC [115], [116], [117], [58], [118]. Morton et al. found the most effective grain
growth inhibitor to be VC, and the least effective grain growth inhibitor to be Zr/HfC with
the following trend in between: VC > Cr3zC, > NbC > TaC > TiC > Zr/HfC [119].

Grain growth is an important phenomenon observed in the sintering of fine grain PCD,
especially PCD with a grain size of 1 um and below. Although normal grain growth (NGG)
is expected and observed in fine grain PCD, the presence of abnormal grain growth
(AGG) still remains a challenge to overcome. AGG in PCD negatively affects both the
properties of the material as well as the electrical discharge machining (EDM) of the

compact.
Various researchers have investigated methods to reduce the occurrence of AGG in
PCD, some successful and some not. Akaishi et al. found that the addition of a small

amount of cubic boron nitride to the starting diamond powder suppressed grain growth
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[120]. Yu et al. observed that the addition of Ni-Zr to PCD having a grain size of 0.5-1.5
pMm resulted in the in-situ formation of ZrC which suppressed grain growth [49]. Shin et al.
found that the addition of approximately 30% WC powder to the diamond effectively
suppressed the formation of AGG in PCD but resulted in the decrease of abrasion
resistance of the compact [121]. They furthermore observed that the largest faceted
planes of the abnormally grown crystals were octahedral planes {111}. In addition, they
observed that AGG was extensive at the corners of the tantalum cupping material due to

the increase in pressure naturally applied to the corner.

McKie et al. found that the use of diamond enhanced carbide substrates suppressed the
AGG in PCD [122]. They had the similar observation to Shin et al. in that they observed
that some of the larger grains were not always single crystals but comprised of inter-

grown crystals.

In this chapter, two types of carbides were added to fine grain PCD, viz. VC and Cr3Co,.
The aim of the investigation was to assess the effect of the individual grain refiner on the

grain growth of PCD.

5.2 Experimental

The vanadium (3wt%, 1.85vol%) and chromium (3wt%, 1.60vol%) carbides were
combined with the diamond powder (with average grain size of 0.5 ym) in the same way
as for the VC enhanced PCD. The mixture was sintered at 1400 °C and 6.8 GPa using a
high pressure vehicle. The sintered PCD was optically analysed using the Olympus SZX7
Stereo Microscope attached to an Olympus SC30 camera, and the microstructure was
analysed using a Jeol 7500 SEM. Grain size measurements were done using Scandium
software and the elemental composition of the constituents in the PCD was measured
using the PW2400 XRF.

171



5.3 Results

5.3.1 Analysis of the 0.5 ym Standard PCD Compact

Figure 5.2 shows the optical image of the 0.5 ym sintered PCD compact showing areas
of abnormal grain growth (AGG) and normal grain growth (NGG) of the diamond
crystallites. The grain growth is predominant along the WC-Co interface and along the
canister material, with the centre of the PCD devoid of any AGG areas. The AGG region
was approximately 250-300 um thick. The SEM image of the 0.5 uym sintered PCD
compact showing AGG at the WC-Co/diamond interface is shown in Figure 5.3. Large
grains in the order of 100 — 400 ym are clearly seen. The results shown are indicative of
the grain size. For a more accurate analysis, the line intercept method would have to be

applied.

Figure 5.4 shows the SEM image of the 0.5 pm sintered PCD compact showing normal
grain growth. The grain size is considerably smaller than the grains appearing in the AGG
region, generally less than 1 um. There are a few large cobalt pools present in the
microstructure. Conversely, Figure 5.5 shows the SEM image of the 0.5 ym sintered PCD
compact with large grains in the AGG region clearly visible. The large grains are
separated by the cobalt binder. There seems to be cobalt pools and tungsten carbide
trapped within the large grain. This occurrence is typical of an increased growth rate of
particles. Essentially, the diffusion of the metal binder away from the growing crystal is
slower than the growth rate of the crystal, and hence some of the metal binder becomes

trapped within the growing crystal.
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Figure 5.5: SEM image of 0.5 ym sintered PCD showing large grains in the AGG

region

5.3.2 Analysis of the 0.5 ym PCD Compact containing 3wt% VC
Figure 5.6 shows the optical image of a 0.5 ym sintered PCD doped with 3wt% VC. AGG

is visible along the WC-Co/diamond interface as well as along the canister material.
Interesting, larger grains are present in the bulk of the PCD. This phenomenon was not
observed in the standard sintered PCD. In addition, there seems to be a vertical crack
initiating at the AGG near the substrate propagating into the bulk PCD. Scratches
appearing on the WC-Co substrate are quite common and usually arise during sample

preparation.
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Figure 5.6: Optical image of the 0.5 pm sintered PCD doped with 3wt% VC

