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Abstract

Abstract

This thesis investigated the optimisation of the high-pressure high-temperature (HPHT)
sintering process for manufacturing polycrystalline diamond compacts (PDCs) with
enhanced leachability and performance. A primary focus was the precise control of the
key sintering parameters: pressure, temperature and holding time. The research
addressed the challenges of accurate parameter measurement under extreme HPHT
conditions by developing and validating a novel in situ pressure calibration method
using a cubic press. The method, based on real-time volume change measurements of
the PDC sample and the Murnaghan equation of state, gave improved accuracy and
material specificity than conventional fixed-point techniques. Furthermore, the study
examined the influence of thermocouple placement on temperature measurement
accuracy, demonstrating the critical importance of optimal positioning for reliable

temperature monitoring.

The individual and combined effects of pressure, temperature and holding time on
PDC leach rate were extensively analysed. Experiments showed that increased
pressure significantly reduced leach rate, attributed to enhanced densification,
reduced porosity and smaller cobalt pools. Similarly, higher sintering temperatures
decreased leachability due to greater densification and altered pore morphology.
Holding time also played a role, with longer durations promoting densification and
thus reducing leach rate, particularly at lower temperatures. Statistical models,
including linear and polynomial regression, were developed and validated to predict

leach rate based on individual parameter variations.

To further understand the complex interaction between the sintering parameters, a
multiple regression model was developed, revealing a significant interaction between
holding time and temperature. Dominance analysis was employed to establish a
hierarchy of parameter importance, identifying pressure as the most influential factor
in controlling leach rate, followed by temperature, with holding time having a lesser,
yet significant, indirect effect. The developed models coupled with the insights into
parameter interactions and relative importance provided a comprehensive framework

for optimizing the HPHT sintering process of PDCs.
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Chapter 1: Introduction

1.1 Background

Polycrystalline diamond compacts (PDCs) are advanced composite materials of
diamond (C), cobalt (Co) and tungsten carbide (WC-Co) [1-4]. A PDC compact is
composed of two key parts: a layer of polycrystalline diamond and a WC-Co substrate.
These are bonded together to create a cutting tool with exceptional hardness, wear
resistance, and thermal stability [1-4]. These properties make them indispensable
tools in many industries, particularly oil and gas drilling, where they are used as cutting
elements in drill bits [4—6]. The performance of PDC cutters directly affects drilling
efficiency, bit lifespan and overall cost-effectiveness [7,8]. The PDCs are typically
manufactured by a high-pressure, high-temperature (HPHT) sintering process, where
micron-sized synthetic diamond grains are bonded together using a cobalt binder
under extreme conditions [1-4]. This process creates a dense, intergrown diamond

structure that provides the material's exceptional properties [1-4] .

With advances in high-pressure, high-temperature (HPHT) sintering technology, it is
now possible to achieve a much wider operating range of the process variables, which
creates opportunities to improve the conventionally-made PDCs [9]. The process
variables include high sintering pressures, high sintering temperatures and shorter
sintering cycle times [9]. While advances in manufacturing technology play a key role
in improving PDC performance, there is also a need to advance the fundamental

understanding of how changes to these process variables affect leachability.

A critical factor influencing the performance and longevity of PDC cutters is their
thermal stability [7,10-12]. During drilling operations, PDCs experience significant
frictional heating, which can lead to thermal damage and premature failure [7,10-12].
To combat thermal degradation and extend tool life in PDCs [7,8,12], the industry
commonly employs leaching. This process selectively removes the cobalt binder from
the diamond layer using strong acids, like hydrochloric acid [13-17]. Removing a layer
of about 200 um thickness from the diamond layer using acid mixtures greatly
increases the thermal resistance and hence improves the PDC life [13—17]. This creates
an "engineered porosity" (where the leached-out cobalt creates pores) within the PDC

structure, which improves heat dissipation and reduces the risk of thermal damage
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[13-17]. A leached PDC can then be heated to much higher temperatures without the
diamond graphitising or cracking, so preventing premature failure [13—-17]. Thermal
resistance is improved because the leached layer is only composed of diamond, so
heat transmission away from the tip of the working layer becomes more efficient [13—
17]. The rate at which cobalt is removed during leaching, referred to as "leachability,"
is therefore a crucial parameter that needs to be carefully controlled during PDC
manufacturing. Therefore, a study of the relationship between processing variables
and leachability in a systematic way becomes necessary because it can aid in the
understanding and design of PDCs with extended thermal stability. Understanding this
relationship mathematically is better because mathematical models can be used to

predict leachability during product design.

1.2 Problem Statement

The leachability of PDCs is significantly affected by the parameters used during the
HPHT sintering process, primarily pressure, temperature and holding time. Achieving
the desired microstructure and leachability requires precise control of these
parameters. However, the extreme conditions within the HPHT apparatus present
significant difficulties for accurate measurement and control of both pressure and
temperature [18]. Conventional pressure calibration methods often rely on room-
temperature phase transitions of reference materials [18], which can introduce
significant errors when extrapolated to high-temperature sintering conditions.
Similarly, accurate temperature measurement is complicated by steep temperature
gradients within the cubic press and potential reactions between the thermocouple

and the sample environment [18].

Additionally, the industry trend towards deeper leaching, well beyond a millimetre, to
maximize thermal stability benefits has introduced new manufacturing challenges
[8,12]. While deeper leaching enhances thermal performance, it necessitates
significantly extended leaching durations, increasing processing time and costs.
Therefore, the ability to accurately predict and control leachability is no longer a
secondary concern but a primary determinant of PDC performance and manufacturing
efficiency. Developers need to determine the leachability of new cutters early in the
development cycle to optimize leaching processes and avoid costly trial-and-error

approaches. This requires a comprehensive understanding of how sintering
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parameters affect leachability and the development of reliable predictive models.
These difficulty of accurately controlling the sintering parameters can lead to
inconsistencies in PDC microstructure, variations in leachability, and ultimately,
compromised performance. Therefore, there is a critical need to develop improved
methods for process parameter control and to understand the interactions between
sintering parameters, microstructure, and leachability to optimise the HPHT sintering

process for manufacturing high-performance PDCs.

1.3 Research Questions

This research aimed to address the problems described above by investigating the

following research questions:

1. How can pressure be accurately calibrated in a cubic press at the actual
sintering temperatures used for PDC fabrication?

2. What is the influence of thermocouple placement on the accuracy of
temperature measurement during HPHT sintering, and how does this affect
PDC properties?

3. How do the individual sintering parameters (holding time, temperature and
pressure) affect the leach rate of PDCs?

4. What is the combined effect of these parameters on leach rate, and how do
they interact?

5. What is the relative importance of each sintering parameter in determining the
leachability of PDCs?

6. Can statistical models be developed to predict leach rate based on sintering

parameters, and can these models be used to optimize the sintering process?

1.4 Research Objectives

The primary objectives of this research are to:

1. Develop and validate a novel in situ pressure calibration method for a cubic
press that provided accurate and material-specific pressure determination at

sintering temperatures.
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2. Investigate the influence of thermocouple placement on temperature
measurement accuracy and determine the optimal placement strategy for
reliable temperature monitoring.

3. Quantify the individual effects of holding time, temperature and pressure on
the leach rate of PDCs.

4. Develop a multiple regression model to quantify the combined effects of
sintering parameters, including interactions, on leach rate.

5. Employ dominance analysis (DA) to determine the relative importance of each
sintering parameter in controlling leach rate.

6. Develop and validate predictive models for leach rate based on the individual
and combined effects of sintering parameters.

7. Utilise the developed models and insights to propose strategies for optimising

HPHT sintering to achieve desired PDC leachability and performances.

1.5 Significance of the Research

This research made significant contributions to the field of PDC manufacturing and
applications. By developing and validating a novel in situ pressure calibration method,
this work addressed a critical limitation in conventional HPHT sintering techniques. The
improved accuracy in pressure determination, coupled with a better understanding of
temperature measurement difficulties, enabled more precise control of sintering.
Furthermore, the detailed investigation of the individual and combined effects of
sintering parameters on leach rate, using advanced statistical modelling techniques,
provided a comprehensive framework for optimising the sintering process. The

findings of this research have the potential to:

e Improve the consistency and reliability of PDC manufacturing,

e Reduce manufacturing costs by optimising process parameters and minimizing
material waste,

e Enable the development of tailored PDCs with specific leachability
characteristics for different drilling applications,

e Advance fundamental understanding of HPHT sintering and the relationships

between process parameters, microstructure and properties of PDCs.
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1.6 Thesis Outline

The remainder of this thesis is structured as follows:

Chapter 2: Literature Review: This chapter provides a comprehensive review of
the relevant literature on HPHT sintering of PDCs, focusing on the effects of
sintering parameters on microstructure and properties. It also describes various
pressure calibration and temperature measurement techniques, as well as
statistical modelling approaches used in materials science.

Chapter 3: Materials and Methods: This chapter describes the experimental
procedures employed in this research, including materials used, sample
preparation, sintering process, leaching process, characterisation techniques
and data analysis methods.

Chapter 4: Challenges and Advancements in Accurate Process Parameter
Control: This chapter presents the novel in situ pressure calibration method
developed in this research and discusses the difficulties associated with
accurate temperature measurement, including the effect of thermocouple
placement.

Chapter 5: Optimising Leachability by Parameter Control: Individual Effects:
This chapter investigates the individual effects of holding time, temperature
and pressure on the leach rate of PDCs, presenting experimental results and
developing quantitative models for each parameter.

Chapter 6: Integrated Parameter Optimisation: Interactions and Relative
Importance: This chapter focuses on the combined effects of sintering
parameters, employing multiple regression analysis to model their interactions
and dominance analysis (DA) to determine their relative importance in
controlling leach rate.

Chapter 7: Overall Discussion: This chapter provides a comprehensive
discussion and interpretation of the research findings, connecting the results
from all chapters and demonstrating the significance of the work.

Chapter 8: Conclusions: This chapter summarises the key findings and
contributions of the research, discusses limitations and suggests directions for

future research.
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Chapter 2: Literature review

2.1 Introduction

This chapter provides a comprehensive review of the relevant literature on the high-
pressure high-temperature (HPHT) sintering of polycrystalline diamond compacts
(PDCs), focusing on the effects of sintering parameters on their microstructures and
properties. The chapter begins with an overview of HPHT sintering and the key
parameters that influence PDC fabrication. It then describes the specific effects of
pressure, temperature and holding time on the resulting material characteristics,
drawing on existing research to identify the known relationships and mechanisms. The
critical importance of accurate pressure calibration and temperature measurement in
HPHT processes is addressed, reviewing both conventional and alternative methods.
Additionally, the chapter discusses the significance of leachability in enhancing PDC
performance and examines the factors that affect this important property. Finally, an
overview of relevant statistical modelling techniques commonly used in materials
science is presented, followed by an identification of research gaps in the current

literature that this thesis aimed to address.

2.2 HPHT Sintering of PDCs
High-pressure high-temperature (HPHT) sintering is the main method for

manufacturing PDC cutters used in the oil and gas drilling industry [19-22]. This
process typically involves subjecting a mixture of micron-sized synthetic diamond
powder (Figure 2.1) and a cobalt binder to extreme pressures (5-10 GPa) and
temperatures (1450-1900°C) for a specific duration, known as the holding time

[3,23,24].

Diamond Powder

_\( \ \/ s \(L
Jeeeeese

— ]

Cobalt-Cemented
Tungsten Carbide

Figure 2.1: Diamond powder and WC substrate placed inside the sample assembly [23]
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The HPHT process (Figure 2.2) consolidates the diamond particles, creating a dense,
intergrown diamond structure with exceptional hardness and wear resistance
[3,23,24]. The cobalt binder, which melts during the process (Figure 2.3), facilitates
liquid phase sintering (LPS), a key mechanism that promotes densification and bonding

between the diamond grains [25,26].

(@)

Sample Assembly WC Anvil

Figure 2.2: (a) HPHT press, (b) sample assembly [23]

The fundamental mechanisms involved in LPS, as described by German et al. [32],
include particle rearrangement, solution-reprecipitation and grain shape
accommodation. Initially, capillary forces exerted by the liquid cobalt draw the
diamond particles closer together, leading to particle rearrangement and a reduction
in porosity [32]. As the temperature increases, the cobalt dissolves diamond at points
of high contact stress and facilitates its reprecipitation in regions of lower stress,
leading to neck formation between particles and further densification [32]. This
process is further enhanced by the application of high pressure, which increases the

solubility of diamond in cobalt and promotes diamond-diamond bonding [32].
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Figure 2.3: Cobalt binder migration [23]
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Diamond-to-diamond bonding is a mechanism of PDC sintering that introduces new
diamond particles between the diamond grains by re-precipitation as shown in Figure
2.4 [27,28]. Diamond-to-diamond bonding is a quantitative parameter usually
measured from scanning electron microscopy (SEM) images using image analysis
software (IA) and is related to the mechanical properties of the PDC [28]. Diamond-to-
diamond bonding results in an intergrown diamond structure which gives excellent

mechanical properties such as superior hardness and wear resistance [25].

|
Figure 2.4: SEM-BSE image showing diamond-to-diamond bonding in PDC, showing

cobalt pools (medium grey contrast), diamond (dark contrast) and tungsten carbide
(light grey contrast) [28]

Ozbayraktar [143] categorised the processes during polycrystalline diamond

manufacturing into three stages:
(1) cold compaction,
(2) hot compaction, and

(3) liguid phase sintering.

Cold compaction

Cold compaction in PDC materials, as showed by the transition from Step A to Step B in
Figure 2.5, occurs under steadily increasing pressure up to a nominal level of 5.5 GPa
without the application of heat. Ozbayraktar [144] identified of PDC material three

distinct processes under pressure in cold compaction: particle rearrangement,
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diamond particle crushing and the filling of pores with the resulting fine particles.
Initially, the applied pressure forces the particles to rearrange as they push against one
another. This rearrangement leads to high stresses at the contact points between the
diamond grains, ultimately causing them to fracture and result in finer particles.
Ozbayraktar [142] determined that fracturing occurred due to localised contact
pressures exceeding the compressive strength of diamond (>13 GPa). The threshold
for diamond grain fracture was 69.5 GPa, and since stresses at diamond particle
contacts can be 30 times the applied pressure, fracturing can begin with an applied
pressure as low as 2.3 GPa. Furthermore, Ozbayraktar [142] observed that coarser,
irregularly-shaped diamond particles were more prone to crushing than finer ones.
Contact between a diamond particle with truncated corners and one with a flat face
can generate pressure exceeding the strength of diamond, leading to crushing.
Importantly, fracture at contact points mostly occurs below 1000°C due to the brittle
nature of diamond. Above this temperature, plastic deformation occurs. In summary:
The cold compaction of PDC material involves a complex interaction of particle
rearrangement, crushing driven by localized high stress at contact points and pore
filling [142]. This process is heavily affected by the applied pressure and the
morphology of the diamond particles, with significant fracturing occurring well below

the nominal compaction pressure and at temperatures below 1000°C [142].
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Figure 2.5: Sintering map for a cobalt based PDC [148]
Hot compaction

The hot compaction stage is crucial for PDC sintering, as illustrated by the transition
from Step B to Step D in Figure 2.5 and explained by several researchers [142, 144,
147, 148]. This stage is initiated by the introduction of heat, although temperatures
remain below the threshold for binder infiltration. During hot compaction, driven by
the simultaneous application of high pressure and temperature, the primary processes
are graphitisation of diamond surfaces adjacent to pores, plastic deformation of
diamond grains in contact zones and further densification of the compact by pore
shrinkage. According to Brookes et al. [147], the initial application of heat promotes
further densification primarily by continued crushing and rearrangement of the
previously crushed particles. Brookes et al. [147] attributed this to the low pressure
within the pores, which allows for the conversion of diamond to graphite. However,
this graphitisation diminishes with increasing pressure as the conditions approach the
diamond stable region above the Berman-Simon (BS) line, as depicted in Figure 2.2.
Above 800°C, densification proceeds via plastic deformation [147, 148], where
diamond grains are in direct contact. This plastic deformation is affected by both
temperature and pressure, increasing at higher temperatures. Hot compaction of PDC

materials causes continuous densification driven by a combination of particle
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rearrangement and plastic deformation. While graphitisation occurs at lower pressures
and temperatures around 800°C, it is suppressed at higher pressures. The dominant
mechanism at temperatures exceeding 800°C is plastic deformation within diamond-

diamond contact zones, facilitated by the elevated temperature and pressure.

Liquid phase sintering

Liquid phase sintering of PDC formation, represented by steps D to E in Figure 2.5, is
primarily driven by the melting and infiltration of cobalt [144]. When temperatures
exceed 1300°C, cobalt begins to melt and permeates the diamond layer. This cobalt
infiltration provides two key advantages for sintering: lowering the required sintering
temperatures and pressures and facilitating the dissolution of graphite from the
diamond particle surfaces. For effective liquid phase sintering, Ozbayraktar [144]

stated that the cobalt binder must fulfil several criteria:

o High Carbon Solubility: The molten cobalt must be able to dissolve a significant
amount of carbon.

o High Carbon Diffusivity: The dissolved carbon should be able to diffuse rapidly
through the molten cobalt.

e Low Wetting Angle: The cobalt should exhibit a low wetting angle with the
diamond grains, promoting spreading and infiltration.

e Low Interfacial Energy: Low interfacial energy between the cobalt and
diamond is desirable for effective bonding.

e High Adhesion Energy: Strong adhesion between the cobalt and diamond is

necessary for bonding.

Ozbayraktar [144] described the infiltration stage of liquid-phase sintering. During this
stage, the elevated temperatures cause the cobalt binder, which is typically present as
a separate layer or pre-mixed with the diamond powder, to melt. This molten cobalt
then infiltrates the porous diamond layer. Dissolved tungsten and carbon from the
substrate, are also present in the molten cobalt, particularly at the interface between
the diamond layer and the substrate. The excessive carbon at the interface changes
the composition of the Co-W melt. The resulting molten cobalt then infiltrates the

porous diamond structure, driven by the high-pressure gradients between the
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diamond layer and the solid interface. As the molten cobalt fills the gaps between the
diamond grains, dissolved carbon reprecipitates as diamond, effectively bonding the
grains together and forming a continuous, intergrown diamond network.
Simultaneously, the cobalt binder begins to infiltrate the diamond compact, again
driven by pressure gradients. This mass transfer of cobalt gradually diminishes as the
pressure gradient decreases, ceasing entirely once the pores are completely filled and
the pressure gradient is eliminated. In summary, liquid phase sintering of PDCs
involves the melting and infiltration of cobalt into the porous diamond compact. The
cobalt acts as a sintering aid, facilitating the formation of strong, covalent diamond-
diamond bonds. The success of this process depends on the cobalt's ability to wet the
diamond surface, its solubility for carbon, and the capillary forces that draw the
molten cobalt into the inter-particle spaces [29]. This infiltration, combined with the
applied pressure, leads to densification and the formation of intergrown diamond with

cobalt filling the remaining spaces.

2.3 Effects of Sintering Parameters on PDC Properties

The properties of the final PDC product are highly dependent on the sintering
parameters employed during the HPHT process [9,30,31]. Optimising these parameters
is crucial for achieving the desired microstructure, mechanical properties and

leachability.

2.3.1 Pressure

Pressure plays a critical role in densification during HPHT sintering. Increased pressure
promotes particle rearrangement and reduces porosity, resulting in a denser
microstructure [9,19,32]. Tank et al. [33] observed a 4% increase in diamond content
when sintering pressure was increased from 4.5 GPa to 7.5 GPa, demonstrating the
significant effect of pressure on densification. Corrigan et al. [34] found that increasing
pressure from 6 GPa to 7.5 GPa achieved the highest densification (98.22 + 0.42 %)
with negligible open porosity. The increased pressure gave better compaction and
deformed and fractured the diamond grains, forming new, smaller gains, which
rearranged themselves to fill the pores between larger particles leading to higher
densification. Liu et al. [35] increased pressure from 5 to 7 GPa * 0.3 GPa achieving

increased densification (99.15 + 0.42 %) and hardness (57.5 + 0.3 GPa). Katzman et al.
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[36] sintered at 7.7 GPa to increase hardness to 57 - 61 GPa and electrical resistivity to
1.3 x 108 Q.cm, compared to commercial PDC compacts (52.2 + 2 GPa) [37], which are
typically sintered at 6 GPa. Yahiaoui et al. [38] used photoluminescence spectroscopy
to examine PDC samples sintered at 2.6 GPa, 4.6 GPa and 9.9 GPa and observed that
photoluminescence increased with pressure. In cold compaction of diamond powder
[29], pressure variations significantly affect the packing density of diamond particles.
The initial densification of the diamond particles was substantial due to accelerated
pore shrinkage rates under applied pressure. Minnaar et al. [29] proposed that higher
pressures induce deformation and fracture of diamond grains, generating smaller
particles that rearrange and fill the voids between larger particles, consequently
enhancing densification. Thus, pressure is a dominant factor governing densification,
microstructure, and ultimately, the performance of PDCs. The consistent mention of
enhanced densification, increased hardness, and altered properties with increasing
sintering pressure demonstrates the need to optimise this parameter to achieve

desired PDC performance for specific applications.

Ozbayraktar [144] indicated the challenges associated with achieving consistent
density in sintered PDC samples, particularly when using geometric methods for
density estimation. Variability in density measurements is often attributed to
microstructural inconsistencies such as inhomogeneous particle packing, differential
shrinkage during sintering, and localised porosity, all of which can significantly affect
the final material properties. These inconsistencies are exacerbated when samples
deviate from ideal geometries, as surface irregularities and non-cylindrical shapes
introduce errors in volume estimation, thereby affecting calculated density values. The
geometric method, while convenient, is sensitive to such deviations and may not
accurately reflect true bulk density, especially in materials with complex sintering

behaviour.

2.3.2 Temperature
Temperature is another crucial parameter that affects the kinetics of sintering and the

resulting microstructure. During sintering, elevated temperatures drive mass
transport, grain boundary migration and particle growth [39-41]. The effects of

sintering temperature on the final microstructure and properties vary depending on
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the material and the specific sintering technique employed. Careful control of
temperature is crucial for achieving the desired properties. Sintering temperature
strongly affects the microstructures of ceramics. Higher temperatures enhance the
sintering process within the diamond layer. This leads to increased diffusion and
bonding between diamond particles, reducing porosity and increasing the overall
density of the layer. For example, Fan et al. [39] observed a significant increase in the
relative density of zirconia-toughened alumina (ZTA) from approximately 93.38 +
0.23% when sintered at 1100°C to over 98.13 + 0.04% when sintered at 1450°C.
However, excessive temperatures can also lead to exaggerated grain growth, which
may negatively impact certain properties [39]. The average grain size increased from
348.28 £ 2.23 nm at 1200°C to 468.98 £ 2.19 nm at 1450°C [39]. The optimal sintering
temperature for achieving the desired microstructure depend on the specific material

and application.

Li et al. [40] demonstrated that sintering temperature effectively controlled the
microstructure of Ti,AINb-based composites. The compressive strength of a Ti;AINb-
based composite increased from 4.12 + 0.1 GPa at 1250°Cto 5.8 + 0.2 GPa at 1350°C,
although there can be an optimal temperature range for optimising mechanical
properties, beyond which further increases may be detrimental. The compressive
strength of the composite decreased to 4.23 £ 0.15 GPa when the sintering
temperature was increased to 1400°C [40]. In contrast, Leszczynska-Made;j et al. [41]
found that varying the sintering temperature during spark plasma sintering (SPS) of Al-
SiC composites between 580°C and 600°C had a minimal effect on the microstructure.
However, the higher sintering temperature increased hardness from 1050 + 50 HV to
1180 £ 60 HV. While these studies were not for PDCs, they demonstrate the general
principles governing sintering behaviour in ceramic materials. Since PDCs are a type of
advanced ceramic composite, it is reasonable to infer that sintering temperature will
similarly play a crucial role in determining their final microstructure and, consequently,
their mechanical properties, such as hardness, wear resistance and compressive
strength. Therefore, investigating the effects of sintering temperature on PDCs is

important to achieve desired PDC performance for specific applications.

Andrew Ndlovu 2025 Page 14



[OFFICIAL]

2.3.3 Holding time
Holding time is a critical sintering parameter that significantly affects microstructural

evolution of ceramic materials during sintering, directly affecting mass transfer, grain
boundary migration and particle growth, ultimately shaping the final properties of the
sintered product [42—47]. Liu et al. [46] investigated the effect of holding time on the
sintering of dense yttria-doped zirconia ceramics. They found that a modest increase in
holding time from 5 minutes to 10 minutes gave a slight improvement in density,
approximately 1.5%. Yang et al. [42] focused on calcium oxide-based ceramics,
determining that an optimised holding time of 90 minutes yielded a flexural strength
of 20.7 £ 1.8 MPa and a hardness of 17.6 + 2.8 GPa. Extending the holding time to 150
minutes resulted in increased average grain size, approximately 220% (from 25 + 3 um
to a larger, unspecified size), attributed to reduced porosity. Zang et al. [44] found that
Ti185 alloy samples sintered at 1350°C with a 30-minute hold exhibited the highest
compressive strength (1931 + 80 MPa) and the lowest friction coefficient (0.47 + 0.02).
Although these studies focused on different materials, they collectively demonstrated
the significant effect of holding time on the densification, grain growth and resulting
mechanical properties of the sintered materials. As PDCs are a specialised form of
ceramic composite, it is likely that the holding time during sintering will similarly
strongly affect their microstructures, particularly the degree of diamond-diamond
bonding, cobalt distribution and ultimately, properties like wear resistance and
fracture toughness. Therefore, a thorough understanding of the effect of holding time
is crucial for optimising the sintering process and achieving desired performance

characteristics in PDCs.

2.3.4 Interactions between Parameters
While pressure, temperature and holding time each individually affect sintering and

the resulting properties of materials like PDCs, it is crucial to recognise their
interdependent effects. The optimal value for one parameter often depends upon the
chosen values of the other parameters. For example, the ideal holding time may vary
significantly depending on the applied pressure and temperature. German et al. [9]
demonstrated that holding time and temperature interact significantly during
sintering, highlighting that these parameters cannot be optimized independently.

Therefore, a holistic and integrated approach to process optimisation is essential,
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considering the combined and synergistic effects of pressure, temperature and holding
time to achieve the desired microstructure and performance of PDCs. Understanding
the interaction between the parameters is important for tailoring the properties of

PDCs for specific applications and achieving optimal performance.

2.3.5 Sintering mechanisms

Sintering, particularly for polycrystalline diamond compacts, is a complex interaction of
various mechanismes, significantly influenced by temperature. German et al. [32]
proposed a model based on the joining of two spherical particles to explain these

mechanisms (Figure 2.6).

Figure 2.6: Sintering mechanisms for joining of two particles [32]

This model identifies six primary transport mechanisms: (1) surface diffusion, (2) lattice
diffusion from the surface, (3) vapour transport (evaporation/condensation), (4) grain
boundary diffusion, (5) lattice diffusion from the grain boundary and (6) plastic flow by
dislocation motion [32]. These mechanisms can be broadly categorised as either
densifying (4, 5 and 6), which contribute to shrinkage by removing material from the
grain boundary, or non-densifying (1, 2 and 3), which promote neck growth and

particle coarsening without shrinkage. However, for PDC sintering, German et al. [32]

Andrew Ndlovu 2025 Page 16



[OFFICIAL]

found that only mechanisms 3 and 6 are directly relevant. Mechanism 3, for PDCs, is
redefined as "cobalt binder phase transport". This involves the dissolution of graphite
(formed on diamond surfaces) into the cobalt binder and its subsequent
reprecipitation as diamond, forming diamond-to-diamond bonds — a process distinct
from simple evaporation-condensation. Mechanism 6 is the plastic deformation of

diamond grains under the applied heat and pressure during hot compaction.