Figure 5.7 shows the SEM image of the 0.5 um sintered PCD compact doped with 3wt%
VC. AGG is present at the WC-Co/diamond interface. The magnitude of the grain size at
the interface is in the order of 100-200 pm, slightly finer than the grain size of the
standard PCD. The AGG region was approximately 250-300 um thick. An image of the
NGG in the bulk PCD is shown in Figure 5.8. The grain size is considerably smaller than
the grains appearing in the AGG region, approximately =<0.5 ym. However, in the centre

of the image, two abnormally grown grains are visible with an approximate grain size of 1
gm.
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Figure 5.8: SEM image of 0.5 ym sintered PCD doped with 3wt% VC showing

normal grain growth

Figure 5.9 shows a high magnification SEM image of the AGG region in the 0.5 ym PCD
doped with 3wt% VC. The cobalt pools appear as thin continuous regions surrounding the
diamond grains. Various tungsten carbide deposits are visible within the grain. Ordinarily,
WC would not be expected to be present in a PCD containing 3wt% VC, but due to the
excessive grain growth, the WC seems to have become trapped in the growing grain

instead of combining with the VC to form the mixed carbide phase.

CL_10.9 AR150943 VC doped PCD 0.5um

Figure 5.9: SEM image of 0.5 ym sintered PCD doped with 3wt% VC showing large
grains in the AGG region
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5.3.3 Analysis of the 0.5 ym PCD Compact containing 3wt% CrsC,
Figure 5.10 shows the optical image of the 0.5 ym sintered PCD doped with 3wt% Cr3Ca.

Tremendous grain growth is observed along the WC-Co/diamond interface, at the
canister interface as well as at the corner of the canister material. AGG also appears in
the bulk of the PCD.

Figure 5.10: Optical image of the 0.5 ym sintered PCD doped with 3wt% Cr;C,

The SEM image of the 0.5 ym sintered PCD compact doped with 3wt% Cr3C; is shown in
Figure 5.11. The AGG seems to almost comprise the entire PCD table, with the size of
the abnormally grown grains ranging from 100-250 um. The AGG region was
approximately 650-700 um thick. The extent of AGG observed in the Cr;C, doped PCD
far exceeds the AGG detected in both the VC doped PCD and standard PCD.

Figure 5.12 shows the SEM image of 0.5 ym sintered PCD doped with 3wt% Cr3C;
showing normal grain growth. The grain size appears <0.5 ym. The microstructure is not
homogeneous with large binder pools present in the PCD. Some of these binder pools
consist of a mixture of fine agglomerated particles. There was no evidence of Cr;C;

precipitation.
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Figure 5.12: SEM image of 0.5 pm sintered PCD doped with 3wt% Cr;C, showing

normal grain growth

Figure 5.13 shows the SEM image of the larger grains appearing at the WC-Co interface.
According to EDS analysis, the binder pools consist of both tungsten and chromium
dissolved in the cobalt. In addition, there appears to be WC precipitates present in the

binder pools.
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Figure 5.13: SEM image of 0.5 uym sintered PCD doped with 3wt% Cr;C, showing

large grains in the AGG region
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5.4 Discussion

Using the Gibbs/Thompson equation, McKie et al. determined the solubility curve for
diamond in the cobalt liquid (refer to Figure 5.14).

4v.,01
C=C, exp[ 325]{ F] Equation 5-2: Gibbs/Thompson equation

Where, r is the grain size of the particles, vy is the solid—liquid interfacial energy, Q is the

atomic volume, T is the temperature and k is the Boltzmann constant. C, is the
equilibrium concentration above an infinitively large particle. The equation shows that the

solubility increases strongly with reducing grain size.

The dotted line indicates the carbon solubility at equilibrium. From the graph in Figure
5.14, it is clear that the solubility of the diamond in the cobalt binder increases as the
particle size decreases. There is a substantial increase in the solubility of the diamond
particle at 0.5 uym and an exponential increase in the solubility at less than 0.2 um. This

graph explains the AGG observed in the PCD samples under investigation.
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Figure 5.14: Solubility curve of diamond in the cobalt liquid [122]
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Both VC and Cr;C, seem to be effective grain growth inhibitors when added to tungsten
carbide. One of the mechanisms is believed to be the segregation of both the carbide
additve to the WC/Co interface thereby reducing the grain mobility of the WC particle, and
thus hindering grain growth [123] [124]. Jaroenworaluck et al. suggests that the
segregation of VC at the WC/Co interface leads to the faceting of the interface reducing
grain growth [114]. G. Gille et al. explains another mechanism where the solubility of the
WC grains in the binder reduces when adding grain growth inhibitors [125]. They
concluded that limited solubility decreases the solution re-precipitation which reduces

grain growth.