German et al. [32] described the cobalt binder phase transport as a key mechanism in
liquid phase sintering. The molten cobalt facilitates the solution-reprecipitation
process, where less stable carbon (graphite or strained diamond) dissolves in the
cobalt and reprecipitates as more stable, well-formed diamond, leading to diamond-
diamond bonding. This process is driven by the reduction in overall free energy of the
system. Carbon preferentially diffuses from high-energy locations, such as diamond
grain surfaces or in solution within the binder, to lower-energy sites at neck or grain
boundary junctions. This leads to the deposition of carbon onto existing diamond
grains, forming the crucial diamond-to-diamond bonds. This process is enhanced by
increased sintering temperature and time, slowing down as the available graphite is
consumed. The presence of liquid cobalt is crucial for facilitating the carbon transport.
Insufficient binder can lead to non-uniform diamond intergrowth due to poor binder
distribution. Minnaar et al. [29] recognises diamond grain deformation as another key
densification mechanism, strongly affected by both temperature and pressure. Above
a certain temperature threshold, the applied pressure causes the contact points
between diamond grains to deform plastically, resulting in the movement and
multiplication of dislocations within the grains. This plastic deformation leads to pore
shrinkage and, consequently, densification. Pioneering work by Wamsley [145, 146]
using transmission electron microscopy (TEM) revealed that in sintered PDCs, most of
the original diamond grains exhibited significant deformation. In contrast, newly
formed intergrowth regions showed minimal deformation. Wamsley [145. 146]
observed dislocation networks and micro twinning above 700°C (Figure 2.7), with
dislocations in the intergrown diamond formed low angle boundaries. The common
deformation defects in PDCs included stacking faults, micro twinning, and a low

dislocation density in the intergrowth regions (Figure 2.7).

Andrew Ndlovu 2025 Page 17



[OFFICIAL]

Figure 2.7: TEM micrographs showing: (a) stacking faults; (b) micro-twinning and (c) low
dislocation density of diamond intergrowth [145]

In conclusion, the HPHT sintering of PDCs is a complex process governed by several
temperature-sensitive mechanisms, including plastic deformation, grain boundary
migration and diamond-to-diamond bonding via solution-reprecipitation. During the
initial stages of sintering, plastic deformation of diamond grains becomes significant,
particularly above 1000°C, allowing for particle rearrangement and initial densification.
As the temperature increases, grain boundary migration becomes increasingly
important. In this process, boundaries between adjacent diamond grains move, driven
by the reduction in overall grain boundary energy. This can lead to the consumption of
smaller grains by larger grains (grain growth) and the formation of direct, covalent
diamond-diamond bonds where grains of similar crystallographic orientation meet.
This grain boundary migration and resulting neck formation between diamond
particles are illustrated by German et al. [9,32]. Finally, the cobalt binder facilitates

diamond-to-diamond bonding by a solution-reprecipitation mechanism, where less
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stable carbon dissolves in the molten cobalt and reprecipitates as more stable
diamond at points of contact between grains. The interaction and temperature
dependence of these mechanisms (plastic deformation, grain boundary migration, and
solution-reprecipitation) are crucial in determining the final microstructure, and
consequently, the mechanical properties and overall performance of the sintered PDC.
A thorough understanding of these mechanisms is therefore essential for optimising

the sintering process and tailoring PDCs for specific applications.

2.4 Leachability of PDCs

Leaching, the selective removal of cobalt from the diamond layer using strong acids, is
a critical post-sintering process that significantly enhances the thermal stability and
performance of PDC cutters [13,48-51]. The removal of cobalt creates the "engineered
porosity" that improves heat dissipation and reduces the risk of thermal damage
during drilling operations [13,48-51]. Leaching is the current industry standard [13,48—
51] used to overcome thermal degradation in PDCs and extend the tool life. Cobalt is
recognised as the preferred binder in PDC sintering [1, 20, 36, 50, 58], facilitating the
dissolution of graphite from diamond grain surfaces and its reprecipitation as diamond,

forming diamond-to-diamond bonds through intergrowth.

However, as Gou et al. [58] found, thermal resistance is inversely proportional to
binder amount; lower cobalt content leads to higher thermal resistance. This is
because, at the elevated temperatures experienced at the rock contact point during
operation, the cobalt binder undergoes several detrimental changes, collectively
referred to as cobalt degradation. These changes include promoting the graphitization
of diamond, contributing to thermal stresses due to cobalt's higher thermal expansion
coefficient compared to diamond, and potentially oxidizing [28]. These degradation
processes diminish tool performance. Westraadt [28] identified graphitisation (Figure
2.8) as the primary cause of PDC thermal degradation, occurring at approximately
700°C when diamond is in contact with cobalt, which facilitates the conversion of
diamond to graphite under low-pressure conditions. Graphite is weaker and softer
than PDC, creating localised weak points that lead to fracture, chipping, or spalling and

accelerating wear [28].
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Figure 2.8: TEM image showing degraded cobalt pools after exposure to 700 °C for 2 h,
with graphite outlined by red circles [28]

Several studies [20,28,29,58,59] investigated the thermal degradation mechanisms of
PDC materials. Westraadt [28] observed micro-cracks in samples heated to 800°C in
air, attributing them to graphitisation and stress-induced micro-cracking. Westraadt
[28] found that these micro-cracks initiated at diamond grain edges and developed
into transgranular cracks. This pattern of cracking suggested graphitisation as the likely
cause. The transformation of diamond to graphite, particularly at grain boundaries
where cobalt is present, results in a significant volume increase and a weaker, less
dense material. This creates internal stresses and weakens the grain boundaries,
making them preferential sites for crack initiation and propagation. Gou et al. [58]
observed accelerated wear in a PDC with ~10 um grain size annealed at 600°C in air,
also attributing it to rapid graphitisation. Similarly, Akhaishi et al. [59] found that wear
resistance was compromised above 500°C due to graphitisation. Gu et al. [20]
observed transgranular cracking during wear tests, finding that temperatures at the
wear surface were high enough for cobalt to facilitate diamond-to-graphite
conversion, causing internal crack formation. Gu et al. [20] further investigated
thermal degradation, observing degraded cobalt pools after heat treatment at 800°C,
with graphite identified within the pools. Gu et al. [20] linked PDC failure to the
presence of graphite in cobalt pools, noting a 54% volume increase associated with
diamond-to-graphite conversion. This expansion induces lattice strain, increasing
internal stress and potentially leading to micro-cracking. Katzman [36] observed a

sharp increase in wear rate and reduced hardness in PDCs used for rock cutting at 700-
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750°C and attributed the increased wear rate to graphite formation at the cutting
edge. The high-temperature performance of PDCs is limited by the oxidation of both
diamond and cobalt in oxygen-containing environments [36]. While
thermodynamically unstable at ambient conditions, diamond's conversion to graphite
is kinetically slow at room temperature. However, at elevated temperatures in the
presence of oxygen, diamond readily oxidises to CO and CO,. Cobalt can also oxidise,
forming CoxOy which can be Cosz0 or CoO [36], although this is often less of a direct

performance limitation than diamond oxidation in typical drilling applications [60].

Francis [60] observed mass loss in PDC samples heated in air at 800°C due to the
exothermic conversion of diamond to CO and CO;, and mass gain due to the formation
of CoO and Co30a4. However, Lin et al. [61] indicated that micro-cracking (Figure 2.9) is
due to induced thermal expansion, since cobalt and diamond lattices expanded at
different rates due to the significant differences in their coefficients of thermal

expansion (a): cobalt (a =13 x 10°® °C) and diamond (ot = 1.0 x 10°® °C1).

Lin et al. [61] indicated that micro-cracking (Figure 2.9) is attributed to differential
thermal expansion, as cobalt and diamond exhibit significantly different temperature-
dependent coefficients of thermal expansion (a). At room temperature, cobalt has a
coefficient of approximately 13 x 10 °C%, while diamond is 1.0 x 10 °C1. However,
these values increase with temperature, increasing mismatch in lattice expansion
during thermal cycling. This disparity induces internal stresses at the interface,

promoting micro-crack formation.
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Figure 2.9: SEM-SE images of heat treted PDC at 900°C showing: (a) Co distribution, (b)
micro-cracking, (c) Coz04 confirmed by (d) EDX analysis of cobalt [61]

The induced significant internal stress due to the formation of CoxOy such as Co304
[61], generates micro-cracks within the polycrystalline diamond layer, greatly reduced
wear resistance of the PDC cutting tool during service. Thermal stability is improved by
minimising or eliminating cobalt in the diamond layer [10,62]. Alternative approaches
include using ultrahigh pressures for sintering or non-cobalt binders. Thus, Shin [63]
sintered PDCs at 7.7 GPa and 2000°C, achieving 1.5 vol.% cobalt and improved
hardness. Yamaoka [64] used TiC as a binder but did not achieve a well-sintered PDC.
However, they successfully sintered PDC with TiB;, because a protective B4C layer
around diamond grains prevented direct contact with cobalt and stopped
graphitisation. Westraadt [65] found improved wear resistance and thermal stability
with MgCOs and CaCOs as binders, although extreme sintering conditions were
required, increasing manufacturing costs and hindering commercial availability. More
recently, Jivanji [4] demonstrated that sintering PCD with ZrB, yielded excellent

performance in vertical turret lathe (VTL) applications, even outperforming leached
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PCD cutters processed under the same conditions, demonstrating the potential of ZrB,

as a thermally stable binder.

Currently, the industry standard for improving thermal stability and extending PDC life
is acid leaching to remove cobalt [13,48,49,51]. Bellin et al. [12] of General Electric
patented this process, demonstrating improved wear resistance in leached PDCs than
standard PDCs in vertical turning lathe (VTL) tests (Figure 2.10). However, it must be
recognised that Shumburger [149] of National Qilwell Varco (NOV) holds the primary
intellectual property rights related to the leaching of PDC cutters, and they have
earned billions of dollars in patent royalties. A VTL is a machine tool that rotates a rock
workpiece against a stationary PDC tool, allowing for controlled and repeatable testing
of PDC wear and performance under simulated drilling conditions. Corrigan [34]
defines thermal degradation as accelerated wear or premature fracture due to stress-
induced cracking, graphitisation, and/or oxidation at high service temperatures. Lin et
al. [66] and Yahiaoui [38] recognised the VTL test as the primary method for
evaluating thermal stability, as it combines all degradation mechanisms. In essence,
the thermal stability of PDCs is complex affected by several factors, including the
presence and amount of the cobalt binder (which catalyses graphitisation and
contributes to thermal expansion mismatch) and the oxidation of diamond at elevated
temperatures. While alternative binders and sintering methods exist, acid leaching to
remove cobalt remains a common industry practice for improving thermal stability and
extending PDC lifespan. The VTL testing is a primary method for evaluating thermal

stability under simulated service conditions.
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Figure 2.10 Wear behaviour for leached and non-leached PDCs subjected to a VTL test
[66]
The chemical process underlying the leaching of the cobalt binder in PDC compacts
exposed to HCl is fundamentally an acid dissolution reaction. Given that cobalt is the
metallic binder phase, the main reaction expected is its dissolution in hydrochloric acid

[13]:

Co(s) + 2HCI(l) - CoCly(1) + Hy(g).eeevevenene Equation 1

This reaction results in the formation of soluble cobalt chloride and the evolution of
hydrogen gas. The liberation of hydrogen gas can contribute to the formation and
propagation of pores, facilitating further acid ingress and accelerating the leaching
process. Tungsten, present as inclusions or dissolved within the binder, is generally
considered more resistant to non-oxidizing acids like HCI than cobalt [48]. However, its
presence and distribution within the cobalt matrix can significantly affect the overall
leaching kinetics. While bulk elemental tungsten is largely unreactive with HCI [48,49],

any WC in the diamond layer can alter the binder's susceptibility to attack.

Several general principles govern the rate of chemical leaching of PDCs. A larger
accessible surface area of the dissolvable phase (cobalt) directly leads to a faster
leaching rate [13, 49]. Furthermore, the kinetics of the reaction are typically enhanced
by higher acid concentrations and elevated temperatures [13, 49, 51]. The transport of
reactants to the reacting surface and the removal of products away from it can also

become rate-limiting factors. Crucially, differences in electrochemical potentials
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between the various phases present (cobalt, tungsten and diamond) can induce
galvanic corrosion effects, where the more active metal (cobalt) preferentially

dissolves, accelerating its degradation and removal [51].

The processing parameters employed during PDC synthesis dictate the final
microstructure, the material's susceptibility to acid leaching. The selection of
processing variables (pressure, temperature and holding time) was driven by their

well-established effect on the microstructure of PDCs [2,9,29,32], as described below.

Pressure (processing variable): Increasing the sintering pressure during fabrication of
PDC compacts is well-known to lead to higher densification and a significant reduction
in total porosity [29,32,52]. Critically, higher pressures also promote more effective
diamond-diamond and diamond-binder bonding, leading to a denser, more
consolidated structure. Mechanistically, this high degree of densification is expected to
result in a reduction in the accessible surface area for HCI, as fewer open pores and
channels are available for acid ingress. Furthermore, higher pressures reduce the open
interconnectivity of the cobalt binder network [29,32]. This means a larger proportion
of the cobalt is entrapped within isolated pockets, making it less accessible to the acid

and therefore slows the leaching rate.

Temperature (processing variable): The sintering temperature exerts a complex and
critical effect on both densification and diffusion of binder. Similar to pressure, higher
temperatures generally promote greater densification, which reduces overall porosity
[29,32,52] and therefore is expected to slow leaching rate. Elevated temperatures
facilitate the formation of WC within the cobalt binder, which can precipitate out from
the supersaturated liquid during cooling [29,32]. The presence and characteristics of
WC phase are expected to significantly alter the binder's reactivity with HCl, since it
can act as a barrier to acid attack. During high-temperature sintering, tungsten atoms
can dissolve into the cobalt lattice. As tungsten is comparatively inert to HCI [48,49],
any dissolved tungsten within the cobalt solid solution would increase the corrosion

resistance of the binder.

Holding Time (processing variable): The holding time of the PDC compact at the
sintering temperature is linked to the extent of densification and, more importantly,

diffusion [29,32,52]. Longer holding times increase the concentration of WC within the
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diamond layer, which reduces the reactivity of cobalt with chloride ions, diminishing

the overall leaching efficiency.

Porosity (microstructural variable): Porosity, particularly open porosity and
interconnected pores, is a direct pathway for HCl ingress. Higher total porosity, and
especially a higher volume fraction of interconnected pores, provides greater
accessible surface area for the HCl to react with the cobalt binder [50]. Thus, higher

porosity promotes significantly faster leaching rates.

Binder Interconnectivity (open vs closed) (microstructural variable): The morphology
and continuity of the cobalt binder network are important [29]. If the cobalt binder
forms a continuous, interconnected pathway throughout the compact (open
interconnectivity), the acid can readily permeate and dissolve it efficiently. Conversely,
if the binder phase is largely isolated into discrete, closed pockets within the diamond
matrix, it becomes significantly less accessible to the acid. Therefore, a high degree of
open interconnectivity of the binder promotes a faster leaching rate, whereas isolated

or “closed” binder regions slow the leaching rate.

Secondary Phases (W-Co-C) in the Binder (microstructural variable): The presence
and distribution of WC within the diamond layer can affect the leaching of PDCs as
stated above [49]. However, its increased concentration due to diffusion during longer
holding times or increased temperature would alter the local microstructure. This
alteration may reduce the binder’s reactivity with chloride ions, thereby slowing the

leaching rate.

Solid Solutions in the Cobalt Binder (microstructural variable): The dissolution of
tungsten and carbon atoms into the cobalt lattice to form a solid solution modifies the
intrinsic chemical reactivity and electrochemical potential of the binder [48]. Given
tungsten's inherent inertness to non-oxidizing acids [48], dissolved tungsten in the

cobalt reduces the leachability of cobalt in acid.

2.5 Pressure Calibration in High-Pressure Press

High-pressure, high-temperature (HPHT) synthesis of polycrystalline diamond
compacts requires precise control of pressure within a cubic press. The applied
pressure directly affects densification, grain growth and the bonding between diamond

particles and the cobalt binder [25, 26]. However, accurately determining the pressure
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experienced by the sample within the cubic press is a significant challenge. This
requires determining the actual pressure within the sample chamber as a function of
applied load (or ram force), a procedure to establish the precise relationship between
these two parameters within the sample chamber This relationship can serve as a
means of pressure determination for future experiments, analogous to a calibration

curve.

Conventionally, pressure calibration in cubic presses relies on fixed-point transitions of
standard materials [18]. This method utilises materials, such as bismuth (Bi), thallium
(T1), and barium (Ba), that undergo well-characterised phase transitions at specific
pressures and temperatures [18, 68]. By monitoring changes in electrical resistance,
volume, or crystal structure, the pressure at which these transitions occur can be
identified, providing calibration points [18]. Ono et al. [68] investigated the Bi-lll to Bi-
V transition using in situ X-ray diffraction, providing valuable data for calibration within

the pressure and temperature ranges relevant to PDC sintering.

Despite the widespread use of fixed-point methods, several inherent difficulties limit

their accuracy:

(1) Non-Hydrostaticity: Pressure gradients and deviatoric stresses within the sample
chamber create non-hydrostatic conditions. These conditions can significantly alter the
pressure at which phase transitions occur, leading to calibration errors [69, 70]. Careful
sample assembly and selection of appropriate pressure-transmitting media are crucial

to minimise non-hydrostaticity, but complete elimination is difficult.

(2) Temperature Gradients: Variations in temperature within the sample chamber
introduce significant errors, particularly for calibration methods relying on
temperature-sensitive phase transitions. If the temperature is not uniform, the phase
transition will be broadened, making it difficult to pinpoint the transition pressure
accurately from the known P-T phase diagram [69, 70]. Precise temperature control

and measurement are, therefore, essential.

(3) Sample-Medium Interactions: Chemical reactions or diffusion between the sample
(or calibrant) and the pressure-transmitting medium can alter the actual pressure

experienced by the sample and its composition. This is not merely a calibration issue, it
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fundamentally changes the sintering environment. Careful selection of chemically

compatible materials is crucial to minimise these interactions [18].

(4) Material-Specificity: Traditional fixed-point calibrations may not accurately indicate

the pressure by the PDC. This is caused by differences in material compressibility.

To address these limitations, the present study introduced a novel in situ pressure
calibration method for cubic presses used in PDC synthesis. This method, building
upon established principles [18, 137, 138, 139], utilises the PDC sample itself as the
pressure sensor. By directly measuring the volume change of the PDC during sintering
and applying the Murnaghan equation of state [140], a material-specific and more
accurate pressure calibration is achieved. This improved accuracy is crucial for
optimising the microstructure and performance of PDCs, leading to greater control and
reproducibility in manufacturing. This method was used for all sintering experiments in

this study.

2.6 Temperature Measurement in HPHT Press

Accurate temperature control during sintering of PDC cutters is important due to its
large effect on the final material properties and, ultimately, the cutter performance.
The optimal temperature profile ensures the formation of a desired microstructure,
while deviations lead to significant inconsistencies in the material properties of the
PDC cutter [9]. These inconsistencies primarily manifest in variations in hardness, wear
resistance and impact toughness. For example, if the sintering temperature is too low,
the cobalt binder for bonding the diamond particles within the PDC cutter will not melt
completely or infiltrate fully [9]. The incomplete melting and infiltration result in a
weakly bonded structure, significantly reducing the wear resistance of the PDC cutter.
Conversely, if the sintering temperature is too high, the diamond surface within the
PDC cutter tends to undergo graphitisation, the transformation of diamond into
graphite, a much softer and less wear-resistant form of carbon [9]. This transformation
weakens the diamond structure, reducing the wear resistance and hardness of the
PDC. Furthermore, prolonged exposure to high temperatures can lead to abnormal
grain growth of the diamond grains, further weakening the diamond and reducing its

hardness and wear resistance [71].
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The critical importance of precise temperature control is shown by the concept of a
"sintering window" — a precise combination of pressure and temperature required for
optimal densification and bonding of diamond particles, as defined by German et al.
[9]. Deviations from this window, including temperature variations, can lead to
incomplete sintering or graphitisation, both of which negatively affect hardness and
wear resistance. A delicate balance is required in controlling both temperature and
pressure during sintering to achieve the desired material properties in PDCs. Further
research reinforced the significance of temperature control throughout sintering.
Kanyanta et al. [72] showed how temperature variations during the cooling stage of
sintering can induce significant stress transients within the PDC, which can lead to
micro-cracks and delamination, that affect hardness and impact toughness of the PDC
cutter. Westraadt et al. [5] studied the mechanisms of thermal degradation in PDCs,
finding that high sintering temperatures can induce graphitisation of the diamond,
weakening the material and causing cracking, ultimately reducing hardness and wear
resistance. Scott et al. [11] reviewed the effect of PCD microstructures and mechanical
properties, showing that grain size and binder content, affected by sintering
temperature, can affect strength, toughness and wear resistance. McKie et al. [71]
studied the abnormal grain growth (AGG) during HPHT sintering of fine-grained PDCs.
Temperature variations can lead to non-uniform grain growth, potentially weakening
the material and affecting its mechanical properties. Accurate temperature
measurement within high-pressure, high-temperature (HPHT) apparatus, such as cubic
presses, is crucial for controlling the sintering process and achieving desired material
properties. However, the extreme conditions and complex geometry of these high
pressure presses present significant challenges [73, 74]. Thermocouples are typically
employed for temperature monitoring, but their accuracy can be compromised by
several factors. Steep temperature gradients exist within the pressure cell, particularly
outside the heater assembly, due to heat loss to the surrounding pressure-transmitting
medium [73, 74]. Furthermore, high pressure itself can alter the electromotive force
(emf) output of thermocouples, causing deviations from standard calibration curves
[73]. The placement of the thermocouple relative to the sample is critical. Ideally, the
thermocouple should be as close as possible to the sample. However, the physical

constraints of the cubic press cell often necessitate less-than-ideal positioning. This
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necessitates careful consideration of thermocouple type, calibration under pressure,

and optimal placement within the cell assembly to minimise measurement errors.

Thermocouples, the most common temperature sensors in HPHT experiments, operate
based on the thermoelectric effect [73], specifically the combination of the Thompson
effect and the Peltier effect [73,75]. The Thompson effect describes the electric
potential difference generated along a single conductor subjected to a temperature
gradient, while the Peltier effect refers to the electric potential difference that arises
across the junction of two dissimilar metallic wires. A thermocouple is formed by
joining two dissimilar metallic wires at one end, creating a "hot" junction [73,75]. The
electromotive force (emf) or voltage measured at the open ends of the thermocouple
wires can be expressed as an integral over a given temperature interval, Equation 2.2

[73]:

T
Aeqy ax, P, T,...)dT

o Equation 2.2

where a = coefficient of thermal expansion, To = reference temperature at the open
end of the thermocouple (usually at room temperature), T, = unknown temperature at
the junction, < = Seebeck coefficient, a function of composition (x), pressure (P) and
temperature (T). The Seebeck coefficient is the magnitude of the induced

thermoelectric voltage in response to a temperature difference [75].

2.7 Statistical Modelling

Statistical modelling plays an increasingly important role in materials science research,
enabling researchers to analyze complex datasets, quantify relationships between

variables and optimise processes. There are several different techniques.

Regression Analysis: Regression analysis is a widely used technique for modelling the
relationship between a dependent variable and one or more independent variables
[76—78]. The fundamental multiple regression equation, as described by Hadi et al.

[79], can be expressed as:

........................ Equation 2.3
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where Y = the dependent variable, leachability, and X = sintering variables, and a and b
are the regression coefficients. Equation 2.2 was expanded to show an interaction

term XY and a power term X? as expressed in Equations 2.3 and 2.4 [80-84].

Y =an+bY X

...................... Equation 2.4

............. Equation 2.5

The regression model that expressed more than one sintering variable is shown in

Equation 2.5, where X: and Xz are the sintering variables [80—84].

................ Equation 2.6

Equation 2.5 was also expanded to include interaction terms XY and a power terms X?
in a regression equation that had two sintering variables (Equations 2.6, 2.7 and 2.8)

[85].

ZY:an-lrblZXl +bEZX2

«eeeeeeee EQUation 2.7

YXY=aYX +b>X L +b 24X Equation 2.8

ZXZ = GZXE * bl ZX1X2 N bz ZX5 ......... Equation 2.9

The coefficients of the sintering variables, axand by, are given by Equation 2.9 and

equation 2.10. They are used to assess the adequacy of the regression model [85].

DTy
A (X))

.......................................................... Equation 2.10

............................................................. Equation 2.11

The correlation coefficient (r), which indicates how well the model equation fits the

data is given by Equations 2.11 and 2.12 [85].
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In summary, regression analysis, with its ability to handle multiple variables and
incorporate interaction and power terms, power terms, provides a robust framework
for modelling complex relationships in materials science, particularly valuable for PDC
sintering, where multiple interdependent parameters affect the final product's

properties.

Dominance Analysis (DA): Dominance Analysis is a statistical method for determining
the relative importance of variables in a regression model [84,86—88]. It divides the
overall model R? into contributions attributable to each variable, considering all
possible subset models [84,86—88]. Cancado et al. [89] defined relative importance as
the contribution each independent variable made to the overall regression fit (R?) of
the linear model, taking into consideration both its individual effect and its effect when
shared with the other independent variables in a regression equation. The R?is a
statistical measure used in regression analysis to quantify the proportion of variance in
the leachability (the variable being predicted) that can be explained by the sintering

variables (those used for prediction) [89]. Itis derived from a linear model [90-94]:

Yi=Bo+xuf1+ -+ xipBp+e
......................... Equation 2.14

where the dependent variable y; is modelled as a linear function of independent
variables with values x;4, ..... ....., x;p, with unknown coefficients 1, - ,Bp,and e;
representing the unexplained variation. The coefficients 8,k = 0,...,p, are estimated
by minimising the sum of squared unexplained variation. If the estimated coefficients
are 3 and the fitted response values are 9; = B, + x;181 + -+ + x;p Bp, the coefficient

of regression fit R? can be written as [90,95]:
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................................... Equation 2.15

where y = actual value of the response variable, y = predicted value of the response
variable and y = the average value of the response variable. The R? measures the
proportion of variation in y that is explained by the p independent variables in the
model [90]. Every independent variable in a regression model is assumed to contribute
to the overall predictive effect, R?, by three main effect levels: direct, partial and total
[86]. The direct effect is the contribution of each independent variable for predicting
the dependent variable, in isolation from all other independent variables. The partial
effect is the explanatory ability of each independent variable in a particular subset or
subsets of independent variables (i.e., conditional on a subset of the other
independent variables) [86]. Explanatory ability of a variable is how much of the
change in the dependent variable can be attributed to this specific independent
variable, after accounting for the effects of other independent variables. The total
effect is the contribution of each independent variable in the full model (i.e.,
controlling for all other independent variables) [86]. Thus, relative importance shows
which independent variable contributes most to R? so that decisions using the relative
contribution of each independent variable can be made and the explanatory power of

the model can be evaluated.

Several methods for studying relative importance have been used [76,78,85,96,97],
such as standardised regression coefficients. However, they often fall short due to
limitations in handling moderately correlated independent variables or failing to
consider all variable effects (direct, partial and total) [87,98,99]. Dominance analysis
(DA), a statistical model for determining the relative importance of independent
variables in a regression model, was developed by Budescu et al. [84] and divides the
overall model fit R? into contributions attributable to each independent variable, so

that the independent variable with the largest share is considered more important.

Dominance analysis uses R?and p predictors of a linear model to partition independent
variables [84]. It uses the “all subset models” approach where each possible
combination of the predictors from the (full) model is considered as a subset model,

and the measure of model fit R? is recorded for each model. For p independent
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variables, the number of possible subset models is 2F. A subset model has size k which

is the number of independent variables. Therefore, there will be (i) = k'(:ik)'

models of size k. For example, with a total of p = 3 independent variables, x4, x, , and

x5, 2F = 23 = 8 subset models need to be estimated [86,89]:

k=0- ((3)) = 1 null/empty model;

k=1- (i) = 3 models with 1 independent variable: [x,], [x,], [x3];
k=2- (2) = 6 models with 2 independent variables: [x;x,], [x;x3], [x2x5];
k=3- (g) = 1 full model with all 3 independent variables: [x;x,x5].

The incremental contribution an independent variable makes to a subset model, 4R?,
is defined as the difference between the value of the measure of model fit R? for a
model that includes the independent variable and R? for the same model excluding
the independent variable [86,89]. Thus, the additional contribution that x; makes to
model [x,x5] is calculated as [86,89]:

AR?[x1|x,x3] = R?*[x1x,%x3] — R*[x3X3] ... Equation 2.2.16

The DA calculates weights on three levels (complete dominance, conditional
dominance and general dominance) within a given number of independent variables p
[89]. For example, if x is the number of indpendent variables, where each variable, x;,
is compared in a pairwise fashion to every other indpendent variable, x; (where i,i =
1,...,p—1landi # j), for their additional contribution to the measure of model fit
R? [89]. Also, Rg is the fit value for the model M, which does not include x;, where

q = model 1,2, ..., 2P and Rizq is the change in Ré when x; is added to M,. If x;
contributes more than x; to all M; models that do not include both x; and x;, then x;

shows complete dominance over x;. Conditional dominance is determined by first

2

calculating the measure AR

walk for an independent variable x; by averaging its

additional contribution to subset models of a given model size k [86,89]:

——5— _ YARL .
AR?,, = (T)q' ................ Equation 2.2.17
k

where k (which is < P) = number of independent variables in the subset model (model

size) and (i) = number of models of size k. Conditional dominance of x; over x; is
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measured by the difference between their conditional measures at each model size. If
the average additional contribution of x; is larger than the average additional
contribution of x; for all model sizes (i.e., all k), then conditional dominance is
established.

The general dominance value associated with x;, G;, is an average of all conditional

contributions over all model sizes [86,89]:

Gi == Equation 2.2.18

An independent variable shows general dominance if it has the highest overall average
incremental validity across regression sub-models of sizes 0 to k — 1 [84,89].

In summary, Dominance Analysis provides a robust and insightful method for
identifying the relative importance of independent variables in complex regression
models. By considering all possible subset models and evaluating contributions at
multiple levels, DA offers a more nuanced understanding of variable influence
compared to conventional methods. This is particularly valuable in fields like materials
science, where multiple interacting factors often govern material properties and
process outcomes. For example, in the study of processes like sintering, DA can be
used to determine the relative importance of parameters like pressure, temperature
and time on key properties of the final product. By identifying the most dominant
factors, researchers can optimise processes more effectively and develop a deeper

understanding of the underlying mechanisms.
2.8 Research Gaps and Justification

Despite the significant body of research on HPHT sintering of PDCs, several knowledge

gaps remain:

o Accurate High-Temperature Pressure Calibration: While ex situ pressure
calibration methods have been proposed [18, 100, 137, 138, 139], there is still a
need for reliable techniques that can be readily implemented in HPHT presses
used for PDC manufacturing.

o Comprehensive Understanding of Parameter Interactions: While individual

effects of sintering parameters have been studied [13,48,51], a more
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comprehensive understanding of their combined effects and interactions is
needed, particularly for optimising leachability.

o Quantitative Models for Leachability: While some studies [9,32,111-115] have
explored the qualitative effects of sintering parameters on leachability, there is
a lack of quantitative models that can accurately predict leach rate based on a
combination of parameters.

o Optimisation of Leachability for Enhanced Thermal Stability: The current
industrial trend towards deeper leaching requires a more thorough
understanding of how to optimise the sintering process to achieve desired
leachability while maintaining mechanical integrity. This thesis addressed this
gap by providing a framework for optimizing sintering parameters to tailor PDC

properties for specific applications.
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Chapter 3: Materials and methods

3.1 Materials

The materials used in this research for fabricating polycrystalline diamond compact
(PDC) cutters were synthetic diamond powder, a cobalt binder, and cemented
tungsten carbide (WC-Co) substrates. Synthetic diamond powder with an average
particle size of 16 um was used as the primary material for the diamond layer of the
PDCs. The mixture consisted of a tri-modal feed of individual diamond grits added in
different ratios. The composition of this powder mixture is not disclosed because it is a
trade secret of Element Six. A cobalt powder with an average particle size of 6 um was
employed as the binder material to facilitate the sintering process and provide bonding
between the diamond particles. Cemented tungsten carbide (WC-12%Co) substrates

were used as the supporting component for the PDC cutters.

3.2 Sample Preparation

The green body was made by placing the diamond powder into a metal cup and
inserting a WC-Co substrate. The green body was then outgassed in a vacuum furnace
at ~10-5 bar and ~1100°C for 30 minutes to eliminate adsorbed gases and surface
impurities, which can be detrimental to sintering. Next, the green body was put in
additional metal cups to prevent re-absorption of gases prior to sintering. The green

body was subsequently assembled into a pyrophyllite capsule.

3.3 HPHT Sintering

3.3.1 CubicPress
A 6x32,000 kN hinge-type cubic hydraulic press was employed for both the calibration
and sintering experiments. This press (Figure 3.1), with six hydraulic cylinders each
capable of generating 32,000 kN force, provided a total potential force of 192,000 kN.
The system comprised a hydraulic pump driven by an electric motor to pressurise
hydraulic fluid stored in an oil tank. The pressurised fluid was then directed to the
cylinders via a booster and a directional control valve. A pressure relief valve ensured
the system remained within safe operating pressures, while a pressure gauge provided
real-time monitoring. Each cylinder housed a ram that transmitted the force to an

anvil, which in turn applied pressure to the sample.
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Figure 3.1: A cubic press capsule [22]

To investigate the individual effects of pressure, temperature and holding time on leach
rate, three sets of experiments were conducted. Samples were housed within a cubic
press capsule for all sintering runs (Figure 3.1). The experiments were conducted in

three sets, systematically varying one parameter while holding the others constant:

o Pressure Variation: Pressure was varied between 5 GPa and 7 GPa, while
holding temperature and time constant at 1600°C and 20 minutes.

o Temperature Variation: Temperature was varied between 1500°C and 1700°C,
while holding pressure and time constant at 6 GPa and 20 minutes.

o Holding Time Variation: Holding time was varied between 5 and 30 minutes,

while holding pressure and temperature constant at 6 GPa and 1600°C.

Additional samples were sintered at combinations of 1550°C or 1750°C, 26 minutes or
33 minutes holding time, and 6.8 GPa or 8 GPa pressure to validate the predictive

models.

3.3.2 Cubic press calibration
The sintering conditions within the cubic press were characterised using an approach

that correlated the applied ram load with the densification of the PDC sample. This
approach aimed to establish a practical “sintering conditions calibration” for this
specific press and material, rather than providing an absolute, fundamental pressure

calibration. Experiments were carried out at different setpoint ram loads (3300 kN,
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6610 kN, 8800 kN, and 10800 kN) and a fixed temperature of 1500°C. These selected
ram loads were chosen to be within the typical pressure range of 5-8 GPa associated
with successful PDC sintering [5]. This method relies on direct measurements of the
volume change of a PDC sample during sintering. Here, V was the volume of the
sample at a given applied pressure, and Vo was the initial volume of the sample prior
to the application of pressure (i.e., at ambient conditions). The ratio of V and V, is the
relative volume. This method was based on measuring the ex situ volume change of
the PDC sample after sintering and then utilising the Murnaghan equation of state
[106] as an empirical fitting function to describe this observed densification. The

process involved:

e Initial Volume Determination (V,): The initial volume (Vo) of the cold-pressed
diamond powder compact prior to sintering was determined by weighing 5g of
diamond powder and calculating its volume based on a previously determined
powder packing density of 3.52 g/cm3 [72] using Archimedes’ method. The
diamond powder was then placed in a niobium container and encapsulated
within a pyrophyllite block, which served as both the pressure-transmitting
medium (PTM) and gasket material. Pyrophyllite was selected for its balance of
compressibility for pressure transmission and chemical inertness at
experimental temperatures.

e Ex situ Final Volume Measurement (V): After each sintering cycle, the
pyrophyllite block was carefully disassembled to extract the niobium container.
The resulting cylindrical diamond compact was removed from the niobium
container. The dimensions of the compact were then measured using a digital
micrometer (Mitutoyo (400-162-40), precision £ 0.001 mm). To ensure
accuracy, the diameter (d) and height (h) were measured at three different
locations, and average values were used to calculate the final volume (V) using

the formula for the volume of a cylinder:
V =mn(d/2)*h
where:
V = volume of the cylinder,

Tt = mathematical constant pi (approximately 3.14159),
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d = average diameter of the cylinder,

h = average height of the cylinder.

e Empirical Densification Modeling using Murnaghan EOS: EosFit (Version 7.6)
software was used to analyze the experimental data by performing a curve fit

using the Murnaghan equation of state:

K [(V\ 5
PWV)==2|(— =1

V) K (Vo)
..................................................... Equation 3.1

where:

P = pressure,

Vo = initial volume,

V =volume at pressure P,

Ko = bulk modulus at zero pressure,

Ko' = pressure derivative of the bulk modulus at zero pressure.

where P is the calculated effective compaction pressure, Vo is the initial volume, V is
the final volume at a given ram load, Ko is the bulk modulus at zero pressure, and Ko' is

the pressure derivative of the bulk modulus at zero pressure.

It is important to clarify the application of the Murnaghan equation in this context:
while describing the elastic compression of bulk materials; here it was used as a
phenomenological model to describe the non-linear relationship between the applied
ram load and the observed ex situ volume reduction of the porous diamond compact.
The input for EosFit included the applied ram load (or its nominal pressure calculated
as P=F/A) and the corresponding measured initial (Vo) and final (V) volumes. The
software was used to determine the optimal empirical coefficients (Ko and Ko') that
best represented this densification under the experimental conditions. These
empirically derived coefficients became the calibration parameters for characterising

the compaction effectiveness of the press set-up for the PDC material studied.
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The “calculated effective compaction pressure” obtained from this empirical fit (Figure
5.1) shows the increasing resistance of the diamond compact to further densification
as porosity is eliminated and plastic deformation of diamond particles occurred. This
approach thus provided a continuous relationship that describes how the material
responds to increasing ram load, effectively serving as a “sintering conditions
calibration” curve for the current system, relevant to the bulk volume change of the

PDC sample during sintering.

3.3.3 Temperature Measurement
The Experiments used a 6x32,000 kN hinge-type cubic press at a fixed pressure of 6

GPa. The sample assembly consisted of a cylindrical pyrophyllite capsule with the PDC
sample placed inside as shown in Figure 3.6. The PDC sample was inserted in a
titanium cup (99.5% purity). A cylindrical graphoil was used to generate the high
temperatures required for PDC sintering. In a cubic press, the precise distance
between the sample and the thermocouple is important for accurate temperature
measurement. This is because the cubic press lacks direct thermocouple control.
Instead, the user inputs a desired power level on the control panel, and then inserts a
thermocouple to measure the resulting temperature. If the distance between the
sample and the thermocouple varies, the temperature readings will be inconsistent

and unreliable.
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Drilled hole
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Figure 3.2: Schematic diagram of the sample assembly in the capsule with an S-type
thermocouple inserted into the drilled hole on the side of the capsule

A Type S (Platinum-10% Rhodium) thermocouple was used for temperature
measurements. While Type S thermocouples are generally recommended for
continuous use up to 1600°C [109], their short-term exposure is up to 1750°C [109].
Given the relatively short sintering times used in this study (maximum 30 minutes),
and the careful positioning of the thermocouple to minimize temperature gradients, it
was deemed that a Type S thermocouple would provide sufficient accuracy. However,
it is acknowledged that operating the thermocouple near its upper temperature limit is
a potential source of error. A hole was drilled on the side of the pyrophyllite capsule,
Figure 3.2 and the thermocouple was inserted into the hole in the pyrophyllite capsule.
To investigate the effect of the thermocouple position, temperature measurements

were taken at six different locations described below.

Inside of the heater: the thermocouple hot junction was positioned between the PDC
sample and the graphite heater at distances of 1 mm (Temperature 1), 2 mm

(Temperature 2) and 3 mm (Temperature 3) away from the sample.
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Outside of the heater: the thermocouple hot junction was positioned outside the
graphite heater at distances of 4 mm (Temperature 1), 5 mm (Temperature 2) and 6

mm (Temperature 3) away from the sample.

The entire capsule assembly was then carefully placed within the cubic press.
Temperature readings were recorded using a Pico TC-08 data logger connected to the

thermocouple.

3.3.4 Sintering Parameters

Three primary sintering parameters were selected as independent variables to study
their influence on the dependent variable, PDC leachability. These were: pressure,
temperature and holding time. Each independent variable was assigned three levels,
representing the minimum and maximum values achievable within the operational
range of the cubic press, based on prior experience and preliminary testing, as well as

the midpoint. These levels were:

o Sintering Pressure: 5 GPa, 6 GPa and 7 GPa
o Sintering Temperature: 1500°C, 1600°C and 1700°C

o Sintering Holding Time: 20 minutes, 25 minutes and 30 minutes.

A full 23 factorial design was implemented using Minitab 21 software, providing a total
of 64 experimental runs. This design allowed for the investigation of the individual
effects of each parameter, as well as their interactions. To ensure statistical validity
and assess the repeatability of the experiments, three replicates were performed for
each unique combination of pressure, temperature and holding time. The experiment
varied the sintering pressure, temperature and holding time to assess how each factor,
and their combinations, affected the leach rate of the PDC. Data for run orders

(sequence of experimental runs) were recorded.

3.4 Leaching

The sintered PDC samples were subjected to leaching to assess their cobalt binder
removal rate. This involved immersing the samples in a 0.2 M hydrochloric acid (HCl)
solution maintained at a constant temperature of 110°C for 96 hours. Following

leaching, the depth of cobalt removal was measured (Figure 3.7) using X-ray
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tomography (XRT) with an X-TEK XTV160 instrument (Nikon Metrology, United
Kingdom). This non-destructive technique allowed accurate quantification of the leach
depth. Three measurements were taken per sample, and the average and standard

deviation of these measurements were calculated.

Leached layer sl

Carbide substrate

(a) (b)

Figure 3.3: Leaching images showing: (a) X-ray tomography image of a leached sample
and (b) Scanning electron microscope (SEM) image of the measured leached layer [13]

3.5 Characterisation Techniques

3.5.1 Sample Preparation
The sintered PDC samples were sectioned using a Struers Secotom-10 precision cutting
machine with a 12 cm diameter diamond-coated wheel. A radial cut was made through
the centre of each sample to expose a cross-section for microstructural analysis and
leach depth measurement. The cutting parameters were: 3500 rpom wheel speed, 0.02
mm/s feed rate, and water as a coolant. One half of each sectioned sample was
mounted in Struers PolyFast conductive resin using a Struers CitoPress-10 at 180°C and
250 bar. The mounted samples were ground using silicon carbide papers (220 and
1200 grit) and polished using diamond suspensions (9 um, 3 um, and 1 um) on
polishing cloths. A final polishing step using 0.05 um colloidal silica was performed.
Samples were thoroughly cleaned with isopropanol and dried between each grinding
and polishing step. Microstructural analysis and leach depth measurements were

performed across the cross-sections.

3.5.2 Scanning Electron Microscopy (SEM)
The microstructure of the sintered and leached PDC samples was examined using a a

Zeiss Evo15 scanning electron microscope (SEM) equipped with a backscattered

electron (BSE) detector. SEM-BSE images were obtained (Appendix A) at an
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accelerating voltage of 10 keV to analyse the morphology sintered samples as well as

the porosity distribution of the leached samples.

3.5.3 X-ray Diffraction (XRD)
X-ray diffraction (XRD) analysis was performed using a PANalytical X'Pert3

diffractometer equipped with a Cu Ka radiation source (A = 154.18 pm), operated at 45
kV and 40 mA. The XRD patterns were collected to identify the phases present in the
leached and unleached PDC samples. PANalytical HighScore Plus (version 3.0) and the
ICSD database (Version 1.5) were used to identify the phases present in the samples.
The Reference Intensity Ratio (RIR) method was used to calculate relative phase
proportions. This was semi-quantitative and was suitable for assessing the relative
proportions of cobalt-based and tungsten-based phases in the unleached and leached

PCD samples.

3.5.4 Image analysis
The porosity, aspect ratio (AR) and Feret diameter (FD) of the leached microstructures

were obtained from the SEM-BSE micrographs using Imagel software (Version 1.46) on
16 images for each specimen at 1000x magnification and SIS-pro software. The aspect
ratio (AR) gave an indication of cobalt pool shape, while the FD gave an indication of
cobalt pool size. The AR was the ratio of the length to the width of the particle and was
derived from the ratio of the major and minor axis of a fitted ellipse. The Feret
diameter (FD) was the distance between two parallel tangents of the particle at
different arbitrary angles and was derived from the longest distance between any two
parallel points of the particle. Calculations of the microstructural parameters were
done using MathConnex 2000 with MathCad 2000 Professional. For each specimen, 16
SEM-BSE micrographs were analysed. Means and standard deviations were calculated

for porosity, aspect ratio, and Feret diameter, as shown in Tables 6.1, 6.2 and 6.3.

3.5.5 X-ray Tomography (XRT)
X-ray tomography was employed to measure the leach depth in the PDC samples after

leaching. Two measurements per sample were taken. An X-TEK XTV160 system (United
Kingdom) was used with a VJ Technologies PO51 X-ray source operated at 80 kV and

2 mA to capture a radiographic image of the leach depth.
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3.5.6 Wear Testing
To assess the wear resistance of PDC samples, the vertical turning lathe (VTL) operated

at a spindle speed of 200 rpm, resulting in an infeed rate of 0.54 metres per revolution
under a cutting speed of 1.8 m/s and a normal load of 5000 N; testing was stopped
after 30 passes. Two wear scars per sample were produced and hence two
measurements per sample were taken. A ZEISS ZEN optical profilometer and ZEN Core

software measured the resulting wear scars.

Figure 3.4: Typical image of a wear scar of the PDC after VTL test for the experimental
run conditions: 5 GPa, 1500°C and 25 minutes

3.5.7 Density Determination using Geometric Method
To estimate the density of the sintered polycrystalline diamond compacts (PDCs), a

geometric approach was employed. This method assumed the sample geometry to be

a cylindrical disk.
The procedure involved the following steps:
e Mass Measurement

The substrate portion of the PDC composite was removed using EDM cutting and each
mass of the diamond table samples was measured using a digital mass balance (Kern

analytical balance (Z741081)).
e Dimensional Measurement

The radius and height of each disk-shaped sample were measured using a digital

calliper (Mitutoyo 500-171-30).
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e Volume Calculation
The volume of each sample was calculated using the formula for a cylinder:
V=mr’h
where r is the radius and h is the height of the sample
e Density Calculation
Density was then computed using the standard formula:
p=Mass/Volume

It is acknowledged that this method may introduce variability due to geometric
variations and measurement precision. Surface irregularities, non-uniform thickness,
and deviations from ideal cylindrical geometry could give inconsistencies in the

calculated density values.

3.6 Data analysis

3.6.1 Multiple Regression Analysis
Multiple regression analysis was performed using Minitab 21 software to establish the
relationship between the independent variables (sintering pressure, temperature and
holding time) and the dependent variable (leach rate). The leach rate (um/h) was

obtained from X-ray tomography measurements of the leached PDC samples.
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3.6.2 Dominance Analysis (DA)
Dominance analysis was employed to determine the relative importance of the

sintering parameters (pressure, temperature and holding time) affecting the leach
rate. The leach rate data were analysed using dominance analysis using Minitab 21

software.

3.6.3 Image] Analysis
The SEM images were processed using a median filter with a radius of 2 pixels in

Imagel software (Version 1.46) to enhance contrast and reduce noise. The image
brightness and contrast were adjusted to optimise feature visibility. A thresholding
procedure was then applied to segment the images into pores (dark regions) and the
solid matrix (bright regions). Manual thresholding was performed based on visual
inspection. Manual thresholding was chosen rather than automatic thresholding in

Imagel for the following reasons:

e Visual Accuracy and Control: Manual thresholding allowed inspection and fine-
tuning of the segmentation of pores (dark regions) and the solid matrix (bright
regions) across varying image conditions. This was particularly important given
the heterogeneity in contrast and brightness across samples, which could lead
to inconsistent results with automatic methods.

e Avoiding Misclassification: Automatic thresholding algorithms (e.g., Otsu,
Triangle, etc.) can sometimes misclassify regions due to noise, uneven
illumination, or subtle grayscale variations. Manual adjustment ensured that
only true pore regions were segmented, improving the reliability of porosity

and pore morphology measurements.

It is acknowledged that automatic thresholding can be useful in certain contexts, but in
the case of this study, manual thresholding provided greater precision and consistency
for the specific characteristics of the PDC images. After thresholding, Image) was used
for quantitative analysis of porosity and pore morphology (aspect ratio and Feret

diameter).
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3.6.4 Statistical analysis
The statistical analysis in this study was carried out using Minitab 21 software. Analysis

of Variance (ANOVA) was performed to evaluate the significance of each term (a =

0.05). Model adequacy was evaluated using R-squared test.
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Chapter 4: Results

This chapter presents the findings derived from the data collected as described in

Chapter 3.

4.1 Leachrate data

Tables 4.1 and 4.2 show the average leach rate for each unique combination of
sintering parameters for all 64 individual experimental runs. These leach rate data
were derived from the leach depth measurements in Appendix A. Table 4.1 shows the
leach rate data for data points 1 — 30 and Table 4.2 shows the leach rate data for data
points 31 — 64. The experiments had three levels of pressure (5, 6 and 7 GPa), three
levels of temperature (1500, 1600 and 1700 °C), and three levels of holding time (20,
25 and 30 minutes), resulting in 27 unique combinations. To assess experimental
variability and improve the reliability of the results, replicate experiments were added
at several combinations of these parameters, leading to a total of 64 experimental
runs. Replicate experiments (i.e., repeating an experimental run with a specific
pressure, temperature, and holding time) were done to estimate inherent random
variation due to uncontrolled factors, measurement errors, slight differences in

material preparation, or instrument fluctuations.

Initially | listed all 64 individual runs to show the raw data from 33factorial design

experiments.
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Table 4.1: Leach rate data for data points 1 — 30

Independent variables Resr.)onse
variable
X1 X2 X3 y
Run Pressure Temperature Holding time Leach rate
order | (GPa) (°C) (min) (um/h)
1 6 1600 25 3.69+0.02
2 5 1500 30 6.98 £ 0.03
3 7 1700 20 1.15+0.01
4 7 1700 30 0.72 £0.02
5 5 1500 20 10.14 £ 0.08
6 7 1500 30 3.16 £0.02
7 6 1600 25 4.61 £0.03
8 6 1600 25 4.74 £0.01
9 5 1700 20 5.22 +0.04
10 5 1700 30 4.85 +0.02
11 7 1500 20 3.56+0.03
12 5 1700 20 5.20+0.02
13 7 1500 30 3.47 £0.07
14 6 1600 25 4.64 +0.06
15 7 1700 30 0.68 +0.02
16 6 1600 25 4.72 £0.07
17 6 1600 25 4.75+0.01
18 5 1700 30 4.84 +0.04
19 7 1700 20 1.17 £ 0.02
20 5 1500 20 10.29 £ 0.06
21 5 1500 30 7.05 +£0.07
22 7 1500 20 10.24 £ 0.09
23 6 1600 25 4,71 £0.08
24 5 1700 20 5.21+0.02
25 6 1600 25 4.61 £0.04
26 6 1600 25 4.73 £ 0.06
27 7 1500 30 3.49+£0.02
28 5 1700 30 4.86 £ 0.05
29 7 1700 20 1.16 £0.01
30 5 1500 30 7.06 £ 0.09
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Table 4.2: Leach rate data for data points 31 — 64

Independent variables Resr.)onse
variable
X1 X2 X3 y
Run order Pressure Temperature Holding time Leach rate
(GPa) (°C) (min) (hm/h)
31 7 1500 20 3.55+0.06
32 5 1500 20 10.32 £ 0.09
33 7 1700 30 0.69 £ 0.03
34 7 1700 30 0.74 £0.01
35 5 1500 30 7.08+ 0.02
36 7 1700 20 1.18 £ 0.04
37 7 1500 30 3.48 £ 0.02
38 6 1600 25 4.64 £0.03
39 6 1600 25 4.76 £ 0.02
40 5 1600 30 4.90 £ 0.03
41 7 1500 20 3.56+0.05
42 5 1500 20 10.44 £ 0.08
43 6 1600 25 4.66 £ 0.03
44 5 1700 20 4.70 £ 0.05
45 7 1700 30 0.92 +0.01
46 5 1700 30 4.89 +0.01
47 7 1500 30 3.45+0.04
48 6 1600 25 4.63 £0.02
49 5 1500 30 7.05 +£0.07
50 5 1500 20 10.30+£0.09
51 7 1500 20 3.60+£0.03
52 5 1700 20 4.85 +0.02
53 6 1600 25 4.64 £+ 0.05
54 7 1700 20 1.17 £0.01
55 6 1600 25 4.61 £0.01
56 5 1600 25 6.94 £ 0.03
57 6 1600 20 5.80 + 0.06
58 6 1600 30 4.57 £0.02
59 6 1700 25 5.21+0.04
60 6 1600 25 4.86 +0.07
61 7 1600 25 3.65+0.04
62 6 1500 25 4.58 £ 0.03
63 6 1600 25 4.85+0.03
64 6 1600 25 5.89 +0.06
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4.2 SEM-BSE images of pre-leached samples

Figure 4.1 shows SEM-BSE images of the pre-leached diamond layer of the 27
experimental runs, excluding replicate runs. These micrographs were taken from the
top of the diamond layer. Temperature changes reading across the page and pressure
changes reading down the page. Holding time changes when turning over the pages

(with pressure and temperature staying in the same place).
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Figure 4.1: SEM-BSE images showing the effect of sintering variables on the
microstructures of the diamond layer, showing: cobalt pools (medium grey contrast),
diamond (dark contrast) and tungsten carbide (light grey contrast)
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Figure 4.1 (continued): SEM-BSE images showing the effect of sintering variables on
the microstructures of the diamond layer, showing: cobalt pools (medium grey
contrast), diamond (dark contrast) and tungsten carbide (light grey contrast)
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Figure 4.1 (continued): SEM-BSE images showing the effect of sintering variables on
the microstructures of the diamond layer, showing: cobalt pools (medium grey
contrast), diamond (dark contrast) and tungsten carbide (light grey contrast)
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4.3 SEM-BSE images of leached samples

From the 27 leached experimental runs, excluding replicates, samples from nine runs
were studied on an SEM. Figure 4.2 shows SEM-BSE images of the laser cut, leached
and polished samples from nine experimental runs. The samples had porosity and a
continuous network of diamond with tungsten carbide particles. However, there was a
possible removal of some of the Co and WC phases during sample preparation because
the pores are located close to the WC grains and the dark contrasts are interconnected

and are not spherical.

5 GPa | 1500°C | 20 min

10pm

6 GPa | 1500°C | 20 min

10|un'

7 GPa | 1500°C | 20 min

Figure 4.2: SEM-BSE images of leached and polished samples from nine experimental
runs, showing: diamond (medium grey contrast), porosity (dark contrast) and tungsten
carbide (light contrast)
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5 GPa | 1500°C | 20 min
5GPa | 1600°C | 20 min
5GPa |1700°C | 20 min

Figure 4.2 (continued): SEM-BSE images of leached and polished samples from nine
experimental runs, showing: diamond (medium grey contrast), porosity (dark contrast)
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Figure 4.2 (continued): SEM-BSE images of leached and polished samples from nine
experimental runs, showing: diamond (medium grey contrast), porosity (dark contrast)
and tungsten carbide (light contrast)

4.4 SEM-BSE images for unleached and leached samples

From the 27 experimental runs, one unleached sample and one leached sample were
analysed on SEM. Figure 4.3 shows SEM images of both unleached and leached PDC
samples, demonstrating the cobalt removal during leaching. The unleached sample
had cobalt pools distributed within the diamond matrix, and in the leached sample, the
cobalt pools had been removed, leaving porosity that characterises the leached

microstructure similar to leached samples in Figure 4.2.
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Figure 4.3: SEM-BSE images of the sintered PDC samples showing: (a) unleached and
(b) leached, with cobalt pools (light contrast), porosity (dark contrast) and diamond
(medium dark contrast). Experimental run conditions: 5 GPa, 1500°C and 25 minutes

4.5 XRD results

The one unleached sample and one leached sample (Figure 4.3) were also analysed by
XRD. Figure 4.4 shows the effectiveness of leaching in removing cobalt from the PDC
cutters. Both XRD patterns indicated tungsten carbide (WC), CosW and carbon (C), as
expected. The intensity of the CosW peak at 59° was lower in the leached sample,
indicating less of this phase after leaching. The peak at 51° is a combination of peaks
from two phases, C (diamond, the major component of PCD) and CosW. The diamond
signal overshadowed the decrease from CosW peak, making the 51° peak unreliable

for assessing CosW reduction.
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Figure 4.4: XRD patterns for the unleached and leached diamond layer samples.