In this study, doping with VC was found to be slightly beneficial in terms of reducing AGG,
whereas addition of Cr3C, promoted AGG (refer to Figure 5.15). The reduction of AGG
when using VC as a dopant can be explained by one of the mechanisms outlined above.
Perhaps the VC segregates to the diamond/Co interface thereby reducing the mobility of
the carbon atoms at the surface of the diamond particle. Or perhaps the solubility of
carbon in the cobalt binder is reduced as a result of the addition of VC, and this reduces
the extent of AGG in the PCD.

Figure 5.16 shows the TEM analysis of a coarse grain PCD sample containing 3wt% VC
addition. This was previously explained in Section 2.4.2.3. The mixed carbide deposit can
be clearly seen at the diamond/Co interface. Furthermore, vanadium atoms are present in
the cobalt binder, therefore it is likely that these atoms segregate at the diamond/Co

interface thereby influencing grain growth.
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(a) (b) (c)
Figure 5.15: AGG comparison of: (a) Std PCD, (b) VC doped PCD and (c) Cr;C;
doped PCD

(V,W)Cx vanadium carbon
Figure 5.16: TEM analysis of the 3wt% VC addition to coarse grain PCD

Weidow et al. [113] state that chromium lowers the magnetic saturation of the binder
phase and in so doing, the carbon activity was found to be higher in the WC-Co material.
A material with a higher carbon activity is generally known to have a larger WC
coarsening rate during sintering which then results in a larger grain size [126] [127] [128].
It is also known that the WC grain size increases with an increase in the carbon addition
[129].

Based on the conclusions drawn by fellow researchers on the increase in carbon activity
and WC coarsening rate when Cr3;C, is added to WC-Co, it can be assumed that the
similar phenomenon occurs in PCD, i.e. the presence of chromium increases the carbon

activity in the binder phase of the PCD during sintering thus promoting grain growth.
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5.5 Conclusion

Vanadium carbide and chromium carbide are widely used in the sintering of WC-Co
materials to control the extent of grain growth. In this study, the effect of these dopants on
the sintering of fine grain PCD was assessed. The additives were admixed into the

diamond powder (grain size of 0.5 uym) prior to sintering at 1400 °C and 6.8 GPa.

Optical images of the standard sintered PCD showed abnormal grain growth at the WC-
Co/Diamond interface and at the region next to the canister material. Normal grain growth
was present in the bulk of the PCD. The addition of VC to the PCD slightly reduced the
extent of AGG whereas the addition of Cr3C, to the PCD significantly exaggerated AGG
grain growth within the PCD.

The grain size of the AGG in the standard PCD ranged from 100-400 um (AGG region of
250-300 pm), the VC doped PCD showed an AGG size of 100-200 ym (AGG region of
250-300 pm) and the Cr3C, doped PCD showed an AGG size of 100-250 ym (AGG
region of 650-700 pum).

It is assumed that the slight reduction of AGG in the VC doped PCD is due to the
segregation of the vanadium to the diamond/Co interface thereby reducing the mobility of
the carbon atoms at the surface of the diamond particle. Or perhaps the solubility of
carbon in the cobalt binder is reduced as a result of the addition of VC, and this reduces
the extent of AGG in the PCD. It was previously mentioned and shown that VC enhanced
PCD exhibited superior performance to the standard PCD. It is therefore expected that
the performance of the PCD containing VC in the fine grain material would be superior in
terms of both abrasion resistance and impact resistance due to the reduced amount of
AGG.

The exaggerated AGG present in the Cr3C, doped PCD is likely due to the increase in the
carbon activity in the PCD.
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5.6 Recommendations
It is recommended that further work be done to investigate the effect of Cr3C, additions to

PCD on the carbon activity of the PCD.

In this study, both the VC and Crs;C, were admixed into the diamond powder prior to
sintering of the PCD, and the resultant PCD microstructure was found to be
inhomogeneous with frequent deposits of large binder pools, clustered fine diamond

grains and large (V,W)Cx deposits.

It would be more preferable if the carbide additive was coated onto the diamond particle
using a technique such as sol gel in order to enhance the homogeneity of the sintered
PCD. Coating of the dopant onto the individual diamond grain would produce a finer grain
size of the dopants and more effective interaction of the dopants with the cobalt binder

and diamond grains. This may results in a more effective control of grain growth.
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions

Vanadium carbide is used extensively in the carbide industry to control the grain growth
of tungsten carbide particles. In doing so, the properties of the tungsten carbide tool is
enhanced especially the hardness and wear resistance of the material. Based on the
results observed in the carbide industry, it was decided to use vanadium carbide as an
additive in PCD.

Different methods of addition of vanadium carbide were investigated such as infiltration of
vanadium carbide into the diamond layer using a vanadium carbide powder bed,
infiltration of vanadium powder into the diamond layer, and admixing of the vanadium
carbide powder with the diamond powder. Both the infiltration methods resulted in
inadequate sintering of the PCD and this was primarily due to insufficient cobalt binder
being infiltrated into the diamond layer to promote sintering. The cobalt binder shim was
placed beneath the vanadium carbide powder bed and the aim was for the cobalt to carry
the vanadium carbide into the diamond layer as it diffused through. Hence, the vanadium

carbide was admixed into the diamond powder at various concentration levels.

The 1wt% vanadium carbide admix showed the formation of a C,VW mixed carbide
(according to the ICSD XRD database) with the presence of tungsten carbide particles
clearly visible in the PCD. The 3wt% and 5wt% vanadium carbide additive showed a
major reduction in the amount of tungsten carbide present in the PCD. In addition, a

(V,W)Cx mixed carbide phase was formed.

Both SEM and TEM analysis were used to determine the microstructure of the vanadium
carbide enhanced PCD and the location of the mixed carbide deposits. TEM analysis
revealed that the (V,W)Cx phase deposited at the diamond-binder interface. The
stoichiometry of the (V,W)Cx mixed carbide phase was confirmed using Energy

Dispersive X-ray Spectroscopy (EDS) analysis. Molar volume calculations yielded no
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increase in volume with the formation of the mixed carbide, hence there was no need for
concern regarding the expansion within the PCD table on formation of the (V,W)Cx

phase.

Mechanical testing proved that the vanadium carbide enhanced PCD possesses
improved behaviour properties. The sandstone milling test revealed the vanadium carbide
enhanced PCD to be more thermally stable with approximately 40% improvement, whilst
both the Paarl Granite Turning test and Vertical borer tests showed the PCD to be more
wear resistant. The reason for the superior performance of the vanadium carbide
enhanced PCD was explained by the precipitation hardening of the (V,W)Cx phase within
the PCD and the segregation of the (V,W)Cx towards the Co/diamond interface. A patent
was filed by Kaveshini Naidoo et al. with the publication number: US2010285335A1 that

described the performance improvement of the vanadium carbide enhanced PCD.

Interrupted high temperature and high pressure runs were performed in order to
determine the formation temperature of the mixed carbide. The runs were unsuccessful
due to inadequate sintering of the diamond powder, and the resultant compacts could not
be further analysed. A powder mix containing vanadium carbide, tungsten carbide and
diamond was therefore heat treated in a tube furnace at three different temperatures,
namely 1200 °C, 1300 °C and 1400 °C to determine the optimum formation temperature
of the (V,W)Cx mixed carbide phase. Results indicated that as the temperature increased,

the quantity of the mixed carbide phase also increased.

The stability of the (V,W)Cx mixed carbide phase was also investigated using hot stage
X-ray Diffraction (XRD), and was found to be stable up to the temperature investigated,
i.e. 1100 °C. This finding implies that the presence of the mixed carbide would not be
compromised at high temperatures during tool use but would continue to enhance the
performance of the PCD. In addition, the vanadium carbide enhanced PCD showed a
reduced amount of graphite being formed during hot stage XRD analysis. This suggests
that the vanadium carbide enhanced PCD would be more thermally stable during tool use

as compared to the conventional PCD.
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Since the addition of vanadium carbide to PCD vyielded a positive result both in terms of
the reduction of the amount of graphite being formed and improved performance, other
carbide additives such as molybdenum carbide, chromium carbide and titanium carbide
were investigated. Surprisingly, the chromium carbide additive did not react with the
tungsten to form a mixed carbide, but rather seemed to have entered into solution with
the binder. Hot stage XRD results of the carbide additives showed that the onset of

graphitisation to be 950 °C which is similar to the vanadium carbide enhanced PCD.