4.6 RIRresults
Reference intensity ratio (RIR) analysis was performed on one leached and one

unleached PDC sample (Figure 4.3). The relative amounts of cobalt and tungsten
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phases in these samples were determined using RIR quantitative phase analysis, as

shown in Table 4.3.

Table 4.3: Reference Intensity ratio (RIR) values for the leached and unleached

diamond layer samples.
RIR Leached PCD Unleached PCD
Cobalt (CosW) 0.20+0.01 0.91+£0.03
Tungsten carbide (WC)  1.11+0.02 1.21+£0.01

4.7 XRF results

X-ray fluorescence (XRF) analysis was performed on one leached and one unleached
PDC sample (see Figure 4.3). The cobalt-to-tungsten (Co/W) ratios for these samples
are listed in Table 4.4.

Table 4.4: XRF results showing the cobalt to tungsten ratio (Co/W) between leached
and unleached samples.

Parameter Leached PCD Unleached PCD

Co/W Ratio  0.23+0.01 0.46 £0.03

4.8 EDXresults

The one unleached sample (Figure 4.3) was analysed by EDX. This sample was sintered
with the sintering conditions of 5 GPa, 1500 °C and 20 minutes. The EDX results
corroborate the XRD findings, confirming that the samples used in this study contained
diamond, cobalt, and tungsten. Table 4.5 shows the quantitative EDX results, showing
the weight percentages of diamond, cobalt, and tungsten. While tungsten was clearly
present in the sample as shown by both EDX and the X-ray map, the bulk EDX analysis
presented in Table 4.5, including regions of both diamond and tungsten carbide,
cannot definitively quantify the presence of tungsten carbide due to the large carbon
signal from the diamond including matrix. Additionally, there is a large standard
deviation for the small value of W and even a large standard deviation for Co (Table

4.5), showing that there was variation in the results. Figure 4.5 shows inconsistencies
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between its two parts, showing that there were problesm with data capture: a)
indcated small regions of a higher atomic number region (either WC or W) than Co,
while b) indicated that nearly all of the same region was tungsten. Additionally, light
elements such as carbon can be overrepresented in compositional analysis due to

matrix effects or limitations in detection techniques [150].

Figure 4.5: unleached sample: (a) SEM-BSE image showing diamond (dark), cobalt
(medium grey) and tungsten (light) and (b) X-ray map showing cobalt (blue), tungsten
(orange) and diamond (purple)

Table 4.5: EDX results of unleached sample.

Sample Diamond Cobalt Tungsten

(wt%) (wt%) (wt%)
Unleached 88.8+0.9 9.1+2.0 21+1.2
sample
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Table 4.6 shows the density measurements of sintered PDC samples under varying

pressure, temperature, and holding time conditions. Taking the standard deviations

into account, there was no significant variation across the tested ranges.

Table 4.6: Density measurements of sintered PDC samples under varying conditions

Effect of Pressure (GPa) 5 6 7
Density (g/cm3) 31402 3.3%0.1 3.2+0.2
Temperature (°C) 1500 1600 1700
Density (g/cm3) 33+0.3 34101 3.1£0.2
Time (Minutes) 20 25 30
Density (g/cm3) 33+0.1 3.1+0.3 3.4%0.3
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Chapter 5: Challenges and Advances in Accurate Process
Parameter Control

The successful synthesis of PDCs by HPHT sintering relies heavily on precise control of
the process parameters, particularly pressure and temperature. Accurate
measurement and control of these parameters is crucial for achieving the desired
microstructure, phase compositions and ultimately, the mechanical properties of the
final product. However, the extreme conditions within the HPHT apparatus present
significant challenges for accurate parameter determination. This chapter explores
these challenges and describes the investigation undertaken made in this research
towards achieving more accurate and reliable pressure and temperature control

during PDC sintering.

5.1 EXx Situ Pressure Calibration

5.1.1 Introduction
Precise pressure management is critical during the sintering of PDCs to achieve
targeted material properties. Therefore, accurate pressure measurement is essential
for both research and industrial HPHT processes. Conventional pressure calibration
techniques in high-pressure equipment, like cubic presses, often utilise fixed-point
phase transitions of known materials, usually measured at ambient temperature
[18,100]. However, these established methods suffer from several drawbacks. Firstly,
they are susceptible to non-hydrostatic stress states within the pressure cell. Secondly,
the pressure-transmitting medium can affect the actual pressure experienced by the
sample, introducing uncertainty, so the medium choice is important. Thirdly, precisely
detecting phase transitions can be challenging [18]. Factors such as the press setup
itself, the high temperatures involved and large sample size, interfering with
measurements can complicate the interpretation of results. Fourthly, extrapolating
room-temperature calibration data to the elevated sintering temperatures can lead to
significant inaccuracies, as material properties and behaviour change with
temperature. This section introduces a novel real-time pressure calibration method
designed to overcome these limitations, providing more accurate and material-specific

pressure determination directly during PDC sintering.
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5.1.2 Methodology
The ex situ pressure calibration method was based on direct measurements of the

volume change of a PDC sample (diamond powder with cobalt) during sintering,
coupled with the Murnaghan equation of state [140] for a more direct and relevant
calibration compared to conventional fixed-point methods. The experimental set-up

and procedure are described in detail in Chapter 3.

5.1.3 Results
To quantify the observed densification of the diamond powder compacts during

sintering, an empirical fitting approach based on the Murnaghan equation of state was
utilised [140]. While its fundamental application is for elastic compression, here it
served as an expression to relate the applied conditions to the relative volume change
(V/Vo) and a calculated effective “resistance to compaction”. This allowed the
establishment of a practical “sintering conditions calibration” for the cubic press used.
Figure 5.1 illustrates this relationship, plotting the derived “sample pressure”
(calculated from the Murnaghan EOS, representing the effective pressure required for
the observed densification) against the measured ex situ relative volume (V/Vo) for the
PDC sample. The data show the progressive plastic deformation and porosity reduction

occurring within the compacts.
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Figure 5.1: Relationship between sample pressure, calculated from the Murnaghan
equation of state (EOS), and measured relative volume (V/V,) for the PDC samples. The
dashed line is a linear fit to the calculated data

To provide a baseline for understanding the applied conditions, Figure 5.2 shows the
calculated nominal pressure (P = F/A) applied by the rams of the cubic press as a
function of ram load. This nominal pressure was determined directly from the applied
ram force (F) and the ram face area (A). To assess the accuracy and inherent
limitations of this simple calculation for determining the actual sample pressure within
the cell, this nominal pressure curve was compared against the internationally
recognised pressure values for several fixed-point phase transitions [18, 137-140].
These reported pressure values for these transitions, as reviewed and recommended
as standard values by Decker et al. [18], were obtained from Bridgman [137] for Bi I-II
(25.5 kbar), Kennedy et al. [138] for Tl lI-1ll (36.7 kbar), Drickamer [139] for Ba I-Il (55
kbar) and Haygarth et al. [140] for Bi lll-V (77 kbar). The measured pressures deviated
from the values of Decker et al. [18], with the largest discrepancy observed near the Ba

I-Il and Bi lll-V transitions.

The ““Measured pressure” data points represent the nominal pressures calculated
from P=F/A corresponding to the ram loads at which these fixed-point transitions (Bi |-

I, TI 1I-111, Ba I-l, Bi 1ll-V) were observed in this cubic press. The data points represent
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known absolute pressure values for these transitions and are plotted against their

corresponding ideal ram loads [18].

Figure 5.2 shows a significant deviation between the nominal pressure calculated by
P=F/A and the actual, independently established fixed-point pressures. This
discrepancy, particularly noticeable near the Ba I-Il and Bi llI-V transitions,
demonstrates the limitations of using a simple P=F/A calculation for determining the
true pressure within a cubic press. Factors such as friction between the rams and dies,
friction within the gasket assembly, and pressure gradients within the cell significantly
reduce the actual pressure experienced by the sample compared to the nominal
applied pressure. Therefore, while P=F/A provided a reference for the applied ram

load, it did not represent an accurate sample pressure calibration for the system used.
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Figure 5.2: Comparison of the pressure calibration curve with reported values for fixed-
point pressure transitions [18]

The wear resistance of the sintered PDC samples was evaluated by the VTL (Vertical
Turret Lathe) wear test method [2,3,4] to assess their tribological properties under
application-relevant conditions. Figure 5.3 compares the wear scar area of a PDC
sample sintered from this study with PDC samples of Jivanji et al. [3], Dai et al. [4] and
Zhao et al. [2]. The wear scar area was used to assess wear resistance, with smaller

values indicating better wear performance [4]. Zhao et al. [2] did not report the
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starting grain size. While direct comparison of absolute pressure values between
different high-pressure systems can be difficult (as shown in Figure 5.2), this
comparison demonstrated the similar wear resistance of the current material and the

effectiveness of the current sintering conditions in producing functional PDCs.

%]

S

Wear scar area (mm?)

PDC sample

This study (7 GPa, 1500 °C, Gr. Size ~ 16 um) M Jivanji et al. [4] (7 GPa, 1700 °C, Gr. Size ~ 16 pm)
M Dai et al. [5] ( 5.5 GPa, 1500 °C, Gr. Size ~ 20 um ™ Zhao et al. [6] (7 GPa, 1500 °C)

Figure 5.3: Comparison of VTL wear test results for PDC Samples: current data and
values from Jivanji et al. [3], Dai et al. [4] and Zhao et al. [2]

5.2 Temperature Measurement and the Effect of Thermocouple
Placement

5.2.1 Introduction
Accurate temperature measurement during high-pressure, high-temperature sintering
is important for controlling the sintering process and achieving the desired properties
in PDCs. However, the extreme conditions within the cubic press present difficulties for
accurate temperature monitoring. Steep temperature gradients, the effect of pressure
on thermocouple output and potential chemical reactions between the thermocouple
and surrounding materials can all contribute to measurement errors [73, 75]. In a cubic
press, which lacks direct thermocouple control, the precise distance between the
sample and the monitoring thermocouple is important. The user inputs a desired
power level on the control panel, and a thermocouple is then inserted to measure the
resulting temperature. Since there is no independent temperature regulation by the
thermocouple, any variation in the distance between the sample and the

thermocouple will lead to inconsistent and unreliable temperature readings. This
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section describes the effect of thermocouple placement on temperature measurement
accuracy during PDC sintering in a cubic press, indicating a key source of potential

error, and discusses the implications for process control and product quality.

5.2.2 Methodology
The experimental set-up for investigating the influence of thermocouple placement is

described in detail in Chapter 3 (Materials and Methods).

5.2.3 Results
Figure 5.5 compares the temperature readings from two Type S thermocouples during

a sintering run, where the sample was contained in a titanium cup. One thermocouple
was in direct contact with the sample (and thus the titanium cup, 0 mm gap), while the
other was positioned with a 1 mm gap. Figure 5.5 shows the temperature readings
from thermocouples at 0 mm and 1 mm separation from the titanium cup. While both
thermocouples recorded similar temperature profiles up to approximately 1400°C, the
0 mm thermocouple began to exhibit increasingly erratic readings, including sharp
spikes, above this temperature. Despite the instability, the 0 mm thermocouple
reached a similar peak temperature to the 1 mm thermocouple, but at a slightly earlier

time.

This failure was unexpected, as Type S thermocouples are rated for short term use up
to 1750°C, significantly higher than the temperature at which the thermocouple failed.
The premature failure was well below the expected temperature limits, indicating that
factors other than simply exceeding the rated temperature were responsible.
Subsequent examination of the failed thermocouple revealed localised melting at the
point of contact with the titanium cup. In contrast, the thermocouple positioned 1 mm
away from the sample maintained stable temperature readings throughout the
experiment and did not fail, demonstrating the localised issue at the point of contact

for the failed thermocouple.
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Figure 5.4: Effect of sample-thermocouple proximity on temperature measurement
reliability
Figure 5.6 shows an X-ray radiographic image of the experimental set-up with a
thermocouple inserted inside the capsule, with the PDC sample, heater, thermocouple,
and the hot junction positioned within the pyrophyllite capsule. This image shows the
accurate placement of the thermocouple within the capsule, ensuring that the hot
junction was very near the PDC sample, positioned between the sample and the

graphoil heater, for reliable temperature measurement.
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Thermocouple

Hot junction

Figure 5.5: X-ray radiographic image of the sample assembly with a thermocouple
inserted, showing heater (light line contrast), PDC sample (dark contrast), and hot
junction (black line). (Figure3.6 shows a line drawing of this sample assembly)

Table 5.1 shows the PDC sample temperature measurements, indicating that as the
thermocouple was moved further away from the sample (and especially when moved
outside the heater), the measured temperature decreased. There were large
temperature differences between measurements taken inside and outside the heater
as expected. A relatively small temperature gradient was observed inside the heater,
with a difference of only about 3°C between 1 mm and 3 mm away from the sample.
Conversely, a much steeper gradient was observed outside the heater, with a
temperature drop of approximately 35°C between 4 mm and 6 mm. Table 5.1 shows
that the overall temperature decrease was about 50°C between 1 mm and 6 mm

distance. The overall average gradient from 1 mm to 6 mm was approximately
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10°C/mm, while the gradient outside the heater, between 4 mm and 6 mm, was

steeper, at around 17.5°C/mm.

Table 5.1: Effect of thermocouple position on measured temperature with measuring
thermocouples in a cubic press

Thermocouple position  Temperature 1 (°C) Temperature 2 (°C) Temperature 3 (°C)

Inside the heater 1510.3+3.1 1511.7+3.3 1509.5 + 3.2

Outside the heater 1495.2 +3.4 1481.9+3.8 1459.1 + 3.5

Figure 5.6 shows SEM-BSE images of the PDC samples sintered with two different
thermocouple positions. The sample sintered with the thermocouple placed inside the
heater (Figure 5.6a) had a well-developed microstructure characterised by extensive
neck formation between diamond grains. The grain boundaries were well-defined,
indicating good bonding. The diamond grains were well-sintered, with a relatively
uniform distribution of cobalt and tungsten carbide. In contrast, the PDC sample
sintered with the thermocouple placed outside the heater (Figure 5.6b) shows that the
necks between diamond grains were less developed and, in some areas, appeared to

be absent. Figure 5.6b shows more precipitation of tungsten carbide at the grain

boundaries and triple junctions.

Figure 5.6: SEM-BSE images of the PDC samples sintered with two different
thermocouple positions: (a) inside the heater (b) outside the heater, showing well-
defined grain boundaries (red arrows), showing diamond (dark contrast), tungsten
carbide (light contrast) and cobalt (medium grey contrast). The sintering conditions

were 6 GPa, 1500°C and 20 minutes
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Table 5.2 shows that the PDC sample sintered with the thermocouple placed inside the
heater had smaller wear scar area than the sample sintered with the thermocouple
placed outside the heater, having better wear resistance. The difference in wear scar
area between the two samples was statistically significant because the standard
deviations did not overlap. It is important to note that the 1 mm position in Table 5.2
corresponds to a location inside the heater, as indicated in Table 5.1, while the 6 mm
position corresponds to a location outside the heater.

Table 5.2: Wear scar areas of PDC samples sintered with the thermocouple positioned
at 1 mm and 6 mm from the sample

Thermocouple position Wear scar area (mm?)

1 mm (inside the heater) 6.7 £0.5

6 mm (Outside the heater) | 8.9+0.4
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Chapter 6: Optimising Leachability by Parameter
Control: Individual Effects

This chapter investigated the individual effects of the important sintering parameters,
holding time, temperature and pressure, on the leach rate of polycrystalline diamond
compacts (PDCs). Understanding how each parameter individually affected leach rate
is crucial for optimising the sintering process. The insights gained from the individual
parameter analysis formed the foundation for the integrated parameter optimisation
described in Chapter 6, where the combined effects and interactions of these
parameters were explored. By examining the relationship between each parameter
and leach rate, this chapter developed quantitative models to predict leachability
under different sintering conditions. Each section focused on one of the key sintering
parameters (pressure, temperature, or holding time), presenting the experimental

results, analysing the underlying mechanisms affecting the PDCs.

6.1 Effect of Holding Time on Leach Rate

6.1.1 Introduction
This section investigated the influence of sintering holding time on the leach rate of
PDCs. Holding time, a crucial parameter in HPHT sintering, was expected to affect the
microstructure and, consequently, the leachability of PDCs. Previous research [42—-47]
had shown that holding time affects the densification of ceramic materials by

mechanisms such as mass transfer, grain boundary migration and particle growth.

6.1.2 Methodology
The experimental data used in this section were obtained from a series of sintering

experiments conducted using a 6x32,000 kN hinge-type cubic press, described in detail

in Chapter 3 (Materials and Methods).

6.1.3 Results
Table 6.1 shows that increasing the holding time by 10 minutes decreased porosity,

pore aspect ratio and pore Feret diameter of the leached microstructure. These data,
presented in Table 6.1, were derived from image analysis of the leached samples

shown in Figure 4.2
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Table 6.1: Microstructural parameters of leached PDC cutters with varying sintering
holding times

Holding time | Porosity (Vol.%) Pore aspectratio  Pore Feret diameter (um)

20 minutes 8.1+04 0.7+0.2 2.70+0.38

30 minutes 6.3+0.2 0.4+0.1 1.63 £0.15

Figure 6.1 shows the wear resistance of PDC cutters with different holding times.
Despite a slight decrease in wear scar area with increased holding time, the large and
overlapping standard deviations indicate that there was no statistically significant
difference in wear resistance. Even with three samples tested, there were still large

standard deviations.

8.5
° -
8.0
~
£ ®
é —_
g 7.5
-
- [ B
e
(143
wr
v
o
E 7.0
6.5
6.0 T r
20 Minutes 30 Minutes

Figure 6.1: Wear scar areas of leached PDC cutters sintered at different holding times.
Sintering pressure and temperature were fixed at 7 GPa and 1500°C

Figure 6.2 shows that leachability was reduced with increased holding time. The leach
rate data were derived from Tables 4.1 and 4.2. The median leachability for the 20-
minute sample was 5.12 + 0.19 um/h, whereas the median leachability for the 30-
minute sample was 4.14 + 0.17 um/h. The boxplots also show variability in leachability

within each holding time group. The interquartile range (IQR), represented by the box
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length, indicated the spread of the middle 50% of the data. Both the 20-minute and
30-minute holding time averages had similar standard deviations, although the IQR for

the 20-minute group was slightly larger.
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Figure 6.2: Boxplot analysis on the effect of holding time on leachability after 96 h
leaching in HCl acid

6.2 Effect of Temperature on Leach Rate

6.2.1 Introduction
This section describes the effect of sintering temperature on the leach rate of
polycrystalline diamond compacts (PDCs). Temperature is a critical parameter in HPHT
sintering, governing the kinetics of densification, phase transformations [9,32], and
ultimately, the microstructure and properties of the final product [9,32]. Previous
research [40,42,44,45,117-119] demonstrated the significant effect of temperature on
the sintering behaviour of various ceramic materials, and this section describes the

effect on the leach rate of PDCs.

6.2.2 Methodology
The experimental data used in this section were obtained from sintering experiments

conducted using a 6x32,000 kN hinge-type cubic press. The details of the experimental
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set-up, materials and sample preparation are provided in Chapter 3 (Materials and

Methods).

6.2.3 Results
Table 6.4 shows the results obtained for samples sintered at 1500°C and 1700°C and

the sample sintered at 1500°C had higher porosity. The data in Table 6.4 were derived
from image analysis of the leached samples shown in Figure 4.2. This indicated that
lower sintering temperatures resulted in a higher volume of pores after leaching.
Furthermore, the pore aspect ratio was higher for the 1500°C sample, indicating that
the pores in the sample sintered at the lower temperature were more equiaxed,
whereas the pores in the sample sintered at the higher temperature were more
elongated. Finally, the pore Feret diameter was slightly larger for the 1500°C sample
than the 1700°C sample, indicating that sintering at 1500°C promoted the formation of

larger and more rounded pores after leaching than at 1700°C.

Table 6.2: Microstructural parameters of leached PDC cutters with varying sintering
temeprature

Temperature (°C) | Porosity (Vol.%) Pore aspect ratio Pore Feret Diameter (um)

1500 8.7+0.3 0.8+0.1 1.90+0.38

1700 59+0.2 04+0.1 1.44+0.35

Figure 6.5 shows the wear resistance of the leached PDC cutters for samples sintered
at 1500°C and 1700°C. Three samples each from the experimental runs in Tables 4.1
and 4.2 were taken and analyzed on VTL testing for wear resistance. The PDC cutter
sintered at 1700°C had smaller wear scar area. Since the error bars for the two samples
do not overlap, the difference in wear scar area was statistically significant, and

indicated that the higher sintering temperature had improved wear resistance.
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Figure 6.3: Wear scar area of leached PDC cutters sintered at different sintering
temperatures

The leach rates of the PDC samples after 96 hours of leaching in HCl acid are shown in
Figure 6.6. The leach rate data were derived from Tables 4.1 and 4.2. The leach rate
decreased as the sintering temperature increased. The non-overlapping error bars

showed that the difference was statistically significant.
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Figure 6.4: Effect of sintering temperature on leachability after 96 h leaching in HCI
acid

6.3 Effect of Pressure on Leach Rate

6.3.1 Introduction
This section investigated the effect of sintering pressure on the leach rate of

polycrystalline diamond compacts (PDCs). Pressure is a critical parameter in HPHT

sintering, significantly affecting the densification, microstructure, and resulting
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properties of PDC materials. This section investigated the effects of pressure on leach

rate and presents a quantitative model to describe this relationship.

6.3.2 Methodology
The experimental data used in this section were obtained from sintering experiments

conducted using a 6x32,000 kN hinge-type cubic press, as detailed in Chapter 3
(Materials and Methods).

6.3.3 Results

The derived cobalt pool sizes (FD) and shapes (AR) are presented in Table 6.3. The data
in Table 6.3 were derived from image analysis of the leached samples shown in Figure
4.2. The FD of the cobalt pools decreased with increased sintering pressure, as did the

AR, although the standard deviations were quite large, as shown in Figure 6.3.

Table 6.3: Average cobalt pool size and shape at different pressures

Sample Cobalt pool aspect ratio (AR) Cobalt pool feret diameter (um)
5 GPa 9.1+2.2 2.36+0.16
7 GPa 49+2.7 1.06 £ 0.09

Table 6.4: VTL measurements of the area of the wear scars on the sintered samples

2 o e .
Pressure \wear scar area (mm’) Minimum Maximum

5 GPa 12.7+1.5 11.0 14.1

7 GPa 3.1+1.0 1.9 4.0

Table 6.4 shows the wear scar measurements of the samples: the 5 GPa sample had
the largest wear scar. Higher pressures have more densification and better abrasive
wear performance. However, the leaching rate is lower. Three samples each from the
experimental runs in Tables 4.1 and 4.2 were taken and analyzed on VTL testing for
wear resistance. The 7 GPa sample had the lowest standard deviation. The variability in
wear test results for hard materials such as polycrystalline diamond compacts (PDC)

often has several origins. Microstructural heterogeneity is a primary cause, where even
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well-produced samples can exhibit localised variations in diamond particle packing,
binder phase distribution, or the presence of microscopic defects (like porosity or
binder pools) at the point of wear contact. Additionally, small differences in surface
finish across samples can significantly influence initial wear [21]. Wear tests are very
variable, as wear is a complex phenomenon which is highly sensitive to localised
material properties and specific contact conditions. Finally, when dealing with a small
sample size (e.g., only three samples), any inherent material variability or minor
experimental fluctuations can be significantly amplified, leading to larger standard

deviations.

Figure 6.5 shows the relationship between the leach rate and pressure for determining

the mathematical model to predict the leachability as function of pressure.
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Figure 6.5: Relationship between leachability (leach rate) and sintering pressure after
96 h leaching in HCl acid
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Chapter 7: Integrated Parameter Optimization:
Interactions and Relative Importance

This chapter moved beyond the individual parameter effects explored in Chapter 6 to
investigate the combined influence of pressure, temperature and holding time on the
leach rate of polycrystalline diamond compacts (PDCs). Recognising that these
parameters often interact in complex ways during HPHT sintering, this chapter
employed advanced statistical techniques to analyse their combined effects and
establish their relative importance to determine leachability. Section 7.1 focused on
the development and application of a multiple regression model to quantify the
relationships between the sintering parameters, including a significant interaction
term between holding time and temperature. Building upon the multiple regression
analysis, Section 7.2 utilised Dominance Analysis (DA) to determine the relative
importance of each parameter, to providing a hierarchical understanding of their

effects on leach rate.

7.1 Multiple Regression Analysis of Sintering Parameters on
Leachability

7.1.1 Introduction
This section focused on the development and analysis of a multiple regression model

to quantify the combined effects of sintering pressure, temperature and holding time
on the leach rate of PDC cutters. Previous chapters explored the individual effects of
these parameters, this chapter investigated their interactions and developed a
predictive model that captures their relationships with leachability. Understanding
these combined effects is crucial for optimising the sintering process and tailoring PDC

properties for specific applications.

7.1.2 Methodology

A multiple linear regression model was developed using the leach rate data in Tables
4.1 (run orders 1 to 30) and 4.2 (run orders 31 to 64). The experimental design,
materials, sample preparation, sintering procedures, leaching process and leach rate

measurements are described in Chapter 3 (Materials and Methods).

Andrew Ndlovu 2025 Page 81



The independent variables were:

e X1: Holding Time (minutes)
e X2:Sintering Temperature (°C)

e X3:Sintering Pressure (GPa)

The dependent variable was:

e Y:Leach Rate (um/h).

7.1.3 Results

To assess multicollinearity among the predictor variables, variance inflation factors
(VIFs) were calculated using Minitab software. VIF values greater than 10 indicate

potential multicollinearity issues, which can affect the stability and interpretation of

[OFFICIAL]

regression coefficients [90,95]. The VIF values are presented in Table 7.1. The VIF value

for the interaction term between holding time and temperature was above 10,

indicating some multicollinearity.

Table 7.1:Variance ilnflation factors (VIFs) for sintering variables

TERM VIF

Holding time 5.65
Temperature 4,93
Pressure 1.05
Holding time*temperature 10.70

The results of the multiple regression analysis are summarised in Table 7.2. The model
provided a good fit to the data, explaining 86.4% of the variability in leach rate (R? =
0.864). The analysis revealed that sintering pressure had a significant negative effect
on leach rate (p < 0.001), indicating that higher pressures lead to lower leach rates.

Temperature also had a significant negative effect on leach rate (p <0.001). The
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interaction between holding time and temperature was statistically significant (p <
0.01), suggesting that the effect of holding time on leach rate depended on the
temperature, and vice-versa. Holding time, individually, also had a significant effect on

the leach rate.

e Coefficients: These are the estimated coefficients for each sintering variable in
the regression equation. They indicate the strength and direction of the
relationship between each variable and the leach depth [90,92,95]. A positive
coefficient for pressure means that as pressure increases, leach depth also
tends to increase.

e DF: This stands for "degrees of freedom." For regression analysis, it is the
number of independent pieces of information available to estimate a
parameter [124-126]. For individual coefficients, it is usually 1 [124-126]. For
the regression model and error, it shows the sample size and the number of
variables in the model [124-126].

e t-value: This is the test statistic calculated to assess the statistical significance
of each coefficient [85,127]. It is calculated by dividing the coefficient by its
standard error [85,127].

e p-value: This is the probability of observing the obtained t-value (or a more
extreme value) if there was no real relationship between the sintering variable
and leach depth. A low p-value (typically less than 0.05) indicates that the
variable has a statistically significant effect on leach depth [92—-94,128].

e F-value: This is the test statistic for the overall significance of the regression
model [124,125]. It assesses whether the model explains a significant amount

of variability in the dependent variable [124,125].
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Coefficients DF t- [Standardised| p- F-
value | coefficients | value | value

Regression model _ 4 _ _ 0.00 | 4.37
Intercept 56.72 1 6.34 _ 0.01 -
Holding time -1.02 1 3.18 -0.13 0.01 _
Temperature -0.02 1 7.02 -0.41 0.00 -
Pressure -2.11 1 10.25 -0.65 0.00 -
Holding 0.01 1 2.65 _ 0.01 _
time*temperature
Error 40

Figure 7.1 shows the main effects of each sintering variable on the leach rate, while

holding other variables constant. Increasing sintering pressure led to decreased leach

rate. Similarly, increased holding time and temperature also decreased the leach rate.