It was shown on numerous occasions that the addition of titanium carbide to the
vanadium carbide enhanced the properties of the tungsten carbide tool by controlling the
grain growth of the vanadium carbide particle. The addition of titanium carbide to the
vanadium carbide enhanced PCD led to the formation of a proposed mixed (Ti,V,W)Cx
phase. Vertical borer test results showed that the VC-TiC enhanced PCD exhibited
superior durability. An additional patent was filed by Kaveshini Naidoo et al. with the
publication number: US2015151410A1 that described the performance improvement of
the VC-TiC enhanced PCD.

There is a major challenge in the synthesis of fine grained PCD, with a diamond grain
size of less than 0.5 pym. It is known that as the grain size of the PCD decreases, the
grain growth of diamond particles within the PCD increases. The abnormal grain growth
(AGG) normally occurs at the WC-Co/diamond interface or alongside the canister
material. Since both vanadium carbide and chromium carbide are effective grain growth
inhibitors in the carbide industry, it was decided to use these additives in the sintering of

PCD containing a 0.5 ym diamond grain size.

It was found that the addition of vanadium carbide to the PCD slightly reduced the extent
of AGG whereas the addition of chromium carbide to the PCD significantly exaggerated
AGG within the PCD. The grain size of the AGG in the standard PCD ranged from 100-
400 um (AGG region of 250-300 um), the VC doped PCD showed an AGG size of 100-
200 um (AGG region of 250-300 pm) and the Cr3C, doped PCD showed an AGG size of
100-250 uym (AGG region of 650-700 um). The exaggerated AGG present in the
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chromium carbide doped PCD is likely due to the increase in the carbon activity in the
PCD.

6.2 Recommendations

Although various concentrations of vanadium carbide were investigated, it is
recommended that the performance of the PCD doped with different quantities of
vanadium carbide be investigated in order to establish what the optimum VC dopant
concentration regime is. It is also recommended that ab initio calculations be done prior

to the concentration study.

A heat treatment study was performed using 3wt% vanadium carbide additions to PCD.
The temperatures investigated were 1200 °C, 1300 °C and 1400 °C. It is recommended
that heat treatment experiments of the diamond powder containing 3wt% VC be

broadened to include the formation temperature of the (V,W)Cx phase.

The thesis predominantly focussed on the addition of vanadium carbide to PCD. Although
the addition of other carbides such as molybdenum carbide, chromium carbide and
titanium carbide were investigated, insufficient work was performed. It is hence
recommended that additional work be done to qualify the behavioural performance of the
PCD containing different carbide additives and a comparison made as to which carbide

additive displays the highest performance.

Very interesting findings were made regarding the effect of vanadium carbide and
chromium carbide on the abnormal grain growth of PCD. It is recommended that further
work be done to investigate the effect of chromium carbide additions to PCD on the
carbon activity of the PCD. The method of addition of the carbide additive to the 0.5 ym
diamond grain size powder was inadequate, as it led to large carbide deposits within the
PCD. These carbide deposits would act as major flaws in the PCD and would most
definitely negatively affect the performance of the PCD. Other methods of addition such

as sol gel coating of the additive onto the diamond particle should also be investigated.

190



In addition, the performance of the fine grain PCD containing the carbide additives should

be investigated.
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APPENDIX ONE: EDS QUANTIFICATION OF THE BINDER POOLS USING THE TEM

EDS 1

Analysis Element Composition (at%) Image

EDS 1 Carbon 57.64
Cobalt 1.51
Vanadium 31.65
Tungsten 9.20

EDS 2 Carbon 93.57
Cobalt 0.41
Vanadium 4.55
Tungsten 1.47

EDS 3 Carbon 88.21
Cobalt 0
Vanadium 8.61
Tungsten 3.18

EDS 4 Carbon 84.79
Cobalt 0.42
Vanadium 11.41
Tungsten 3.38

EDS 5 Carbon 87.77
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EDS 6

Cobalt
Vanadium
Tungsten
Carbon
Cobalt
Vanadium

Tungsten

0.56
8.87
2.80
89.57

9.01
1.42
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APPENDIX TWO: HEAT TREATMENT OF VC ENHANCED PCD
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APPENDIX THREE: XRD Patterns for the Mo,C enhanced PCD during heat

treatment
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APPENDIX FOUR: XRD PATTERNS FOR THE TIC ENHANCED PCD DURING HEAT
TREATMENT
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APPENDIX FIVE: XRD PATTERNS FOR THE CR3C, ENHANCED PCD DURING HEAT
TREATMENT
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APPENDIX SIX: XRD PATTERNS FOR THE VC-TIC ENHANCED PCD DURING HEAT
TREATMENT
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