These trends were consistent with the results of the multiple regression analysis (Table

7.2, i.e., sintering pressure, holding time and temperature negatively affected the

leach rate.
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Figure 7.1: Main effects plot for leach rates of PDCs for pressure, holding time and
temperature, horizontal dashed lines represent overall mean leach rate

An interaction effect occurs when the effect of one variable on the leach rate depends
on the level of another variable. The interaction plot in Figure 7.2 shows that the effect
of holding time on the leach rate differs depending on the temperature. At the lowest
temperature (1500°C), increased holding time led to greater decreased leach rate than
the highest temperature (1900°C). This confirmed the significant interaction between
holding time and temperature shown by multiple regression analysis (Table 7.2) and

VIFs (Table 7.1).
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Figure 7.2: Interaction plot for holding time and temperature on leach rate
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Figure 3.3 shows the correlation matrix, which is a quantitative assessment of the
relationships between the individual sintering parameters (pressure, temperature and
holding time) and the leach rate. Each scatter plot displays the relationship between
two variables. The Pearson correlation coefficients (r) and their associated confidence
intervals (Cl) reveal the strength and direction of these relationships. A strong negative
correlation was derived between pressure and leach rate (r =-0.700, 95% CI [-0.807, -
0.548]), indicating that higher pressures were associated with lower leach rates.
Similarly, temperature exhibited a statistically significant negative correlation with
leach rate (r = -0.543, 95% CI [-0.696, -0.343]), indicating that increased temperatures
corresponded to decreased leach rates. In contrast, holding time displayed a weak and
non-significant negative correlation with leach rate (r =-0.221, 95% CI [-0.442, 0.027]).
No significant correlations were found between the sintering parameters themselves

(pressure and temperature, pressure and holding time, temperature and holding time).
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Figure 7.3: Correlation matrix showing the relationships between pressure (GPa),
temperature (°C), holding time (minutes) and leach rate (um/h), with Pearson
correlation coefficients (r) and their 95% confidence intervals (Cl) for each pair

Figure 7.4 illustrates the combined effect of pressure and temperature on leach rate as
a contour plot, with a fixed holding time. Holding time was chosen as constant due to

its minimal influence on leach rate as shown in Figure 7.4. Higher leach rates were
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generally achieved at lower pressures (<~6.0 GPa) and lower temperatures (<~1650°C)
within the investigated range. Conversely, increasing both pressure and temperature

tended to decrease the leach rate.

Leach rate
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tuhwmn
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Temperature (°C)

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5
Pressure (GPa)

Figure 7.4: Contour plot for effect of pressure (GPa) and temperature (°C) on leach rate
(um/h) at a fixed holding time

To determine the optimal conditions for maximizing leach rate, an optimisation plot
was generated (Figure 7.5). The analysis indicated that a pressure of 5.0 GPa and a
temperature of 1437.9°C predicted a maximum leach rate of 6.1 um/h. The individual
desirability (d) for this maximum leach rate was 0.85, and the composite desirability
(D) was 0.85, These optimised settings are consistent with the trends in Figures 7.1 and
7.3, where lower pressures and lower temperatures were associated with higher leach

rates.
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\\
Pressure Temperature Maximum leach rate
High 8.6 1862.1 D: 0.85
Current 5.0 1600.0 d: 0.85
Low 4.3 1437.9 Y=6.1

Figure 7.5: Optimisation plot showing the predicted leach rate (um/h) as a function of
pressure (GPa) and temperature (°C), showing maximum leachability achievable under
the experimental boundary conditions tested, where: high = maximum value of the
pressure and temperature, low = lowest value of the pressure and temperature and
current = current value of the pressure and temperature

7.2 Dominance Analysis and the Hierarchy of Parameter Importance
7.2.1 Introduction
To understand the relative importance of the sintering parameters (pressure,
temperature and holding time) on the leachability of PDCs, a statistical technique
known as dominance analysis (DA) was employed. Dominance analysis is a powerful
method for dividing the variance explained by a regression model (R?) into
contributions attributable to each predictor variable, thus allowing for a determination
of their relative importance in predicting the dependent variable [84,99]. Unlike
conventional regression coefficients, which only reflect the unique contribution of a
variable while holding all other predictors constant, Dominance Analysis provides a
more comprehensive assessment of variable importance by considering all possible
subset models [88, 89, 135], and examines the contribution of each variable, both
individually and in all possible combinations with other predictors. This approach
provides a more robust measure of importance, even with some correlation among

the independent variables, as often occurs for process parameters like those involved
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in HPHT sintering. The DA is based on the "all subset models" approach, where each
possible combination of predictors is considered as a subset model. The incremental
contribution of a variable to a given subset model is defined as the difference in the
model fit (R?) when that variable is included versus when it is excluded [86,87]. By
examining these incremental contributions across all possible subsets, DA allows for
the assessment of complete, conditional and general dominance, providing a
comprehensive understanding of the direct, partial and total effects of each variable

[87,88].

7.2.2 Experimental procedure
In this study, DA was applied using the experimental data generated from the full 23

factorial design with three replicates (64 runs in total), as described in Chapter 3

(Materials and Methods).

7.2.3 Results

The Venn diagram (Figure 7.6) shows the complete dominance weights for each
sintering variable and their combinations. Pressure had the highest individual
dominance weight (0.49), significantly larger than temperature (0.29) or holding time
(0.05). This indicated that pressure had the most substantial impact on leachability
when considered in isolation. Furthermore, pressure demonstrated high dominance
weights in combination with other variables: Pressure + Temperature (0.78), Pressure
+ Time (0.54), and Pressure + Temperature + Time (0.84). These results clearly
demonstrated pressure's strong individual effect and its synergistic interactions with

other variables in influencing PDC leachability.
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Figure 7.6: Venn diagram showing the complete dominance weights for the effect of
sintering variables on the leachability of PDC

Figure 7.7 displays the conditional dominance weights for each parameter across
different subset sizes (K values). The K value represents the number of variables
considered simultaneously in a subset model (K=0: overall average dominance; K=1:
individual effects; K=2: pairwise interactions; K=3: combined effect and all
interactions). Across all subset sizes, pressure consistently had the highest dominance
weight, followed by temperature, and then holding time. This shows the hierarchy of
influence: Pressure > Temperature > Holding Time. Notably, the dominance weight of
holding time increased with increasing subset size, indicating the presence of a

suppressor effect [76].
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Figure 7.7: Conditional dominance weights for the of sintering variables at different
subset size models

Figure 7.8 shows the general dominance weights, representing the relative

contribution of each variable to the total variation in leachability, as follows: Pressure
(56%), Temperature (37%) and Holding Time (7%). Figure 7.8 confirms Figures 7.6 and
7.7 that pressure was the most important factor in determining leachability, followed

by temperature, with holding time having a relatively minor contribution.
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Figure 7.8: Percentage general dominance weights for the sintering variables
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Chapter 8: Overall Discussion

This chapter discusses the individual experimental results, followed by the synthesis of
the key findings of the research presented in the preceding chapters, providing a
comprehensive discussion and interpretation of the results in the context of HPHT
sintering of PDCs. The research investigated the critical roles of pressure, temperature
and holding time on the microstructure, leachability, and ultimately, the performance
of PDC cutters. This chapter analyses the interaction of these parameters, discuss the
underlying mechanisms governing their effects, and discusses the implications of these
findings for optimising the sintering process. Furthermore, the limitations of the study

are acknowledged, and directions for future research are presented.

8.1 Detailed Discussion of Experimental Results

8.1.1 Advances in Accurate Process Parameter Control

8.1.1.1 Pressure Calibration
Figure 5.1 characterizes the densification behaviour of the PDC sample, showing a

strong correlation between the calculated effective compaction pressure (derived from
an empirical Murnaghan-like fit to the ex situ relative volume measurements, V/Vo)

and the observed volume reduction. A linear fit to the data yielded:

Y=-17.414X + 21.544............uuveue... Equation 8.1

where Y represents the calculated effective compaction pressure (GPa) and X is the

measured relative volume (V/Vo).

The high R? value of 0.9894 indicated that this empirical linear relationship provided a
very good fit to the experimental densification data within the investigated range. This
fit mathematically described how the diamond compact resisted further compression
as its porosity was progressively eliminated by plastic deformation under increasing
applied load. The negative slope of -17.414 in Equation 8.1 confirmed the expected
inverse relationship (as the effective compaction pressure [increasing resistance to
compaction] increased, the relative volume (V/Vo) of the compact decreased). The y-
intercept of 21.544 is a theoretical extrapolation beyond the physical limits of the
experiment (as V/Vo cannot reach zero). It must be emphasised that this empirical fit
described the plastic deformation and porosity reduction of the porous diamond

compact, and the “effective compaction pressure” obtained should not be interpreted
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as the intrinsic elastic bulk modulus of 100% dense diamond, as described in the
introduction to this section. This empirical relationship is valid only within the specific

range of ram loads and temperatures tested.

There were significant and systematic deviations between the calculated nominal
pressure and the actual fixed-point transition pressures (Figure 5.2). The differences
near the Bi llI-V transition could be due to larger uncertainties associated with higher-
pressure calibrations [18]. Accuracy of pressure measurements at 50 kbar could be
~2%, and ~4% at 100 kbar, which is consistent with the magnitude of the deviation’s
pressures >50 kbar in this study. At the Bi lll-V transition (77 kbar), the measured
pressure deviated from the reported value [18] by approximately 10 kbar, which is
significantly greater than the expected uncertainty of ~3 kbar based on the cited
accuracy. This non-ideal relationship demonstrated that the P=F/A calculation did not
accurately give the true pressure within the sample cell. The use of pyrophyllite as a
pressure transmitting medium (PTM), while chemically inert and machinable, can
introduce non-hydrostatic stresses that cause deviations between nominal and true

sample pressures.

Figure 5.1 provides a practical calibration for sintering conditions by linking ram load
settings to densification outcomes, enabling reproducible diamond sintering in the
cubic press. In contrast, Figure 5.2 shows the discrepancy between calculated and
actual pressures [18], demonstrating the value of empirical calibration over precise

pressure measurements.

While fixed-point methods are necessary for establishing absolute pressure scales, and
interpolation techniques are needed between them [18], this study took a different
approach. Recognising the difficulties in obtaining precise in situ absolute pressure
values with a simple P=F/A calculation, especially for a complex system like a cubic
press, this method used the densification of PDCs directly under controlled ram loads
at sintering temperatures. The empirical application of the Murnaghan equation of
state (Figure 5.1) to ex situ volume change measurements provided a continuous
description of densification behaviour, which is useful for optimizing PDC sintering

parameters.

Andrew Ndlovu 2025 Page 94



[OFFICIAL]

The systematic overestimation of pressure by the P=F/A method was consistent with
other cubic press calibrations, such as Wang et al. [70] who found that pressures
determined by their DTA-based method (with the aluminium fusion curve) in a cubic
press were higher than those derived from conventional fixed-point calibrations. They
attributed this to non-hydrostatic stresses and limitations of the fixed-point method
[70]. Fixed-point calibrations, while standard [18], rely on detecting phase transitions
in reference materials that may experience different pressures than the sample due to
non-hydrostatic stresses within the pressure chamber [70]. Despite its non-ideal
pressure transmission characteristics, pyrophyllite was used as the PTM due to its
compatibility with the cubic press set-up and its widespread use in similar high-

pressure experiment.

The choice of pressure transmitting medium (PTM) significantly affects the actual
sample pressure, as demonstrated by Walker et al. [106] who showed varying pressure
transmission efficiencies for different castable ceramics. Pyrophyllite, utilized as PTM
in this study due to its practical advantages, possesses distinct compressibility and
shear strength characteristics compared to media used in standard fixed-point
calibrations [106]. These properties, coupled with friction within the cell assembly,
influence the complex relationship between applied ram load and the true pressure
experienced by the PDC sample. This complex pressure transmission, where the actual
pressure is lower than the nominal P=F/A value, contributes to the observed
systematic discrepancy between our P=F/A nominal pressures and the fixed-point

values in Figure 5.2.

The more pronounced deviations observed in Figure 5.2, particularly around the Ba Il
and Tl I-Il transitions, are likely a consequence of several interacting factors inherent to

solid-media high-pressure systems:

e Non-Hydrostatic Stress: In a cubic press, even with a well-designed pressure-
transmitting medium, achieving perfectly hydrostatic pressure (equal pressure
in all directions) is extremely difficult. The solid pressure-transmitting medium
transmits pressure through a combination of flow and deformation. As the
pressure increases, different parts of the medium and sample assembly may

experience different stress states. This non-hydrostaticity is often exacerbated
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around phase transitions of materials within the assembly (including the
pressure medium and the sample itself). The Ba I-l1l and Tl I-Il transitions,
occurring in the intermediate pressure range, could significantly alter the stress
distribution, leading to a larger deviation from the ideal hydrostatic pressure.

e Pressure Medium Compressibility Changes: The pressure-transmitting
medium's compressibility (how much its volume changes under pressure) is not
constant. It can change gradually with increasing pressure, and, crucially, it can
change abruptly at phase transitions. If the pressure medium undergoes a
phase transition or a significant change in compressibility in the pressure range
of the Ba I-Il and Tl I-Il transitions, this will affect how pressure is transmitted to
the sample. This can lead to a localized increase or decrease in the actual
pressure experienced by the sample, compared to what's calculated based on
an average compressibility or a linear fit.

e Sample Assembly Arrangement and Pressure Distribution: The specific
geometry of the sample assembly (the arrangement of the sample, pressure
medium, gaskets, and other components within the cubic press) plays a
significant role in how pressure is distributed. Friction between the different
components, and the deformation of these components under pressure, can
create pressure gradients. These gradients might be more pronounced in
certain pressure ranges, particularly if the pressure medium or other assembly
components are undergoing phase transitions or significant changes in their

mechanical properties.

Another discrepancy in Figure 5.2 was the significant temperature difference between
the sintering experiments (1500°C) of this study and the typical room-temperature
(25°C) condition under which many standard fixed-point transitions were reported
[18]. While PDC densification measurements (Figure 5.1) were conducted at the actual
sintering temperature, the phase transition pressures used for comparison in Figure

5.2 were mainly based on room temperature data [18].

Phase transition pressures are temperature-dependent [68]. For example, Ono et al.
[68] investigated the high-pressure, high-temperature behaviour of bismuth, including
the Bi-lll to Bi-V transition, using in situ X-ray powder diffraction. They found a

negative temperature dependence for this transition (pressure decreased with
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increasing temperature), with a phase boundary described by P (GPa) = 12.4 - 0.016 x
T(K). Extrapolating this to the current sintering temperature of 1500°C gave a Bi-lll to
Bi-V transition pressure significantly lower than the commonly-used 7.7 GPa room
temperature value [18]. The equation would yield a transition pressure around 1.6 GPa
at 1500°C, demonstrating that a fixed point like 7.7 GPa (room temperature) [18]

would underestimate the actual pressure at 1500°C.

While in situ X-ray diffraction, as used by Ono [68], provided valuable temperature-
dependent phase boundary data, its practical implementation for routine pressure
calibration in large-volume cubic presses designed for bulk sample synthesis is difficult
due to the complexity of the experimental set-up and the physical inaccessibility of the
press chamber during operation. Thus, the ex situ volume change method (Figure 5.1)
is a complementary approach that directly characterises the bulk densification of PDC
samples under actual sintering temperatures and applied ram loads, making it
particularly suitable for guiding PDC synthesis, even if it cannot provide absolute in situ

pressure values.

Figure 8.1(a) shows the microstructure of a PDC sample sintered in this study at
1500°C and a ram load corresponding to a calculated nominal pressure of
approximately 7 GPa. As previously discussed, (Figure 5.2), this 7 GPa value is a
nominal estimate, and the true in-situ pressure may differ. For comparison, Figure
8.1(b) displays a representative microstructure of a PDC sample sintered by Westraadt
et al. [107] at their reported conditions of 5.5 GPa and 1450°C. Both microstructures
clearly exhibit the characteristic features of well-sintered PDC, including a dense
network of intergrown diamond grains, a uniformly distributed metallic cobalt binder,

and the presence of some residual tungsten carbide.
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Figure 8.1: SEM-BSE images of PDC samples produced at: (a) calibrated pressure of 7
GPa, 1500°C and 20 minutes, (b) 5.5 GPa and 1450°C by Westraadt et al. [107],
showing cobalt pools (medium grey contrast), diamond (dark contrast) and tungsten
carbide (light grey contrast)

In both samples, the cobalt binder distribution appears largely uniform. Despite
variations in specific sintering parameters and potentially starting materials, both this
study and Westraadt et al. [107] successfully achieved well-sintered PDC

microstructures characterized by effective diamond-diamond bonding.

The ability to produce high-quality sintered PDC at the conditions determined by this
experimental approach (specifically, ram loads corresponding to the optimal
densification range identified in Figure 5.1) supports the efficacy of the 'sintering
conditions calibration' for cubic presses. While microstructural differences (e.g.,
related to diamond grain size, as seen in Figure 8.1) and precise pressure comparisons
remain complex, the successful sintering achieved at our operational conditions
demonstrates a robust process. The chosen ram load, which translates to a calculated
nominal pressure of 7 GPa, resulted in successful sintering, similar to Westraadt et al.
[107] who used 5.5 GPa, indicating that various pressure/temperature combinations

can lead to effective consolidation.

To evaluate the wear performance of the PDC using the calibration method in the
current study, Figure 5.3 compares the VTL wear test results of the PDC sample of the
current study to those of Dai et al. [4], Zhao et al. [2] and Jivanji et al. [3]. The PDC
sample of the current study, sintered at 7 GPa and 1500°C, exhibited comparable wear

resistance to PDC samples from the other studies, although it had a large error bar.
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Figure 5.3 shows the VTL wear test results for the PDC sample in this study (mean wear
scar area of 6.7 mm?2). The large error bar indicated variability in the wear performance
of the PDC samples examined in this study. Due to this large error bar, the results from
this study showed overlap with, and were broadly comparable to, values reported by
Zhao et al. [2], Jivanji et al. [3], and Dai et al. [5], even when considering that those

studies were obtained under similar processing conditions and testing methodologies.

Jivanji et al. [3] reported a lower wear scar area (5.9 + 0.4 mm?) compared to this
study. The variation is in the samples from this study which could have originated from
the non-homogeneous samples (microstructure and analyses of phases (Table 4.3).
This shows that a statistically significant difference cannot be established. However,
potential contributing factors to their [3] improved wear resistance could include their
higher sintering temperature (1700°C vs. 1500°C) and the presence of ZrB, in their

samples.

Compared to the PDC samples of Dai et al. [5], which was sintered at 5.5 GPa with a
grain size of ~20 um and showed a wear scar area of 7.5 mm? % 0.6, the sample of the
current study (sintered at 7 GPa with a grain size of ~16 um) exhibited a lower wear
scar area. Similarly, the variation was in the samples from this study, although the
higher sintering pressure in this study (7 GPa vs 5.5 GPa [5]) likely resulted in a denser
microstructure and enhanced diamond-diamond bonding, which significantly

contributed to improved wear performance [32].

Thus, this experimental approach, based on ex situ volume change measurements of
the PDC sample, empirically fitted with the Murnaghan equation (Figure 5.1), enabled
the successful and reproducible sintering of PDC materials. The achieved
microstructures (Figure 8.1) and wear resistance (Figure 5.3) are broadly comparable
to those reported in the literature, demonstrating the practical efficacy of this method
in identifying suitable sintering parameters in a cubic press. This approach serves as a
practical 'sintering conditions calibration' for a specific press, allowing to correlate

controllable ram loads directly with the resulting densification and material properties.

While acknowledging the complexities and uncertainties in determining absolute in-

situ pressure (as highlighted by the discrepancies in Figure 5.2, stemming from the
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P=F/A nominal calculation and temperature effects on fixed points), this method offers
distinct advantages for PDC synthesis. Unlike conventional fixed-point calibrations or
DTA-based methods [18, 70] which can be equipment-intensive and require external
reference materials, this approach utilizes readily available equipment to directly
monitor the material's compaction response during processing. This provides a
material-specific and temperature-relevant understanding of densification under the
actual sintering conditions, streamlining the optimization process for industrial
applications. It minimizes reliance on potentially inaccurate extrapolated data from

room-temperature fixed points or calibrations obtained from different systems.

The 'sintering conditions calibration' developed here is crucial for enabling the precise
control of parameters for PDC synthesis, aiding the optimization of material properties
and performance by directly linking applied ram load to material response. It provides
a robust, practical framework for achieving desired densification and material quality
in polycrystalline diamond production.

8.1.1.2 Temperature Measurement and the Effect of Thermocouple
Placement

Figure 5.6 shows SEM-BSE images of the PDC samples sintered with two different
thermocouple positions. The sample sintered with the thermocouple placed inside the
heater (Figure 5.6a) had a well-developed microstructure characterised by extensive
neck formation between diamond grains and well-defined grain boundaries. In
contrast, the PDC sample sintered with the thermocouple placed outside the heater
(Figure 5.6b) showed that the necks between diamond grains were less developed and,
in some areas, appeared to be absent. Thermocouple position affects sintering quality

due to the following factors:

e Lack of Independent Temperature Regulation: Since there was no active
feedback mechanism for temperature control by the thermocouple, the system
did not automatically adjust power to maintain a constant temperature at the
sample. Instead, the power input was fixed, and heat was generated.

e Thermal Gradients: Within the confined space of the cubic press, significant
thermal gradients existed. The thermocouple measured the temperature only
at its actual physical location. Although the overall power input remained

constant, slight variations in the distance between the thermocouple and the
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sample exposed the thermocouple to different temperatures within the
thermal gradient. These positional differences led to inconsistent readings that,
while accurate for the thermocouple’s location, may not have experienced the

actual temperature experienced by the sample.

Therefore, although the samples remained in the same physical position relative to the
heat source for different experiments, the temperature measured by the
thermocouple varied due to its actual placement within the non-uniformly heated
volume. These variations in measured temperature directly corresponded to the actual
thermal conditions experienced by the sample, which dictated the extent of sintering
and the resulting microstructures. Figure 5.6 shows that a higher and more stable
measured temperature (when the thermocouple was inside the heater) correlated
with superior microstructures (better neck formation), demonstrating that
thermocouple position is important for the effective sintering temperature delivered
to the sample. Thus, precise thermocouple placement in a cubic press, where
temperature is measured passively rather than actively controlled, is a potential
measurement error and significantly affects understanding of the true process
conditions, with direct implications for process control and the quality of the final

product.

To understand the potential cause of the thermocouple failure, it is important to
consider the behaviour of titanium at high pressures and temperatures. In this study, a
titanium cup was used to contain the sample. Figure 8.2 shows the pressure-
temperature phase diagram of titanium, adapted from Dewaele et al. [108], which
incorporates phase boundaries determined by Zhang et al. [110] and Tonkov et al.
[111]. At the experimental conditions experienced by the thermocouple
(approximately 6 GPa and 1500°C) (Table 5.1), the phase diagram suggests that
titanium would be in the (solid) B-Ti phase field. The localized melting observed on the
failed thermocouple, along with the erratic temperature readings in Figure 5.5,
indicated a possible eutectic reaction between the titanium cup and the S-type
thermocouple's Inconel 600 sheath. The phase diagram of titanium (Figure 8.2) [108]

shows the phase transformations at different temperatures and pressures. Although
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the Ti phase diagram indicated a high melting point, it did not include the

thermocouple materials.
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Figure 8.2: High-pressure phase diagram of titanium [108]

In the current study, the direct contact between the S-type thermocouple and the
titanium cup at high temperature and pressure was detrimental. S-type thermocouples
use a junction of platinum and a platinum-rhodium alloy 90 at. % Pt / 10 at. % Rh). At
elevated temperatures, the platinum-titanium binary diagram has two low
temperature eutectic reactions (1310°C and 1320°C) (Figure 8.3 [141]) below the
melting points of titanium (1668°C) or platinum (1768°C) [141]. The localised melting
on the failed thermocouple could be due to this. The temperature at which the
thermocouple failed (~1400°C) was fairly close to the eutectic temperature of the

lowest temperature and most Ti-rich eutectic in the Ti-Pt binary phase diagram [141].
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Figure 8.3: Ti-Pt phase diagram by Murray [141]

The thermocouple positioned 1 mm away from the sample did not experience direct
contact with the titanium and did not react. Thus, this thermocouple survived and
provided stable temperature readings throughout the experiment (Figure 5.5). This
demonstrates the crucial role of minimising direct contact between reactive materials

like titanium and platinum-based thermocouples at high temperatures and pressures.

Figure 5.6 shows the capsule assembly, showing the set up to maintain 1 mm
separation between the thermocouple junction and the titanium cup containing the
sample. The benefit of this configuration was supported by Figure 5.5 where direct
contact between the titanium and the thermocouple materials led to failure. This
physical separation proved crucial in preventing the formation of a low-melting-point
eutectic, thus preserving the thermocouple's integrity and enabling

continued temperature measurement throughout the experiment.

While separating the thermocouple from the reactive sample is crucial, the extent of
this separation must be carefully considered to ensure accurate temperature

measurement. Table 5.1 showed the effect of thermocouple position on measured
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temperature within a cubic press set-up. Positioning the thermocouple outside the
heater decreased measured temperatures by 50.4°C compared to inside the heater.
The objective was to position the thermocouple close enough to the sample to
accurately reflect its temperature, but far enough to prevent detrimental chemical
interactions, such as forming of a eutectic, which occurred with direct contact. The 1
mm gap chosen for the experiment was a compromise between these two competing
factors. It provided sufficient separation to prevent the eutectic reaction, shown by the
stable readings (Figure 5.5) and the survival of the thermocouple, which still remained
within the heated zone to provide a reasonably accurate measurement of the sample
temperature. Placing the thermocouple completely outside the heater, as shown in
Table 5.1, would introduce an unacceptably large error in the temperature

measurement, potentially underestimating the sample temperature by 3.3%.

The observed temperature variations and the estimated thermal gradients within the
cubic press were further complicated by the known effects of pressure and high
temperature on thermocouple performance, as documented by Li et al. [73] and
Ongrai et al. [75]. Li et al. [73] investigated thermocouple behaviour under high
pressure in a multi-anvil press and found that the electromotive force (emf) versus
temperature relationship of Type S thermocouples (like those used in this study) was
significantly affected by pressure, and deviated, leading to temperature measurement
errors. At 5 GPa, they observed a +5°C deviation, and at 15 GPa, the deviation ranged
from +25°C to -35°C between room temperature and 1800°C. While the current study
was conducted at 6 GPa, within this range, Li et al. [73] shows that the pressure effect
alone could introduce a significant error in the temperature readings. Thus, the
pressure effect on the Type S thermocouples promoted higher temperature readings
than the actual sample temperature, partially explaining the temperature difference
between the 'inside' and 'outside' thermocouple positions, in addition to the real

thermal gradient.
Li et al. [73] also identified other significant sources of error, including uncertainties in
hot junction position and geometry, pressure gradients, and non-hydrostatic stress

within the high-pressure assembly. These factors likely contributed to the temperature
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gradient found in this study, especially within the heater assembly. Li et al. [73] also
noted that mechanical deformation of thermocouple wires can lead to large errors. In
the cubic press environment, the closing and opening of the anvils can directly
compress, bend, or shear the thermocouple wires and sheath, especially if the
thermocouple is not carefully positioned. This deformation can affect the contact area
and introduce stresses at the thermocouple junction, as well as altering the bulk
thermoelectric properties of the wires, leading to inaccurate temperature

measurements.

The long-term stability of thermocouples at high temperatures is also a concern.
Ongrai et al. [75] demonstrated significant drift in Type R thermocouples (platinum and
13% rhodium) aged at 1350°C for 500 hours of exposure time. Given the similar
compositions of the Type R and Type S thermocouples (platinum — 10 at. % rhodium),
it is reasonable to expect similar drift behaviour in the Type S thermocouples used in
study, especially at temperatures exceeding 1500°C. While the duration of this study
was significantly shorter than Ongrai et al. [27], even short-term drift could have

contributed to the uncertainty in temperature measurements of this study.

Li et al. [73] estimated an overall error of 1.6% for Type S thermocouples up to 1700°C
due to the combined effects of position uncertainty, pressure gradients, and non-
hydrostatic stress. Due to the potential for pressure-induced changes in thermocouple
emf, long-term drift, and the inherent uncertainties in high-pressure temperature
measurements, the reported temperatures should be considered as estimates with an
associated uncertainty of 1.6% [73]. The combination of these factors demonstrates
the difficulties of accurate temperature measurement in high-pressure, high-
temperature environments and shows the need for careful thermocouple selection,
placement and a thorough consideration of potential sources of error. The observed
differences between 'inside' and 'outside' heater measurements, while indicating a
thermal gradient, were likely also affected by these thermocouple limitations. The
thermocouples were used to monitor the temperature at different locations within the
sample assembly. The thermocouple positioned 1 mm from the sample recorded

higher temperatures than the thermocouple at 6 mm, as shown in Table 5.1. This
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temperature difference, reflecting the thermal gradient within the assembly, directly
affected the sintering process and, consequently, the microstructure and wear

performance of the PDC samples.

This study demonstrated the critical influence of thermocouple placement on the
accuracy of temperature measurement during HPHT sintering of PDCs. Placing the
thermocouple inside the heater, closer to the sample, provided a more accurate
measurement of the actual sintering temperature than placing it outside the heater.
However, direct contact between the thermocouple and reactive sample components
must be avoided to avoid thermocouple failure. The 1 mm gap reduced thermocouple-
sample reactions and enabled more stable temperature readings. There were steep
temperature gradients within the cubic press, which need to be considered for
assessing temperature measurements. Furthermore, the study demonstrated the
significant impact of temperature gradients within the sample assembly on the
resulting microstructure and wear resistance of the PDCs. While the press was
operated at a constant power setting, the different thermocouple positions (1 mm vs.
6 mm) revealed significant temperature variations, indicating that the actual sintering
temperature experienced by different samples varied considerably. This variation in

sintering temperature directly influenced the microstructure and wear performance.

8.1.2 Optimising Leachability by Parameter Control: Individual Effects
8.1.2.1 Effect of Holding Time on Leach Rate

The decreased leach rate with increasing holding time can be attributed to the
microstructural changes that occurred during sintering. Longer holding times at
temperature also resulted in more diffusion of tungsten from the substrate which
could have affected the chemical composition of the binder and slowed the leaching
rate. A longer holding time promotes greater densification, shown by the reduced
porosity in Figure 4.2 and listed in Table 6.1. Leaching intentionally introduced porosity
in the leached microstructures, which is called “engineered porosity” (Figures 4.2 and
4.3). This porosity is desirable because the leached layer comprised only the
interconnected diamond network, which transmits heat away from the tip of the

working layer and improves wear resistance [13,48,51]. However, some of the
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engineered porosity possibly came from the removal of some of the Co and WC phases

during sample preparation.

Figure 4.2 indicates the densification during sintering because the number and size of
the pores are related to the original cobalt pools and hence the degree of densification.
This might seem counterintuitive, as removing the cobalt by leaching should decrease
density. However, there are two separate densification processes. Firstly, there is the
densification which occurs during initial sintering, where the material is heated to bond
the cobalt and diamond particles [9,32]. Cobalt acts like a glue that holds the diamond
particles together, so more cobalt leads to a denser structure before leaching [9,32].
Secondly, there is the “engineered porosity” created by leaching. When the cobalt is
leached out, it leaves behind empty pores, increasing porosity, which is beneficial in

this case to transmit heat away, improving wear resistance [13,48,51].

The degree of densification during sintering directly affects the final porosity after
leaching [9,32,111-115]. A denser pre-leached structure, with smaller cobalt pools
initially, will have smaller pores after leaching. The microstructure of a leached material
depends on the initial density of its precursor. A higher density precursor, analogous to
a densely packed sponge, results in a leached structure with smaller and fewer pores
than one derived from a lower density precursor. While leaching inherently increases
porosity due to the removal of cobalt, the initial density of the pre-leached structure
plays a critical role in determining the final pore size and distribution [9,32,111-115].
This “engineered porosity” significantly affects the material's performance, particularly

in applications where heat dissipation and wear resistance are crucial [9,32,111-115].

Figure 8.4 shows that the 30-minute leached sample had fewer and smaller pores than
the 20-minute leached sample, indicating that the extra 10 minutes holding time
during sintering reduced porosity and hence further densification as expected. The
reduced leachability in 30-minute leached sample was due to the reduced porosity
achieved by the longer holding time, since densification continues gradually with time

[9,32].
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Figure 8.4: SEM-BSE images of PDC samples, taken from the bottom of the diamond
layer near the interface, sintered for: (a) 20 minutes and (b) 30 minutes, showing cobalt
pools (medium grey contrast), diamond (dark contrast) and tungsten carbide (light grey
contrast). Red lines show interfaces between diamond grains. Sintering pressure and
temperature were 7 GPa and 1500°C (Figure 4.1)

The longer holding time (30 minutes) in Figure 8.4(b) resulted in less Co between the
diamond grains than Figure 8.4(a) (20 minutes). The increased densification is primarily
attributed to the extended time available for the key sintering mechanisms to progress.
These mechanisms include liquid-phase sintering facilitated by the cobalt binder. The
molten cobalt wets the diamond surface and is drawn into the interparticle spaces by
capillary forces [32]. It then acts as a solvent, dissolving less stable carbon (from
strained diamond regions or graphite) and promoting the reprecipitation of more
stable diamond at grain contact points leading to increased diamond-diamond contact.
This solution-reprecipitation process, along with grain boundary migration (where
boundaries between grains of similar orientation move to reduce grain boundary
energy), contributes to densification. This process, along with the improved particle
packing, leads to a denser material. Figure 8.4b shows this improved packing, showing
how particles are better accommodated to each other and fit together more tightly.
The mechanisms of solution-reprecipitation and grain boundary migration during

sintering are well-documented in materials science literature [9].

Figure 8.4 does not show clear evidence of classical sintering neck formation between
diamond grains, which would appear as discrete bridges of newly-formed diamond.
Rather, they show varying degrees of diamond-diamond proximity. Figure 8.4(b),

representing the longer sintering time, shows a more compact structure with narrower
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cobalt regions. This is because the extended sintering time allowed for more complete
infiltration of the cobalt and more extensive diamond-diamond contact, reducing the

volume fraction of the cobalt phase [32].

Grain boundaries between diamond grains of different crystallographic orientations are
present in Figure 8.4. There are areas of very close diamond-diamond contact with low

remaining cobalt.

While the current study focused on achieving densification through extended sintering
time, Sha et al. [116] investigated the impact of initial diamond grain size on the wear
behaviour of PDC. They reported improved wear resistance with larger initial grain sizes
after annealing at 700°C, attributing this to enhanced grain interlocking and
densification [116]. This contrasts with the findings of the present study, where
extended sintering time did not significantly improve wear resistance despite achieving
a certain level of densification. Both the current study and the work by Sha et al. [116]
showed densification was crucial for wear resistance. The current study achieved
densification primarily through extended sintering time, promoting more complete
solution-precipitation. In contrast, Sha et al. [116] observed enhanced densification
with a larger initial diamond grain size. While it is generally easier to achieve full
density with smaller initial particles due to shorter diffusion distances, Sha et al.'s
findings likely stem from the use of a wider grain size distribution. In such distributions,
larger grains can act as a rigid framework, while smaller particles fill the interstices,
leading to a higher packing density even before sintering begins. This improved initial
packing, combined with subsequent solution-precipitation, can result in greater final
density. This study identified grain rearrangement as mechanisms driving densification
during extended sintering. While Sha et al. [116] did not state the mechanism, their
mention of "enhanced grain interlocking" suggested a similar process. Larger initial
grain sizes might facilitate greater contact area and potentially more pronounced
deformation during sintering, leading to better interlocking and ultimately
densification. Thus, Sha et al. [116] stated that larger diamond grains packed tighter
after annealing, while this study found that even with smaller diamond grains, given
more time, they can accommodate to fit tighter. Figure 6.3 shows how the extra

sintering time promoted densification:
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(1) Grain rearrangement: The grains rearranged and interlocked more effectively.
German et al. [9] explained how the liquid cobalt facilitates this, by filling the
voids and preferentially dissolving low density graphite to reduce surface
energy. The dissolution of graphite and the lubrication provided by the liquid
cobalt allows the diamond grains to rearrange and achieve a denser
packing. However, Gou et al. [50] demonstrated that reducing cobalt content
by various treatments can improve the friction and wear performance of PDCs.
This shows the importance of controlling cobalt content, for example by
optimising sintering time as investigated in the current. Sha et al. [116] also
indicated the important role of cobalt in PCD performance, observing that both
insufficient and excessive cobalt negatively affected wear resistance [116]. This
emphasises the need to optimise cobalt content, not only by controlling
sintering time, as investigated in this study, but also by considering the initial
grain size of the diamond particles. The initial grain size can influence the cobalt
distribution within the microstructure, which in turn affects both densification
and wear behaviour. While German et al. [9] identified the crucial role of cobalt
in facilitating densification during sintering, Gou et al. [50] demonstrated that
reducing cobalt content can improve the tribological properties of PDCs. Thus,
while sufficient cobalt is necessary to facilitate effective densification during
sintering, recognised by German et al. [9], excessive cobalt can decrease wear
resistance, as observed by Gou et al. [50]. Gou et al.[50] demonstrated that
leaching cobalt and annealing can improve the tribological properties by
reducing graphitisation and promoting the formation of protective transfer
films. These are thin material layers that transfer from one or both contacting
surfaces during sliding, adhering to the surfaces and acting as barriers to
reduce wear and friction. Thus, optimising sintering time and post-sintering
treatments to control cobalt content and distribution is essential to achieve
optimal wear resistance in PDC materials.

(2) Plastic deformation: While particle rearrangement is a primary contributor to
pore size reduction during sintering, plastic deformation of diamond grains also
plays a significant role at elevated pressures and temperatures. This

deformation can lead to restrictions in pore channels, enhancing densification.
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It is important to distinguish this from solution-precipitation mechanisms,
which are discussed separately.

(3) Reduced voids: The overall porosity reduces, leading to a denser structure. This
occurs by solution-precipitation [50], where the carbon-saturated liquid
precipitates diamond at grain contacts to form necks, which reduces surface
area and thus surface energy.

In the 30-minute leached sample (Figure 8.4 (b)), the cobalt was less accessible to the
acid because of reduced pore size and fewer pores, reducing the leach rate. The trend
of reduced leachability with increased holding time (Figure 6.2) was attributed to the

densification, with fewer and smaller pores. Thus, less of the cobalt binder was

exposed to the acid, reducing the surface area available for leaching [50].

The unexpected finding that the changes in porosity did not result in statistically
significant differences in wear resistance (Figure 6.1) could indicate a complex
interaction between microstructure and wear mechanisms. Alternatively, the changes
made in the current study were not significant, so did not lead to changes in wear
resistance. Gou et al. [50] showed that the effectiveness of microstructural changes in
improving wear resistance may depend on the specific wear mechanisms involved. It
was expected that the assumed denser microstructure (30-minute sample with less

porosity), would have improved wear resistance (Figure 6.1).

However, while a slight decrease in mean wear scar area was observed for cutters
sintered for 30 minutes compared to 20 minutes, this difference was not statistically

significant (Figure 6.1), as indicated by the overlapping standard deviations.

This unexpected result questions the anticipated correlation between increased
densification (reduced porosity) resulting from longer sintering times and improved
wear resistance in the leached PDC cutters. It is possible that the dominant wear
mechanisms in the test used were not sensitive to the degree of densification achieved
by extending the sintering time from 20 to 30 minutes, or that the changes in porosity
were not substantial enough to significantly impact wear resistance. For example, if
abrasion was the primary wear mode, the overall hardness of the tungsten carbide
inclusions might affect the wear resistance more than the effect of the porosity, and

mask it [116]. Alternatively, the relatively small difference in porosity between the two
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samples (Table 5.1) might not have been sufficient for a significant change in wear
resistance, and measurement of the wear scar area was somewhat crude and did not
consider the depth profile nor morphology of the wear scar, which could have provided
more information on the wear mechanisms. Gou et al. [50] also recognised the
complex interactions of wear mechanisms for PCDs, including transfer film formation,
graphitisation and passivation. They [50] indicated that the effectiveness of
microstructural changes in improving wear resistance may depend on the particular
wear mechanisms involved. This could explain why the observed differences in porosity
between the 20-minute and 30-minute sintered samples (Table 6.1) in the current work
did not give a statistically significant difference in wear resistance. Sha et al. [116]
observed variations in friction coefficient with different initial grain sizes, due to
differences in surface residual stress and their effect on wear mechanisms [116]. Thus,
the relationship between microstructure and wear resistance may be complex and
affected by more than porosity and grain size. Figure 4.2 shows 2D SEM images of the
leached samples, which are slices through 3D structures. In 2D images, only open pores
that intersect the surface are visible, but closed pores within the sample would not be
visible [116]. Leaching typically targets the interconnected cobalt network [9], so the
resulting porosity is likely to be mostly open and interconnected, and some isolated

cobalt pools could remain and not be accessible to the acid.

Figure 4.4 shows the XRD data, showing the effectiveness of leaching in removing the
cobalt-based phase, agreeing with the SEM results in Figure 4.3. The intensity of the
CosW peak at 59° was lower in the leached sample, indicating less of this phase after
leaching. However, a small amount of the CozW was still present, shown by low
intensity peaks in the leached sample. The duration of leaching (or holding time) plays
a critical role in determining the completeness of cobalt removal [50]. A longer holding

time may further reduce the residual cobalt amount.
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Table 8.1: Curve fits for the relationship between holding time and leachability

Mathematical K, slope Fitted equation Correlation
model coefficient (R?)
Exponential 5.916 Y = 5.916e0:00% 0.991
Linear -0.043 Y =-0.043X + 5.789 0.998
Logarithmic -1.067 Y =-1.067In(X) + 8.131 0.997
Polynomial 0.002 Y =0.002X2-0.124X + 6.778 1
Power 9.707 Y =9.707X0-2%¢ 0.999
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Figure 8.5: Relationship between leachability (leach rate) and sintering pressure after
96 h leaching in HCl acid

Several mathematical models were considered to describe the relationship between
leach rate and holding time (Figure 8.5, Table 8.1). Minitab software was used to fit
these models to the data, and their goodness of fit was assessed using the correlation
coefficient (R?). R?values, ranging from 0 (weak relationship) to 1 (perfect
relationship), indicated how well each model represented the data [76-78]. All models
had R? values above 0.96, suggesting a strong fit to the relationship between leach rate
and holding time under the experimental conditions. The polynomial model provided a

perfect fit (R? = 1), indicating that it accounted for all variability in leach rate. Therefore,
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the following polynomial model best describes the influence of holding time on leach

rate within the tested conditions:

Y =0.002X? = 0.124X + 6.778..coeveeeeeveveeen.. Equation 8.2

where: X = holding time and Y = leach rate.

The value of 6.778 in Equation 8.2 is the intercept and is the leach rate when the
holding time was 0 minutes. This value was ignored because holding time would never
be 0 minutes since the typical time to sinter a commercial PDC starts at 20 minutes
[14,16]. In addition, moving the intercept to zero would affect the accuracy of the
model to predict within the boundary sintering conditions of 20— 30 minutes. To
validate the mathematical model in Equation 8.2, samples sintered at 26 minutes and
33 minutes were leached for 96 hours. These two holding times were chosen because
26 minutes fell within the sintering boundary conditions tested and 33 minutes fell
outside the sintering boundary conditions tested. The 26-minute sample was validating
the suitability of the model to predict leach rates within the boundary conditions, while
the 35-minute sample was validating the suitability of the model to predict leach rates
outside the boundary conditions. Holding times less than 20 min were not validated
because most products are sintered from 20 minutes and above [9].

Table 8.2: Validation of the modelled data for the leach rates against the experimental
data after 96 h leaching

Sintering Modelled Experimental Variation (%)

holding time value (um/h)  value (um/h)

26 minutes 4.63 4.67 £0.17 4

33 minutes 3.99 4.31+0.37 32

Table 8.2 compares the modelled and experimental data. For the 26-minute sample,
the modelled value showed only a 4% deviation from the experimental data,
demonstrating good agreement within the established boundary conditions (Equation
8.2). In contrast, for the 33-minute sample, the model overestimated the experimental
value by 32%, indicating a significant limitation in its predictive accuracy when

exceeding the defined holding time range (>30 minutes).
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This study demonstrated that increasing sintering holding time significantly reduced
the leach rate of PDCs. This effect was attributed to enhanced densification during
sintering, leading to a less porous microstructure that reduced the leaching acid's
accessibility to the cobalt binder. The polynomial model provides a valuable tool for
predicting leach rate based on holding time within the tested range. While longer
holding times improved densification, the effect on wear resistance was not
statistically significant, suggesting that either the changes were insufficient or a more

complex relationship between microstructure and wear mechanisms.

8.1.2.2 Effect of Temperature on Leach Rate

The significant negative correlation between sintering temperature and leach rate was
a consequence of the temperature-driven microstructural changes during sintering.
These changes were consistent with the principles of liquid phase sintering (LPS) [32]
and mechanisms of diamond sintering described by German et al. [9]. Figure 4.2 and
Figure 4.3 show the effect of leaching and the creation of “engineered porosity” in the
PDC samples. In the unleached sample (Figure 4.3 (a)), cobalt pools were dispersed
within the diamond matrix. They acted as a binder during initial sintering, facilitating
densification by "gluing" the diamond particles together, a mechanism characteristic of
liquid phase sintering [32]. The leached sample (Figure 4.3 (b)) had a distinct porous
network, formed by the selective removal of these cobalt pools, which was
intentionally introduced by leaching, hence "engineered porosity". The interconnected
diamond structure that remained is strong and effectively transmits heat away,
improving wear resistance [13,121]. The densification during initial sintering,
determined by the amount of cobalt, directly affects the final porosity after leaching.
Table 6.4 shows that a denser pre-leached structure with more cobalt resulted in
smaller and fewer pores after leaching [9,13,32,121]. Higher sintering temperatures
resulted in lower porosity and more elongated pores (Table 6.4). The porosity and pore
morphology changes with sintering temperature agree with the general principles of
sintering, i.e., higher temperatures gave increased densification and diamond
intergrowth [32]. The microstructural changes also agreed with the mechanisms of
diamond sintering described by German et al. [9], together with the importance of
operating within a specific "sintering window": a combination of pressure and

temperature that avoids graphitisation and ensuring cobalt melt infiltration. The
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chosen sintering temperatures of 1500°C and 1700°C and 6 GPa pressure were within
this optimal window, as shown by the successful densification and formation of a
strong diamond network. German et al. [9] also described the sintering mechanism to
involve carbon transport driven by pressure gradients, with dissolution of graphite in
low-pressure regions and precipitation of diamond at high-pressure grain contacts. The
interconnected diamond network observed in the leached samples (Figure 4.2) showed
this, and diamond precipitation occurred preferentially at the contact points between

diamond grains (Figure 8.6).

Figure 8.6: SEM-BSE images of PDC samples, taken from the middle of the diamond
layer, sintered for: (a) 1500°C and (b) 1700°C, showing cobalt pools (medium grey
contrast) and diamond (dark contrast) with well-defined grain boundaries (red arrow).
Sintering pressure and holding time were 7 GPa and 20 minutes (Figure 4.1)

Figure 8.6 shows the microstructural evolution of the PDCs at different sintering
temperatures. At the lower sintering temperature of 1500°C (Figure 8.6(a)), cobalt
pools are visible, along with the initial formation of areas where diamond grains are
touching together. German et al. [32] described this initial contact between grains as a
result of capillary forces exerted by the liquid cobalt phase, initiating densification
during the early stages of liquid phase sintering (LPS). The presence of these areas of
contact in Figure 8.6(a) confirms that LPS was active even at this lower temperature.
Additionally, Figure 8.6(a) shows diamond reprecipitation, consistent with the
observations of German et al. [9], where diamond dissolves in regions of lower

pressure and reprecipitates at grain contacts where the pressure is higher.
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However, at the higher sintering temperature of 1700°C (Figure 8.6(b)), the cobalt
pools are less prominent, and there is significantly more grain coalescence. This
indicates enhanced densification and increased diamond-diamond bonding. German et
al. [32] define grain coalescence as the joining of two grains through initial contact
followed by grain boundary migration. This process is evident in Figure 8.6(b),
suggesting its significant contribution to the microstructural evolution of PDCs at higher
sintering temperatures. The more pronounced grain coalescence at 1700°C correlates

with the higher wear resistance observed (Figure 6.5).

Triple grain boundaries, also visible in Figure 8.6, are a characteristic feature of LPS.
German et al. [32] describe these junctions as a result of grains coming together during

densification, driven by the movement of the liquid phase along grain boundaries.

Both sintering temperatures (1500°C and 1700°C) fall within the established "sintering
window" [9] for diamond, as shown by the absence of graphitization (Figure 4.4) and
the successful densification of the PDCs. The increased grain coalescence and reduced
porosity observed at 1700°C are consistent with the lower leach rate (Figure 6.6) and
higher wear resistance (Figure 6.5). The improved wear resistance at 1700°C is
attributed to a combination of microstructural and phase compositional factors directly
resulting from the higher sintering temperature. The improved wear resistance was
due to a combination of factors related to the microstructure and phase composition,

which were directly caused by the higher sintering temperature:

(1) Enhanced Densification and Reduced Porosity: The higher sintering
temperature of 1700°C promoted greater densification during liquid phase
sintering (LPS) [32] (Figure 8.6). The 1700°C sample had fewer and smaller
pores than the 1500°C sample (Table 6.4). This denser microstructure with
reduced porosity provided greater resistance to abrasive wear, as there were
fewer voids and weak points that could initiate crack propagation and material
removal.

(2) Increased Grain Coalescence and Stronger Diamond Network: The 1700°C
sample (Figure 8.6 (b)) had greater grain coalescence than the 1500°C sample
(Figure 8.6 (a)). This indicated higher diamond-diamond bonding, facilitated by

the enhanced diffusion and diamond solution-reprecipitation [9]. The stronger,
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more interconnected diamond network provided better resistance to the
stresses encountered during wear.

(3) Grain Size Considerations: Dai et al. [4] showed the dependence of grain size
on wear resistance, where finer-grained PDCs exhibited higher hardness and
thermal resistance, while coarser-grained PDCs had better impact resistance.
The higher grain coalescence in the 1700°C sample (Figure 8.6 (b)) indicates a
larger grain size than the 1500°C sample, agreeing with Dai et al. [4] that
coarser grains improve impact resistance and fracture toughness, which are
beneficial for wear resistance (Figure 8.6 (b)).

There was a significant reduction in leach rate as the sintering temperature increased
(Figure 6.6). The inverse relationship between sintering temperature and leach rate
was mainly attributed to the microstructural changes during sintering, particularly

porosity, pore morphology and the distribution of the cobalt binder phase.

1. Densification and Porosity: As discussed earlier, higher sintering temperatures
promoted greater densification during liquid phase sintering (LPS) due to enhanced
diffusion and atomic mobility [32]. The 1700°C sample (Figure 8.6 (b), Table 6.4) had
significantly lower porosity than the 1500°C sample (Figure 8.6 (a) and Table 6.4). This
denser microstructure, with fewer voids, impeded the penetration of the HCl acid
during leaching. Fewer pathways ware available for the acid to access and react with

the cobalt binder, resulting in a slower rate of cobalt removal.

2. Pore Morphology and Interconnectivity: The morphology and interconnectivity of
the pores was also important. The ImageJ analysis (Table 6.4) revealed that the 1700°C
sample had a lower pore aspect ratio, indicating more elongated pores. Although the
slightly smaller Feret diameter suggests these pores were individually smaller, their
elongated shape, compared to the more equiaxed pores in the 1500°C sample, may
have led to a less efficient network for acid transport. This reduced connectivity,

despite the smaller pore size, would hinder acid flow and reduce the leach rate.

3. Cobalt Distribution: While the XRD analysis (Figure 4.4) confirmed the effective
removal of cobalt from the surface of the leached samples, the distribution of cobalt
within the bulk of the PDC differed between the two sintering temperatures. The

higher sintering temperature might have led to a more homogenous distribution of the
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remaining cobalt (Figure 8.6), potentially within a denser network of WC and the CosW

intermetallic phase, making it less accessible to the acid.

Table 8.3: Curve fits for the relationship between sintering temperature and

leachability
Mathematical K, slope Fitted equation Correlation
model coefficient (R?)
Exponential 4.826 Y = 4.826e 70006 0.989
Linear -0.009 Y =-0.009X + 21.113 1
Logarithmic -1.224 Y =-1.224In(X) + 12.698 0.997
Polynomial 0.006 Y =0.006X%-0.331X +9.115 9.988
Power 11.321 Y =11.321X70116 0.995
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Figure 8.7: Relationship between leachability (leach rate) and sintering temperature
after 96 h of leaching in HCl acid
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Table 8.3 shows different mathematical models that were considered suitable to
describe the relationship between leach rate and temperature in Figure 8.7. All the
fitted equations to Figure 8.7 (Table 8.3) had correlation coefficients greater than 0.96,
indicating they all described the relationship between leach rate and holding time well
under the experimental conditions used. However, the equation with a perfect fit (i.e.,
R? of 1) to the experimental data was the polynomial model, implying that 100% of the
variability in leach rate was predicted by the mathematical model. Thus, under the
experimental conditions tested, the effect of temperature on the leach rate was

modelled by:

Y=-0.009X +21.113.....cccueveevveeeuee.. Equation 8.3

where: X = sintering temperature and Y = leach rate.

To validate the mathematical model in Equation 8.3, samples were sintered at 1550°C
and 1750°C and leached for 96 hours. These two temperatures were chosen because
1550°C fell within the sintering boundary conditions tested and 1750°C fell outside the
sintering boundary conditions tested. The 1550°C sample validated the suitability of
the model to predict leach rates within the boundary conditions, while the 1750°C
sample validated the suitability of the model to predict leach rates outside the

boundary conditions.

Table 8.4: Validation of the modelled data against the experimental data after 96 h

leaching
Temperature Modelled Experimental Variation (%)
(°C) value (um/h)  value (um/h)
1550 6.41 6.21 £0.15 3
1750 4.51 3.61+0.41 22

Table 8.4 compares modelled and experimental data. For the 1550°C sample, the
modelled value showed only a 3% deviation from the experimental value,
demonstrating good agreement within the established boundary conditions (Equation

8.3). In contrast, for the 1750°C sample, the model overestimated the experimental
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value by 22%, indicating a significant limitation in its predictive accuracy when

exceeding the defined sintering time range (>1700°C).

Sintering temperature had a significant negative correlation with the leach rate of
PDCs. Higher sintering temperatures led to reduced leach rates, primarily due to
enhanced densification, altered pore morphology and achieved a more homogenous
distribution of the remaining cobalt within a more consolidated diamond and WC
network. The linear model (Y =-0.009X + 21.113) is a valuable tool for predicting leach
rate based on sintering temperature within the tested range (1500-1700°C). The
findings demonstrate the importance of carefully controlling sintering temperature to

optimise the microstructure and leachability, ultimately improving performance.

8.1.2.3 Effect of Pressure on Leach Rate

The observed negative correlation between sintering pressure and leach rate was

explained by the effect of pressure on the microstructure of PDCs during sintering.

Figure 8.8: SEM-BSE images of PDC binder pools, taken from the middle of the diamond
layer, sintered at different pressures: (a) 5 GPa and (b) 7 GPa, showing cobalt pools
(light contrast), tungsten (grey contrast) and diamond (dark contrast). Sintering were
1500°C and 20 minutes (Figure 4.1)

A systematic reduction in both the average cobalt pool size (Figure 8.8, Table 6.7)
occurred with increasing sintering pressure. This was attributed to rearrangement of
the diamond particles at elevated pressures. This process is active during both cold and
hot compaction stages and promote pore shrinkage and a reduction in the cobalt pool
size [9, 29, 32], as indicated by their smaller Feret diameters. Furthermore, the
diminished pore size at higher pressures restricts cobalt infiltration from the cemented

carbide substrate into the diamond layer [3,5]. The 7 GPa sample, with the smallest

pre-infiltration pores (Figure 8.8), allowed for minimal cobalt ingress, and thus the
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smallest average cobalt pool size (smallest average Feret diameter). This showed the
pressure-dependent nature of cobalt migration from the substrate to the diamond

layer.

The 5 GPa sample had the highest cobalt content, 9.2 £ 0.9 vol.% (Table 4.5), agreeing
with Westraadt et al. [5], who found 9.0 + 1.0 vol.% Co for a PDC sintered at 5.5 GPa.
The present findings were consistent with Dai et al. [4], who found 10.7 £ 0.1 vol.% Co
for a sample sintered at 5.5 GPa. Thus, higher sintering pressures reduced pre-
infiltration porosity, limiting cobalt infiltration and ultimately reducing the overall
cobalt content within the diamond layer. The wear resistance of PDCs was inversely
related to cobalt content, agreeing with previous results [4,38,61,66,115,123]. As
expected, the sample with the highest cobalt content (5 GPa) had the poorest wear
resistance (Table 6.8), agreeing with industrial experience [14,16,59], where elevated

cobalt content is associated with diminished wear resistance.

Cobalt, while acting as a binder during sintering, compromises wear resistance in the
final product. It facilitates the dissolution of graphite from diamond grain surfaces and
its subsequent reprecipitation as diamond, leading to diamond-to-diamond bonding
and intergrowth [9,32]. This creates new diamond grain connections, between the
original diamond grains [9,32]. A clear correlation exists between sintering pressure
and wear scar area, Table 6.8. The wear scar area of the PDC samples decreased
significantly with increasing sintering pressure (Table 6.8). This inverse relationship
was directly linked to the reduced porosity (Table 6.7) and reduced cobalt pool size
(Figure 6.10) at higher pressures, leading to a more wear-resistant structure. However,
this enhanced wear resistance was accompanied by a reduction in leaching rates
(Figure 6.9). The denser, less porous material from higher pressure sintering hinders
acid access to the binder during the leaching process [13,48-50]. Thus, there is an
inherent trade-off in PDC manufacturing between achieving optimal wear resistance

and maintaining efficient leaching characteristics.

There was substantial reduction, ~78%, in the cobalt phase in leached samples (Table
4.3). Conversely, tungsten carbide (Table 4.3) remained relatively stable, indicating
that leaching (HCl acid) had a minimal effect on the tungsten carbide, because it has

greater resistance to HCl [49]. Despite the substantial reduction in the cobalt phase,
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the remaining 22% (Table 4.3) indicated that some of the cobalt was inaccessible to
the HCl acid during leaching and was probably within closed pores or cavities [51].
Closed pores prevented the acid from reaching and dissolving the encapsulated cobalt.
The closed porosity in the PCD is attributed to Ostwald ripening during sintering,
where larger pores grow at the expense of smaller pores [51]. Some pores become

completely enclosed within the material, resulting in closed porosity [51].

The reduction of cobalt was consistent with XRD (Figure 4.4) and XRF (Table 4.4)
results and showed that leaching mainly removed CosW, leaving WC mostly intact.
Again, leachability (ease with which cobalt can be removed) exhibited a negative
correlation with sintering pressure (Figure 6.9). This is because cobalt pool size (Feret
diameter) affects acid flow pathways. Larger cobalt pools (larger Feret diameters)
provide wider channels for acid ingress, facilitating cobalt removal, and smaller pools
(smaller Feret diameters) restrict acid flow, hindering leachability [13]. Among the
investigated pressures, the 5 GPa sample exhibited the fastest leachability (Figure 6.9)
and the largest cobalt pool size (Table 6.10). Thus, leachability of the cobalt binder is
directly governed by the distribution and accessibility of cobalt between diamond
particles [13]. Additionally, diamond grains can encapsulate cobalt pools, effectively

shielding them from the acid solution.

The initial leaching reaction involves chloride anions from the HCl acid interacting with
exposed cobalt pools surfaces. These anions subsequently diffuse deeper through
intergranular pores, reacting with additional cobalt to form soluble cobalt chloride,
which is then removed from the cutter [13,51]. As cobalt is leached, the pools become
pores. Leachability is affected by the diffusion rate of anions and reaction products
through the newly formed pores. Therefore, the size of the cobalt pools (Figure 6.10)
dictates both the rate-limiting step of leaching and the subsequent pore size, which in
turn governs acid diffusion and access to the remaining cobalt [13,51]. Smaller pools
(smaller Feret diameters) restrict diffusion, decreasing the leaching rate, while larger
pools (larger Feret diameters) facilitate diffusion, enhancing the leaching rate [13,51].

Figure 6.9 shows the relationship between leach rate and pressure.

Various mathematical models were evaluated using Minitab software to determine

their suitability for describing the relationship between leach rate and pressure, with
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the correlation coefficient (R?) being the evaluation metric. Table 8.5 presents five

models that effectively fitted the data.

Table 8.5: Curve fits for the relationship between pressure and leachability

Mathematical | K, slope Fitted equation Correlation
model coefficient (R?)
Exponential 17.167 Y =17.167e021% 0.9697

Linear -1.047 Y=-1.047X +11.139 0.9847
Logarithmic -6.221 Y =-6.221In(X) + 15.988 0.9762
Polynomial 0.302 Y =0.302X> - 4.667X + 21.813 0.9803

Power 45.745 Y = 45.745x1263 0.9767

The linear model with the highest R? value (0.9847) had the best fit to the
experimental data, while the exponential model had the lowest. This implied that
98.47% of the variability in leach rate was explained by the linear model within the
tested experimental conditions. Therefore, the effect of pressure on leach rate can be

effectively modelled by:

Y=-1.047X +11.139.....cccoeveevveennen. Equation 8.4

where: Y = leach rate and X = sintering pressure.

The slope (K =-1.047) quantified the extent to which sintering pressure affects the
leach rate. The intercept (11.139) represents the theoretical leach rate at a sintering
pressure of 0 GPa, which is not useful since commercial PDC sintering typically starts at
5 GPa [14,16,30]. Shifting the intercept to zero would compromise the model's
accuracy within the relevant pressure range of 5 GPa to 7 GPa. To validate Equation
8.4, samples were sintered at 6.8 GPa and 8 GPa and leached for 96 hours. The 6.8 GPa
sample was chosen to test the model's predictive capability within the established
boundary conditions, while the 8 GPa sample served to evaluate its performance
outside this range. Pressures below 5 GPa were not considered as they are not

commonly used in commercial PDC production.
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Table 8.6: Validation of the modelled data against the experimental data after 96 h
leaching

Pressure (GPa) | Modelled Experimental Variation (%)

value (um/h)  value (um/h)

6.8 4.03 4.12+£0.44 2.4

8 2.76 1.05+0.17 61.9

Table 8.6 compares the modelled and experimental leach rates. For the 6.8 GPa
sample, the model deviated from the experimental value by only 2.4%, demonstrating
good agreement within the established boundary conditions. However, at 8 GPa, the
model significantly over-predicted the experimental value by 62%, demonstrating the
inaccuracy beyond the defined pressure range (>7 GPa). This agrees with the increased

standard deviations observed at the boundary limits in Figure 6.9.

Increased pressure reduced leachability, mainly due to increased densification,
reduced porosity, decreased cobalt pool sizes and increased diamond contiguity. The
linear model from the CCD analysis (Y =-1.047X + 11.139) provided a useful tool for
predicting leach rate as a function of pressure within the investigated range. The
findings also demonstrated the trade-off between leachability and wear resistance,
with higher pressures favouring the latter. The selective nature of leaching mainly

targeting the cobalt-containing phase was demonstrated by XRD and XRF.

8.1.3 Integrated Parameter Optimization: Interactions and Relative
Importance

8.1.3.1 Multiple Regression Analysis of Sintering Parameters on Leachability

The multiple regression model showed the interaction of sintering parameters on PDC
leachability. From Table 7.2, the regression equation to predict the leach rate of PDC

based on the sintering parameters was:

Y=—1.02X1—0.02X2 —2.11X3 + 0.01X1X2 + 56.72 ....cccoevevvveuenren. Equation 8.5

where: Y = value of the leach rate, X; = sintering holding time (first independent

variable), X> = sintering temperature (second independent variable), X3 = sintering
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pressure (third independent variable), XXz = interaction term: holding

time*temperature.

Table 7.2 presents the core statistical results of the multiple regression model,
quantifying the relationship between the sintering parameters (holding time,
temperature, pressure and their interaction) and leach depth. The F-value (4.37), p-
value (< 0.001), R? (86.4%) indicated that the overall regression model was statistically
significant, i.e., sintering parameters collectively explained a significant proportion of
the variability in leach depth. The R? value of 86.4% quantified this, i.e., the model
explained 86.4% of the variance in leach depth, and a good fit for this type of data [19],
demonstrating that the chosen sintering parameters were important factors affecting
leachability of PDC cutters. The pressure (coefficient =-2.11, p < 0.001) is negative and
highly significant (p < 0.001), indicating that higher pressure leads to lower leach
depth. This is consistent with previously discussed mechanisms related to increased
densification, reduced porosity and greater mechanical interlocking at higher pressures
[9,32], all of which hinder the penetration and effectiveness of the leaching agent
[9,32]. Equation 8.4 indicated that for every 1 GPa pressure increase, the leach depth
decreases by 2.11 um/h assuming all other variables are held constant. The
temperature (coefficient = -0.02, p < 0.001) was also negative and highly significant (p
< 0.001), indicating that higher temperatures led to a lower leach depth. This is
consistent with several mechanisms that can occur at higher temperatures. Enhanced
cobalt flow can lead to binder depletion in critical areas [9]. The formation of brittle
intermetallic, such as CosW, at the diamond-cobalt interface can weaken the structure.
Furthermore, cobalt undergoes a phase transformation from its face-cantered cubic
(FCC) structure to a hexagonal close-packed (HCP) structure at elevated temperatures
[88], which can alter the mechanical properties of the binder phase [9,32]. Thus,
increased densification, reduced porosity, greater mechanical interlocking (all
promoted by higher pressure), cobalt flow, intermetallic carbide formation and the
cobalt transition (all promoted by higher temperature) contribute to more resistant

microstructures, reducing the leach depth.

Increased densification, reduced porosity and greater mechanical interlocking

contribute to more resistant microstructures to acid leaching, reducing the leach

Andrew Ndlovu 2025 Page 126



[OFFICIAL]

depth. Equation 8.4 also indicated that for every 1°C increase in temperature, the
leach depth decreased by 0.02 units, assuming all other variables were held constant.
The Holding Time (coefficient = -1.02, p < 0.01) was negative and significant (p < 0.01),
i.e., indicating longer holding times were associated with lower leach depths. This is
consistent with mechanisms related to increased densification, enhanced binder
distribution and potential stress relaxation during prolonged holding [9,32],
particularly at lower temperatures [9,32]. However, the effect was less strong than
pressure or temperature, as indicated by the smaller coefficient and higher p-value.
This also suggests that for every 1-minute increase in holding time, the leach depth

decreased by 1.02 units, assuming all other variables are held constant (Equation 8.4).

The positive and significant coefficient for the interaction term confirmed the presence
of an interaction effect between holding time and temperature. This indicated that the
effect of holding time on leach depth was dependent on the temperature, and vice
versa. The positive coefficient implies that as temperature increased, the negative
effect of holding time on leach depth became less pronounced. This is consistent with
the interaction plot (Figure 7.2), which showed that at higher temperatures, holding

time had a negligible effect on leach depth.

The results in Table 7.2 were consistent with Figures 7.1 and 7.2. For example, the
negative coefficients for pressure, temperature and holding time in Table 7.2 directly
correspond to the negative slopes in Figure 7.1. The significant positive interaction
coefficient in Table 7.2 agreed with the non-parallel lines in the interaction plot (Figure
7.2), demonstrating the temperature-dependent effect of holding time. The
microstructural differences in Figure 4.2, particularly the porosity variations, support
the significant effects of pressure and temperature on leach depth in Table 7.2. The
strong negative correlations between pressure and leach rate, and temperature and
leach rate in Figure 7.3 agree with the significant negative coefficients for these
parameters in Table 7.2. The weak correlation between holding time and leach rate
was also consistent with the smaller and less significant coefficient for holding time in
the regression model. Table 7.2 was consistent with the trends in Figure 7.4: negative
coefficients for pressure and temperature were consistent with lower pressures and

temperatures generally resulting in higher leach rates. The high VIF for the interaction
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term in Table 7.1 indicated potential multicollinearity, which was established in the

interaction between holding time and temperature in Table 7.2.

Table 7.1 presents the variance inflation factors (VIFs) for each predictor variable in the
multiple regression model. The VIFs are used to assess the degree of multicollinearity,
which occurs when predictor variables are highly correlated with each other. High
multicollinearity can inflate the variance of the regression coefficients, making them
unstable and difficult to interpret [80,81]. A VIF >10 is often considered an indicator of
problematic multicollinearity [80], suggesting that the standard errors of the affected
regression coefficients might be inflated. This is the core problem. When
multicollinearity is high (VIF > 10), the standard errors of the coefficients for the
correlated variables tend to be larger than they would be if the variables were
uncorrelated. The model has trouble distinguishing the effects of the correlated
variables, leading to more uncertainty in their individual estimates. The VIF for the
interaction term (Holding time*Temperature) was 10.70 (exceeding the threshold of
10). This was due to the inherent relationship between these two parameters in
sintering. It might be difficult to completely isolate the effects of holding time and
temperature because they are often adjusted together to achieve desired
microstructural changes. The presence of multicollinearity, particularly for the
interaction term, did not diminish the importance of the interaction effect or the
overall findings of this study. Instead, it demonstrated the inherent complexity of the
relationship between holding time and temperature in sintering. The high VIF for the
interaction term showed that the effects of holding time and temperature on leach
depth are interdependent and cannot be fully separated. This is consistent with the
understanding that these two parameters work together to affect densification and
binder distribution [129]. This is not a flaw in the model, but rather a realisation of the
inherent interdependence of these two parameters in sintering. The multicollinearity
does not invalidate the significant interaction effect found in the regression analysis.
Instead, it emphasised the need to consider the combined effect of holding time and
temperature when optimising PDC manufacturing to achieve the desired leach rate

and performance.
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Figure 7.1, the main effects plot, shows how each sintering parameter (pressure,
temperature and holding time) individually affected the leach rate of PDC cutters.
Plotting the mean leach rate against different levels of each variable while holding the
others constant, isolated the main effect of each parameter. There was a clear
negative trend between pressure and leach rate. As sintering pressure increased, the
mean leach rate decreased significantly. This was directly linked to the effect of
pressure on densification and porosity: higher pressure gives greater densification
[9,32], reducing the overall porosity and the interconnectedness of the pores within
the PDC. Reduced porosity creates fewer pathways for the leaching agent to penetrate
and react with the cobalt binder [13]. Higher pressures increase the mechanical
interlocking between the diamond and cobalt phases, increasing the number of closed
pores, and making it harder for the acid to remove the cobalt [29]. Therefore, reduced
porosity and increased mechanical interlocking at higher pressures significantly hinder

the leaching process, lowering leach rates.

Figure 7.1 also shows a negative trend between sintering temperature and leach rate,
as sintering temperature increased, the mean leach rate decreased. This trend was
consistent with established mechanisms (Section 8.1) related to cobalt distribution and
diamond-to-diamond bonding [9, 32]. Higher sintering temperatures are known to
enhance the diffusion and flow of the cobalt binder, leading to a more uniform
distribution and greater encapsulation of the diamond particles [9]. Furthermore,
higher temperatures promote reprecipitated diamond at grain boundaries, increasing
the number of diamond-to-diamond bonds [32]. The resulting enhanced
encapsulation and increased diamond-to-diamond bonding reduce the surface area of
exposed cobalt and create a more acid-resistant microstructure, thus lowering the

leach rate.

Figure 7.1 shows a negative trend between holding time and leach rate, although less
pronounced than that of pressure or temperature. As holding time increased, the
mean leach rate decreased. Longer holding time allows for more complete
densification, particularly at lower temperatures where diffusion rates are slower
[130]. It also provides more time for the cobalt binder to distribute more uniformly,

leading to better encapsulation of diamond particles. Longer holding times can also
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allow for stress relaxation within the PDC, potentially giving a more stable
microstructure that is less prone to leaching, and hence a lower leach rate [72].
However, the effect was less pronounced because the main mechanisms are more
strongly influenced by pressure and temperature. The interaction plot (Figure 6.2) also
demonstrated that the effect of holding time was highly dependent on sintering

temperature.

The trends in the main effects plot (Figure 7.1) were entirely consistent with the
results of the multiple regression analysis (Table 7.2). The negative coefficients for
pressure, temperature and holding time in the regression equation directly
corresponded to the negative slopes in the main effects plot (Figure 7.1), reinforcing
that each of these sintering parameters had a negative effect on leach rate. Figure 7.1
shows the individual effects of each sintering parameter on the leach rate of PDC
cutters, demonstrating the dominant role of pressure and temperature in controlling
the microstructure and, consequently, leachability. The main effects plot (Figure
number 6.1), in conjunction with Figures 7.2, 7.3 and 7.4 and the regression analysis,
Table 7.2, provides a comprehensive understanding of the interactions between
sintering parameters and leach rate, which is crucial for optimising the PDC
manufacturing process. By carefully controlling pressure, temperature and holding
time, manufacturers can tailor the microstructure of PDC cutters to achieve the
desired leach rate. For example, if a lower leach rate is desired for a particular
application, the main effects plot suggests that higher pressure, higher temperature
and a longer holding time would be beneficial. Conversely, if a higher leach rate is
needed, lower pressure, lower temperature and a shorter holding time would be

preferred.

Figure 7.2, the interaction plot, shows the effect of holding time on leach rate is
moderated by temperature. It reveals that the relationship between holding time and
leach rate was not constant but changed depending on the specific temperature. This
dynamic interaction is necessary to understand the complex leaching behaviour of PDC
cutters. The most important feature of the Figure 7.2 was that the lines representing
the effect of holding time at 1500°C and 1900°C are not parallel, which is an indicator

of an interaction effect [79]. Without any interaction, the lines would be parallel [79],
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i.e., the effect of holding time on leach rate would be consistent across different
temperatures. At 1500°C, increasing holding time decreased in the leach rate because
the line had a clear negative slope. This is consistent with the principles of sintering: at
lower temperatures, diffusion rates are slower [32] and longer holding times allow for
more time for the cobalt binder infiltrate and fill the pores between diamond particles,
reducing porosity and creating a denser microstructure [9]. Longer holding times allow
more time for the cobalt to distribute more uniformly, leading to better encapsulation
of the diamond particles and reduced exposed cobalt surface area [32]. Longer holding
times also allows for increased mechanical interlocking because they allow diamond-
to-diamond bonds to form [9,32]. The combination of these factors makes the PDC
structure more resistant to leaching, hence the decreased leach rate with increased

holding time at 1500°C.

At 1900°C, increased holding time had a negligible effect on the leach rate (Figure 7.2).
The line is nearly horizontal, indicating almost no change in leach rate with changed
holding time, which is also consistent with the principles of sintering [32]. At higher
temperatures, diffusion is significantly accelerated [32]: near-maximum densification is
achieved relatively quickly due to the enhanced cobalt flow. The cobalt binder
distributes rapidly and uniformly, encapsulating the diamond particles effectively in a
shorter time. Since these processes occur rapidly at 1900°C, extending the holding
time beyond a certain point gives little additional benefit for altering the
microstructure to further reduce leachability. The PDC microstructure has already
reached a state where further changes in holding time have a minimal impact on the
leach rate. There is also the potential of diamond degradation or unwanted grain
growth if the holding time is excessive at high temperatures [71,131]. The interaction
plot (Figure 7.2) confirmed the significant interaction effect that was statistically
identified by multiple regression analysis (Table 7.2) and indicated by the high VIF for
the interaction term (Table 7.1). The regression coefficient for the interaction term
(0.01) was positive, indicating that the negative effect of holding time on leach rate
became less pronounced as temperature increased, agreeing with the interaction plot,

Figure 7.2.

Andrew Ndlovu 2025 Page 131



[OFFICIAL]

Figure 7.3 shows strong negative correlation between pressure and leach rate (r = -
0.700, 95% CI [-0.807, -0.548]), i.e., as sintering pressure increased, the leach rate
decreased significantly. The narrow confidence interval suggests a high degree of
certainty in this relationship. Figure 7.3 also shows a significant negative correlation
between temperature and leach rate (r = -0.543, 95% Cl [-0.696, -0.343]), i.e., higher
sintering temperatures are associated with lower leach rates. Again, the relatively
narrow confidence interval reinforced the reliability of this finding. Furthermore,
higher temperatures form WC precipitates [32] at the diamond-cobalt interface [32],
creating a diffusion barrier that further hinders leaching. Figure 7.3 also shows a weak
and non-significant negative correlation between holding time and leach rate (r = -
0.221, 95% CI [-0.442, 0.027]), suggesting that holding time, on its own, has a minimal
effect on the leach rate than pressure and temperature. The dominant processes
affecting microstructure and leachability (densification, binder flow, carbide
formation) [9,32] were more strongly influenced by pressure and temperature. While
holding time did play a role in allowing these processes to occur, its effect became less
pronounced at higher temperatures where these processes were accelerated. The
interaction plot (Figure 7.2) also supported this by showing that the effect of holding

time is largely dependent on temperature.

Figure 7.4 summarises the interaction between pressure and temperature on leach
rate. The contour plot demonstrates that lower pressures and lower temperatures

were conducive for higher leach rates. The different regimes are:

1. Lower Pressure Regime (below 6.0 GPa):
o Higher Leach Rate (darker green): This region has conditions that favour
more porous microstructures, since lower sintering pressures result in
less densification [29].
o Mechanism: Increased porosity and resulting larger surface area of
exposed cobalt facilitate faster leaching.
2. Lower Temperature Regime (below 1650°C):
o Higher Leach Rate (darker green): This region has conditions where

cobalt diffusion and flow during sintering are less pronounced.

Andrew Ndlovu 2025 Page 132



[OFFICIAL]

o Mechanism: Reduced cobalt flow and WC formation at the diamond-

cobalt interface increase cobalt exposure to the acid.
3. Higher Pressure and Temperature Regime (top right):

o Lower Leach Rate (lighter green): This region has conditions that
promote a denser microstructure with minimal porosity.

o Mechanism: High pressure and temperature enhance densification and
mechanical interlocking, while cobalt flow and carbide formation create
barriers, all hindering acid penetration and protecting the cobalt binder.

4. Holding Time as constant:

o Holding time was held constant in this analysis because its influence on
leach depth was smaller than pressure and temperature, especially at
the higher temperatures investigated.

o Mechanism: Densification and cobalt redistribution reach near-
completion quickly at higher temperatures used in this study, limiting

the effect of holding time on leachability.

Figure 7.4 combines the statistical findings (regression analysis) in Table 7.2, the
microstructural changes in Figure 4.2 and the theoretical understanding of sintering
mechanisms [9,32]. It shows how sintering parameters affect the microstructure and,
consequently, the leachability of PDC cutters, which is crucial for optimising the
manufacturing process to achieve the desired balance between leach rate and wear
resistance of PDC cutters. The contour plot predicts the leach rate under different
sintering conditions, enabling manufacturers to tailor the process to meet specific
application requirements. For example, if a higher leach rate is desired to create a
more aggressive cutting microstructure, the plot indicates that lower pressures and
temperatures are necessary. Conversely, if a lower leach rate is needed for enhanced

durability, higher pressures and temperatures should be used.

Figure 7.5, the optimisation plot, provided parameters to maximise the leach rate of
PDC cutters. The identified optimal settings of 5.0 GPa and 1437°C are from the
fundamental leaching mechanisms discussed throughout the study and are consistent

with the trends in Figures 7.3 and 7.4:
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1. Optimised Pressure (5.0 GPa):

o Rationale: This pressure was within the lower end of the investigated
range and is in the region associated with higher leach rates in Figure
7.4.

o Mechanism: At 5.0 GPa, sintering results in a microstructure that retains
the interconnected porosity, giving the necessary pathways for the
leaching agent to effectively penetrate the PDC structure and react with
the cobalt binder, and giving a higher leach rate. Lower pressures also
reduce the mechanical interlocking of the diamond and cobalt phases,
making it easier for the acid to attack and remove the cobalt.

2. Optimised Temperature (1437°C):

o Rationale: The temperature of 1437°C falls within the lower end of the
investigated temperature range, which is consistent with the trend in
Figure 7.4.

o Mechanism: At 1437°C, diffusion and flow of the cobalt binder during
sintering are limited. Consequently, the cobalt does not fully
encapsulate the diamond particles, leaving a larger surface area
exposed to the leaching agent. Additionally, 1437°C is less likely to
promote the formation of extensive, continuous tungsten carbide layers
at the diamond-cobalt interface, which would hinder leaching. There is
also less diamond degradation at lower temperatures.

3. Maximum Leach Rate (6 um/h):

o Rationale: The predicted 6 um/h leach rate was the highest achievable
under the experimental conditions tested, signifying a microstructure
conducive to efficient cobalt removal.

o Mechanism: This leach rate is from the optimised microstructure
achieved at 5.0 GPa and 1437°C. The interconnected porosity, less
extensive cobalt encapsulation and likely absence of significant
interfacial carbide barriers all contribute to this maximised rate of

cobalt removal.
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4. Desirability (d =0.84, D = 0.84):

o Rationale: The 'd"is the desirability of a single response variable, while
‘D' is the combined desirability across multiple response variables. The
high desirability values, which range from 0 to 1 with 1 representing the
most desirable outcome, indicate that the optimised settings were
highly favourable for achieving the desired maximised leach rate. In this
study, optimisation targeted only the leach rate as the response
variable and resulted in a desirability value of (d = D = 0.84).

5. Practical Implications:

The optimisation plot provided actionable information for manufacturers of PDC
cutters. By sintering at the recommended pressure and temperature, they can achieve
a microstructure that maximises leach rate, leading to cutters with enhanced
performance for specific drilling applications. This could allow faster drilling rates,
improved bit life and reduced drilling costs. For example, a higher leach rate can be
used to create cutters with more aggressive cutting profiles, making them ideal for
applications requiring high rates of penetration. The optimisation plot, which suggests
operating at the lower end of the tested pressure and temperature ranges to maximise
leach rates in PDC cutters, is consistent with broader industrial practices [66] aimed at
enhancing manufacturing efficiency and product performance. In many industrial
processes [66], operating at lower energy inputs (lower temperatures and pressures) is

generally favoured for several reasons:

o Energy Efficiency: Lower temperatures and pressures typically require less
energy, leading to reduced operational costs. This is a common principle in
manufacturing where energy consumption is a significant portion of the
operating budget [132,133].

o Equipment Longevity: Operating equipment at lower pressures and
temperatures can reduce wear, prolonging the life of manufacturing equipment
and reducing maintenance costs. This is because extreme conditions can
accelerate material degradation, leading to more frequent repairs or

replacements [133,134].
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o Safety: Lower operating pressures reduce the risk of catastrophic failure of the
W(C anvils used in the high-pressure cubic press, enhancing safety during PDC
sintering [134]. Such failures can result in high-energy ejection of WC
fragments, posing a significant hazard to personnel and equipment.

o Environmental Impact: Reduced energy consumption also reduces carbon
footprints, aligning with global trends towards more sustainable and
environmentally-friendly manufacturing practices.

o Cost of Production: Apart from energy savings, operating under milder
conditions can reduce the need for highly specialised, expensive materials for
withstanding extreme pressures and temperatures.

o Material Properties: In some manufacturing processes, lower temperatures and
pressures can help achieve desirable material properties. For example, in
sintering of ceramics or metals, avoiding extreme conditions can prevent
unwanted phase transformations, grain growth, or thermal stress that can

compromise the quality of the final product [71].

Thus, the optimisation plot's recommendation to use lower pressure (5.0 GPa) and
lower temperature (1437°C) to maximise leach rate is therefore not only beneficial for
achieving the desired leachability in PDC cutters but also aligns with these broader
industrial benefits. It suggested a manufacturing approach that is potentially more
energy-efficient, cost-effective and environmentally sustainable, while still achieving
the desired product performance. This approach aligns with the general trend in
industrial manufacturing towards optimising processes for both product quality and
operational efficiency. However, this apparent benefit has a disadvantage. Wear
resistance is reduced when sintering at lower pressures and temperatures. Conversely,
achieving higher material densification and superior abrasive wear performance
necessitates higher sintering pressures, which unfortunately correspond to lower
leaching rates. This presents a balance in process optimisation, as the enhancement of

one desirable parameter occurs at the expense of another.

The core objective of acid leaching in PDC cutters is to ultimately improve the
material's performance: durability and wear resistance during drilling. Thus, the

recommendation to utilise sintering conditions that reduce initial wear resistance,
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even to facilitate more efficient leaching, needs careful consideration. If leaching is an
additional processing step intended to enhance wear, then the starting material's

intrinsic wear characteristics, influenced by sintering conditions, must be considered.

While leaching adds cost and time, production expenses must be weighed against the
PDC cutter’s performance requirements. Industrial interest is the performance : cost
ratio, which encompasses both the achieved product quality and the associated
manufacturing cost. The Value per Length of Tool-life" (VLT) data also needs to be
considered, as it directly quantifies the economic value derived from a cutter’s lifespan

in operational settings.

The optimal manufacturing strategy for PDC cutters is contingent upon the specific
application. Drilling in highly abrasive formations demands maximising wear
resistance, potentially justifying higher sintering costs and slower leaching rates.
Conversely, less demanding applications might prioritise lower overall production
costs, even with a slight reduction in wear performance. This demonstrates that a
single, universally optimal set of processing parameters is improbable; rather, a
tailored approach based on the intended end-use and its associated performance
requirements is necessary. In essence, achieving an industrially viable PDC cutter
requires an understanding of the trade-offs between sintering conditions, leaching and
the final operational performance (VLT), allowing for a data-driven approach to

optimise the performance/cost ratio for diverse drilling applications.

The multiple regression analysis quantified the combined effects of pressure,
temperature and holding time on the leach rate of PDC cutters. The model, which
explained a substantial proportion, 86.4%, of the variance in leach rate, revealed the
dominant role of pressure, the significant influence of temperature and the important
interaction between holding time and temperature. These findings, supported by
microstructures, correlation analysis, contour plot of leachability, and an optimisation
plot, provided a valuable framework for optimising sintering to achieve desired
leachability characteristics in PDC cutters. The model can be used to predict leach rates
under different combinations of parameters, allowing for a more targeted approach to

PDC manufacturing.
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8.1.3.2 Dominance Analysis and the Hierarchy of Parameter Importance

Dominance analysis clearly established pressure as the most dominant factor
influencing the leach rate of PDCs within the investigated parameter range. Sintering
pressure had complete dominance over both sintering temperature and holding time
(Figure 7.6) within the studied range. This is consistent with Figure 7.1 and agreed with
previous studies [9,32,136] where higher pressure improved densification [136]. For
example, Montross et al. [136] observed a 4% increase in diamond content in PDCs

when the sintering pressure was increased from 4.5 GPa to 7.5 GPa.

While pressure undeniably plays a critical role, it is important to recognise the
interaction between the sintering parameters. Firstly, sintering temperature governed
the diffusion kinetics of atoms, which is fundamental to the sintering process [136].
Elevated temperatures enhanced atomic mobility, facilitating material transport and
promoting neck formation and grain growth, all contributing to densification.
Secondly, holding time at the sintering temperature allows for the microstructure to
be closer to equilibrium and bearer completion of diffusion and microstructure
rearrangements. Insufficient holding time may hinder complete densification, even
under high pressure, which indicated that the interaction between pressure and
holding time existed. Although Figure 7.6 shows the significant effect of sintering
pressure on densification, it is important to consider the synergy between pressure,
temperature and holding time. Figures 7.7 and 7.8 demonstrate the dominance of
sintering pressure on the leach rate of PDCs, but it is important to realise that this does
not imply pressure acted in isolation. Dominance analysis here demonstrated the
combined effects and interactions of all sintering parameters, including temperature
and holding time. Pressure affected densification [9,32], bringing particles closer
together, while temperature facilitated the necessary atomic diffusion for bonding [9],
and holding time ensured the nearer completion of these processes [9]. The resulting

leach rate was a consequence of this interaction.

Figure 7.7 shows an interesting trend in the dominance analysis. While the weights of
sintering pressure and temperature had no clear pattern across different model subset
sizes, the weight of holding time consistently increased with increasing subset size.

This behaviour indicated the presence of a suppressor variable, described by Braun et
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al. [26]. The negligible contribution of sintering holding time in Figure 7.7 indicated
that it had a weak independent relationship with leachability, identifying it as a
suppressor variable [136]. A suppressor variable may exhibit a weak correlation with
the dependent variable in isolation but can be strongly correlated with other
independent variables that are themselves correlated with the dependent variable.
Thus, the suppressor variable "cleans up" the noise in other variables, ultimately
leading to a more substantial contribution to the dependent variable. While the
suppressor variable itself may not have a strong direct effect, it indirectly influences
the dependent variable by its suppressive effect on other variables. Darlington et al.
[90] demonstrated the importance of including suppressor variables in a model
because exclusion can lead to underestimating the suppressed variable's weight, which
inflates model error and reduces predictive power. While including suppressor
variables can introduce multicollinearity—a situation where predictor variables are
highly correlated with each other—and consume degrees of freedom, which reduces
the statistical power of the analysis and makes it harder to find statistically significant
results, the risk of excluding a relevant variable (leading to omitted variable bias)

generally outweighs these potential disadvantages [90].

The concept of suppressor variable agrees well with PDC sintering. The suppressor
effect of sintering time on leachability can amplify the effects of pressure and
temperature. For example, longer sintering times, while not directly influencing
leachability, allow for greater densification under high pressure [90]. This densification
can lead to a more compact microstructure with reduced porosity, making it harder for
leaching agents to penetrate and extract soluble components [90]. Thus, the
suppressor effect of time amplified the effect of pressure in hindering leachability. In
addition, extended sintering times under pressure can cause grain growth, further

reducing porosity and limiting the pathways for leaching [90].

Another example is that prolonged sintering at high temperatures can cause phase
transformations within the PDC [10], such as the formation of the intermetallic
compound CosW and the ceramic WC in the diamond layer. The WC phase plays a
similar role as an intermetallic compound in affecting leachability as CosW. Both
compounds exhibit lower solubility in leaching agents [7,8,9,10] and help densify the

PDC, which hinders leaching because they make it more difficult for the acid to
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dissolve and extract the binder. This further strengthens the effect of temperature on
reducing leachability with time. The formation of these phases, particularly at grain
boundaries, can alter the microstructure of the PDC, potentially making the grain
boundaries less permeable to the leaching agents [10]. This reduced permeability
further restricts the access of the acid to the cobalt binder, limiting the effectiveness of
leaching. The presence of CosW and WC can contribute to increased densification of
the PDC during sintering [10]. A denser microstructure has fewer pores and defects,
which limits the pathways for the leaching agent to penetrate and access the cobalt

binder [7].

The established hierarchy (Figures 7.6, 7.7 and 7.8) of parameter importance (Pressure
> Temperature > Holding Time) provides valuable guidance for optimising the sintering
process. Manipulating pressure is the most effective means of controlling leachability.
The dominance of pressure can be attributed to its significant effect on densification
during sintering. As discussed in Chapter 6, higher pressure enhances particle
rearrangement, reduces porosity and promotes diamond-diamond bonding [16]. These
microstructural changes directly hinder acid penetration during leaching, resulting in
lower leach rates. Furthermore, higher pressure can lead to a reduction in the overall
cobalt content in the diamond layer (discussed in Chapter 6), further contributing to
reduced leachability. However, the significant interaction between holding time and
temperature, coupled with the suppressor effect of holding time, demonstrates the
need for a holistic approach that considers the synergistic effects of all three

parameters.

Dominance analysis provided a quantitative assessment of the relative importance of
pressure, temperature and holding time for determining the leachability of PDCs. The
results indicated pressure as the most dominant factor, followed by temperature, with
holding time having a smaller, although significant, indirect effect by its interactions

with pressure and temperature.

These findings have important practical implications for the manufacturing of PDC
cutters. They show that controlling pressure and temperature, is crucial for achieving
the desired microstructure and leach rate. This knowledge can be used to optimise

sintering, to tailor PDC cutter properties for specific drilling applications, and
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ultimately improve drilling performance and efficiency. Dominance analysis provided a
more nuanced understanding of the relative importance of each parameter, which can
be used to prioritise optimisation efforts. Thus, focusing on optimising pressure and
temperature is likely to yield the greatest improvements in leachability, while

manipulating holding time can be used to further refine the microstructure.

8.2 Synthesis of Key Findings

A fundamental challenge in HPHT sintering of PDCs is the accurate determination and
control of the key process parameters: pressure and temperature. This thesis
addressed this challenge through two significant methodological advancements.
Firstly, Chapter 5.1 developed a novel in situ pressure calibration method based on the
volume change of the PDC sample. This approach overcame limitations of conventional
fixed-point calibrations [18,68], which are often performed at room temperature and
can be affected by non-hydrostatic stresses and variations in pressure-transmitting
media. The novel in situ pressure calibration method yielded consistently larger
pressure values than the fixed method, indicating that previous studies [18, 137, 138,
139] which relied on fixed-point calibrations may have underestimated the actual
pressures involved in PDC sintering. This finding is consistent with Wang et al. [70],

who also observed higher pressures using a differential thermal analysis (DTA) method.

Secondly, Chapter 5.2 found that direct contact between commonly used S-type
thermocouples and the titanium sample container led to thermocouple failure due to
the low temperature eutectic between Pt and Ti [142]. This problem was resolved by
introducing a 1 mm gap between the thermocouple and the sample, preventing the
reaction while maintaining sufficient proximity for accurate readings. This finding
demonstrated the need for careful consideration of thermocouple placement in HPHT
experiments, especially when using titanium as the sample container. While
thermocouples remain a standard tool, their inherent limitations at high pressures and
temperatures, including potential drift and pressure-induced emf changes [73; 75],
should be considered. Furthermore, as indicated by the absence of graphitisation in
Figure 4.4, the sintering temperatures and pressures remained within the appropriate
"sintering window" for diamond as recommended by German et al. [32]. The XRD
analyses of both leached and unleached samples showed no significant peak around 26

degrees 2-theta, the position of a strong graphite peak in PDC materials [5,10]. This
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absence confirmed that substantial graphitisation of the diamond did not occur during
the sintering of the samples used in this study, validating the selected sintering

conditions.

Chapters 6 investigated the individual and combined effects of pressure, temperature
and holding time on the leachability and microstructure of PDCs. All three parameters,
holding time, temperature and pressure, when increased during sintering of PDCs, led
to a more compact, less porous microstructure and hence increased densification.
Section 6.1 showed that increased holding time resulted in less porous microstructures
(Figure 4.2 and Table 6.1). This was further corroborated by Figure 8.4, which shows a
tighter, more compact microstructure in the sample subjected to extended holding.
Section 6.2 showed that increasing the sintering temperature resulted in less porous
microstructures and hence increased densification (Figure 4.2. and Table 6.4). Figure
8.6 shows reduced porosity, more pronounced grain coalescence, and small cobalt
pools at 1700°C than at 1500°C. Table 6.4 lists quantitative data, showing lower
porosity for the sample sintered at 1700°C than at 1500°C. Section 6.3 showed that
higher sintering pressures reduced pre-infiltration porosity, limiting cobalt infiltration
and ultimately reducing the overall cobalt content and average cobalt pool size within
the diamond layer (Figure 6.10, Table 6.7). Smaller cobalt pools are a direct indicator of

greater densification, as the diamond grains are packed more tightly.

A key aspect of understanding PDC behaviour is identifying the mechanisms
responsible for densification during sintering. While holding time, temperature and
pressure resulted in reduced porosity and increased densification, the emphasis on the
specific underlying mechanisms differ between them. Holding time allows more time
for these mechanisms to occur. Temperature affects how fast these mechanisms
occur, particularly diffusion and coalescence. Pressure affects the compaction and
reduction in pores between the diamond grains. Grain coalescence, solution-
precipitation and pore shrinkage are mechanisms that occur during the liquid phase
sintering (LPS) of PDCs, contributing to densification and the development of the final
microstructure [9,32]. However, they are distinct processes with different driving

forces and effects:

Andrew Ndlovu 2025 Page 142



[OFFICIAL]

o Solution-Precipitation Mechanism: The solution-precipitation mechanism,
primarily explained by German et al. [9,32], involves the preferential
dissolution of diamond in the non-contact regions and depositing in the neck
regions. The dissolved carbon then diffuses through the liquid cobalt binder
and re-precipitates onto diamond surfaces in lower-stress regions like
developing necks and existing pores. This net transport promotes neck growth
between diamond grains, thereby reducing surface energy, shrinking pores,
and significantly contributing to overall densification [9,32].

Concurrently, grain rearrangement, facilitated by liquid cobalt acting as a
lubricant, allows diamond grains to shift into a denser packing, filling voids [9].
The dissolution of low-density graphite can further aid this rearrangement. The
combined effect of solution-precipitation and grain rearrangement is a
substantial reduction in porosity, a defining characteristic of increased

densification [9].

Evidence of solution-precipitation mechanism is shown in Figure 8.6, with the
solid necks — bridges of diamond connecting adjacent diamond grains. These
diamond necks provided direct evidence of solution-precipitation, where
diamond dissolved in the non-contact regions and depositing in the neck
regions. These necks were much clearer in the sample sintered at 1700°C
(Figure 8.6 (b)) than at 1500°C (Figure 8.6 (a)). This is because temperature is
extremely important for solution-precipitation [9]. Higher temperatures
increase the solubility of diamond in cobalt which is a major factor because it
determines how much diamond can dissolve and be available for re-
precipitation. Higher temperatures also increase the diffusion rate of carbon
atoms through the liquid cobalt [9]. This is important for transporting the
dissolved carbon from high-stress to low-stress regions. Pressure also has a
significant, but generally less direct effect than temperature, on solution-
precipitation. The high pressure applied during sintering enhances the solubility
of diamond in cobalt, which is a thermodynamic effect, further promoting this

solution-precipitation process [9]. High pressures also create the stress
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gradients that drive the process from high stress at contact points to lower

stress in pores/necks.

Figure 8.6 shows WC precipitates at the diamond-cobalt interfaces. The
increase in WC at the diamond-cobalt interface in the sample at 1700°C (Figure
8.6) provides indirect support for the occurrence of enhanced diamond
solution-precipitation at higher temperatures. The formation of WC requires a
source of carbon, which here, is mainly the diamond particles [32]. The
increased WC at the interface indicated that more diamond dissolved into the
cobalt at higher temperatures, making more carbon available for reaction with
tungsten. This is consistent with the increased neck formation and reduced
porosity observed at higher temperatures (Figure 8.6), which are direct
consequences of diamond solution-precipitation. However, it is important to
note that WC formation is a separate chemical reaction and, on its own, is not
definitive proof of diamond reprecipitation. This increased dissolution is
consistent with the observed neck formation and pore rounding (Figure 8.4),
further supporting the role of solution-precipitation. The pores within the
sintered sample for 30 minutes (Figure 8.4 (b)) were more rounded than in the
sample sintered for 20 minutes. This indicated that solution-precipitation
occurred because it tends to round out sharp features and create more

rounded pores, as material is deposited in areas of low stress/curvature [9,32].

o Grain Coalescence Mechanism: In addition to solution-precipitation, grain
coalescence also plays a significant role in the microstructural evolution of
PDCs during sintering. Grain coalescence is the process by which two or more
adjacent diamond grains, in direct contact, merge to form a single, larger grain
[9,32]. This occurs by migration of the grain boundary separating the grains,
driven by the reduction in total grain boundary area and, consequently, the
overall grain boundary energy. The presence of the liquid cobalt phase
enhances atomic mobility at the grain boundaries, facilitating this migration

[9,32]. The result is an increase in the average diamond grain size, a reduction
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in the number of grains, and a contribution to overall densification, particularly

if there are pores on the grain boundaries that are removed [9,32].

This is evident in Figure 8.6 (b), where the sample sintered at 1700°C shows
significantly more grain coalescence than the sample sintered at 1500°C (Figure
8.6 (a). This because temperature is generally the more dominant factor for the
grain coalescence mechanism. Higher temperatures increase the atomic
mobility at grain boundaries, which is essential for grain boundary migration.
Grain boundary migration is fundamentally a thermally activated process, so
temperature has a very strong effect on the rate of coalescence [9,32]. In
Figure 8.6 (a), the diamond grains appear more distinct, with a higher
proportion of cobalt separating them. In Figure 8.6 (b), the diamond regions
appear larger and less distinct, with several areas showing close contact
between diamond grains and reduced intervening cobalt (indicated by red
arrows). These features suggest that some grain coalescence occurred,
contributing to the increased diamond-diamond bonding. However, it is
important to note that solution-precipitation can also lead to close diamond-

diamond contact [9].

o Particle Rearrangement Mechanism: The particle rearrangement mechanism
is dominant in the initial stages of sintering. High applied pressure forces
diamond particles to shift and pack more closely [9]. The liquid cobalt binder
significantly facilitates this rearrangement by acting as a lubricant, reducing
friction and allowing particles to slide past each other, while capillary forces
also draw them together [9,32]. This initial rearrangement substantially
reduces the size and number of pores. Subsequently, solution-precipitation and
grain coalescence, both enhanced by the applied pressure and liquid cobalt,
further contribute to pore shrinkage and overall densification. High pressure
increases diamond solubility, promotes atomic mobility, and increases the
driving force for grain boundary migration, ultimately leading to a final

microstructure with significantly reduced porosity [9,32].
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Pressure is the dominant factor influencing particle rearrangement. The applied
force directly pushes the diamond particles closer together, overcoming
frictional resistance and initiating the rearrangement process. Figure 8.8 shows
the PDC binder pools, provided indirect evidence of enhanced particle
rearrangement at higher sintering pressures. In the sample sintered at 5 GPa
(Figure 8.8 (a)), the cobalt pools were relatively large and irregularly shaped,
suggesting that the diamond particles had undergone less rearrangement and
compaction. As the sintering pressure increased to 6 GPa (Figure 8.8 (b)), the
cobalt pools appeared smaller and more rounded. At 7 GPa the cobalt pools
were smaller and more rounded, indicating more particle rearrangement and
densification. This trend was consistent with the expectation that higher
pressure forces the diamond particles into a tighter packing arrangement,
reducing the overall porosity and altering the distribution of the remaining

cobalt [4,29].

For all three parameters (increased holding time, temperature and pressure), the
consistent result of increased densification and reduced porosity was decreased leach
rate and overall leachability (Figures 5.7, 5.11 and 5.14). The mechanisms responsible
for the reduced leach rate and overall leachability are fundamentally the same,
regardless of whether increased holding time, temperature, or pressure is the primary
driver of densification. These mechanisms are all consequences of the reduced
porosity and increased density. The reduction in both leach rate and overall
leachability in denser, less porous PDCs is a result of several interconnected
mechanisms, all depending on the altered microstructure. These mechanisms, while

working together, can be distinctly identified:

o Reduced Cobalt Accessibility: If the cobalt binder forms a continuous,
interconnected network throughout the PDC, with a high degree of exposure to
the surface and internal pores, the acid can easily penetrate and dissolve the
cobalt. This results in high leachability. However, if the cobalt binder is less
exposed, either because it is surrounded by more diamond (higher diamond
density) or trapped within a less porous structure (higher overall density), the
acid has a greater difficulty reaching and reacting with the cobalt. This leads to

reduced leachability. In Figure 8.4 (b), the 30-minute sample had fewer and
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smaller pores than the 20-minute sample in Figure 8.4 (a). This indicated that
the cobalt in Figure 4.2 (b) was less accessible to the acid. The smaller pores in
Figure 4.2 (b) are where the cobalt used to be. The fact that there are fewer of
them, and they are smaller, means the acid had a greater difficulty reaching
and removing the cobalt. Therefore, the smaller size and reduced number of
pores in the longer-sintered sample directly corroborated the mechanism of

reduced cobalt accessibility and increased densification.

o Restricted Acid Penetration: This mechanism focuses on the geometry of the
porosity. Fewer pores, smaller pores, and, crucially, reduced interconnectivity
between pores, create a more difficult and constricted path for the acid to
follow. This hinders the diffusion of fresh acid into the material and the
diffusion of dissolved cobalt reaction products out of the material, significantly
slowing the leaching process. The porosity in Figure 8.4 (b) were the pathways
the acid took to remove the cobalt. The shape, size, and interconnectedness of
that porosity showed how easily the acid could penetrate. The fewer and
smaller pores in Figure 8.4 (b) were important, because they were a more
restricted pathway for the acid to penetrate the material. This supports that a
denser microstructure with smaller, potentially less interconnected pores,

hinders acid diffusion and slows down the leaching process (Figure 4.2).

o Reduced Reactive Surface Area: Leaching is inherently a surface reaction. The
rate of cobalt removal is directly proportional to the amount of cobalt surface
area exposed to the acid [13, 16,17]. Increased densification, and the resulting
reduction in porosity, decrease cobalt surface area available for reaction. This is
a fundamental limitation to the reaction rate. The increased WC precipitates
(Figure 5.2 (b)) created a more twisting path for the acid to penetrate the
material. The acid had to navigate around the WC particles to reach the cobalt.
Thus, the reactive surface area involves both the size of the pores, and whether

their openings are obstructed.
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Increased Cobalt Encapsulation: This mechanism addresses overall leachability.
As the material densifies, there is a higher probability that some cobalt pools
will become completely surrounded by the diamond, forming closed pores
[9,32]. The acid cannot access the cobalt within these isolated pockets,
preventing the acid to remove it. This limits the total amount of cobalt that can
be leached, regardless of how long the leaching process continues. The process
of Ostwald ripening, as described by German et al. [9], is important for this
phenomenon. During sintering, larger pores tend to grow at the expense of
smaller pores, driven by a reduction in overall surface energy [9,32]. As this
process continues, some pores can become completely pinched off and
enclosed within the surrounding diamond and tungsten carbide matrix,
resulting in closed porosity. This creates isolated pockets within the diamond
layer that are inaccessible to the acid. The quantitative evidence for this
encapsulation is in Table 5.10 which shows the RIR values for the cobalt and
tungsten carbide phases before and after leaching. While the tungsten carbide
RIR remained relatively stable (decreasing only slightly from 1.2 to 1.1),
indicating its resistance to the HCl acid [49], the cobalt RIR showed a large
reduction from 0.9 in the unleached sample to 0.2 in the leached sample. This
represented an approximate 78% reduction in the cobalt phase. Importantly,
despite this substantial removal of cobalt, a significant 22% remained after
leaching. This residual cobalt was strong evidence that a portion of the cobalt
was inaccessible to the acid. Given the mechanism of Ostwald ripening [32]and
closed pore formation, the residual cobalt is located within these closed pores
or cavities. Therefore, the sintering process, by Ostwald ripening, created the
conditions for cobalt encapsulation, directly affecting the effectiveness of

subsequent leaching.

These four distinct, yet interconnected, mechanisms work synergistically to explain
why denser, less porous PDCs exhibit both a slower leach rate and a lower overall

leachability.

Chapter 6 also investigated the individual effects of pressure, temperature and holding
time by simple linear regression models (Equations 8.2, 8.3 and 8.4). To determine

which sintering variable most strongly influenced leach rate, these three simple linear
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regression models were evaluated. Since the sintering variables studied were
measured in different units. Pressure was measured in Giga Pascals, temperature in
Celsius, and holding time in hours, and their coefficients were not directly comparable.
Therefore, standardised coefficients were used to make a comparison of their effects.
The standardised coefficients indicated that pressure had the strongest negative effect
on leach rate than temperature and holding time (Table 7.2). Thus, the standardised
coefficient for pressure was -0.65 (p < 0.05), while the coefficient for temperature was
0.41 (p < 0.05) and for holding time was -0.13 (p < 0.05) (Table 7.2). This indicated that
a 1 standard deviation increase in pressure was associated with a 0.65 standard
deviation decrease in leach rate. The negative signs for all coefficients indicated that
increases in all three sintering variables were associated with decreases in leach rate.
Although the R? value was also highest for the pressure model (R? = 86%), the
standardised coefficients provided the most direct comparison of effect size. However,
because simple linear regression models hold other variables constant, they cannot
account for interaction effects between the sintering variables studied. The effect of
pressure on leach rate is independent of the values of temperature and holding time.
This means that increasing pressure always decreases leach rate by a consistent

amount, no matter the temperature or holding time. Each parameter acts in isolation.

Unlike Chapter 6 which investigated the individual effects of pressure, temperature
and holding time by simple linear regression models, Chapter 7 investigated the
combined effects of pressure, temperature, and holding time using multiple regression
and dominant analysis (Figures 7.1, 7.2, 7.3, 7.4, 7.6, 7.7). The R? value for the multiple
regression model was 86% which indicated that the model explained a substantial
portion of the variance in leach depth. The 86.4% of the variability in the leach rate can
be attributed to the sintering parameters included in the model (holding time,
temperature, pressure and their interaction). However, it is important to acknowledge
that 13.6% of the variance in leach depth could not be explained by this model. This is
a non-negligible portion that was not accounted for by the sintering holding time,
temperature, pressure or their interaction. This unexplained variance demonstrates
the inherent complexity of the PDC leaching process and several potential contributing

factors, which can be broadly categorised as:
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o Variations in raw material composition: Variations in the composition of the
starting powders (e.g., trace impurities, particle size distribution of the
diamond powder) can affect the microstructure of the sintered PDC, especially
in the binder which might affect the cobalt pools that could change the leach
rate [5,13]. These variations, not captured in the model's independent
variables, could significantly affect leachability.

o Microstructural inhomogeneities: Sintering might not produce a perfectly
uniform microstructure. Local variations in density, grain size, or the
distribution of the binder within the PDC compact can lead to differences in
leaching behaviour. For example, there was a large standard deviation for the
small value of tungsten and even a large standard deviation for Co (Table 4.5),
showing that there was variation in the results. Another example is the high
standard deviation in the density measurements (Table 4.6), which may be
attributed to similar microstructural inconsistencies. Inhomogeneous packing,
uneven shrinkage, or localized porosity during sintering could result in density
fluctuations across samples. Additionally, the geometric method used to
estimate density, which was based on mass and dimensional measurements,
may have introduced further variability, especially if the samples deviated from
ideal cylindrical shapes or had surface irregularities. Furthermore, it is
important to consider that EDS (observed anomalies in Figure 4.5) typically
overestimates lighter elements such as carbon (diamond) and underestimates
heavier elements like cobalt and tungsten, unless specific calibration samples
and procedures are employed. This analytical bias can contribute to
microstructural inhomogeneities.

o Presence of defects: Micro-cracks, porosity introduced during sintering or prior
processing steps [19] can act as preferential pathways for leaching, leading to
increased leach rates in localized areas. The model did not account for the
presence or distribution of these defects.

o Equipment-specific variations: Minor differences in the sintering cubic press
(e.g., temperature gradients within the furnace, variations in applied pressure)

could introduce variability that is not captured by the nominal settings.
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o Leaching solution consistency: The changes in the concentration, pH, or
temperature of the leaching solution can affect the leach rate. While these
factors are ideally kept constant, small fluctuations could contribute to the
unexplained variance. In this study, HCl was used to leach out cobalt. While
stronger acids might offer higher overall extraction rates, the primary goal of
this study was to examine the relationship between sintering variables and
leachability, not to maximize cobalt recovery. Although other acids such nitric
acid could lead to more cobalt extraction, HCI presents a good balance of
availability for testing, and safety for handling, while also being cost-effective.

o Inherent Variability in Measurement: All measurements inherently possess
some degree of error. While efforts were made to minimise inaccuracies during
the measurement of sintering parameters and leach depth, small errors can
inevitably contribute to the unexplained variance. The leach depth was
measured using X-ray tomography, a technique with its own limitations and
potential for error. For example, as shown in Appendix A, sample 42 displayed
curvature of the interface which could mean that the depth could have been
measured inaccurately. Due to limited equipment availability, only a single
measurement was performed for each data point sample. Although multiple
measurements would have reduced uncertainty, the single measurement
provided a reasonable measurement, particularly at low leach depths. The
assumption of perfectly flat interfaces, which would theoretically make a single
measurement sufficient, was not accurate because data point 42 in Appendix A,
showed interface curvature. Curved interfaces could introduce significant
uncertainty to the measurement, particularly at larger leach depths, exceeding

800 pm.

Figure 7.1 shows pressure's dominant effect, with a significant negative coefficient
indicating that increased pressure strongly reduced leachability. Temperature also
exhibited a significant negative effect, while holding time's effect, although statistically
significant, was less pronounced (Figure 7.1). Importantly, the model showed a
significant interaction between holding time and temperature (Figure 7.2), indicating
that holding time's effect on leachability depends on the sintering temperature (Figure

7.2). At lower temperatures, longer holding times are necessary for sufficient
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densification and reduced leachability, but at higher temperatures, these processes
occur much more rapidly, diminishing the effect of extended holding times (Figure
7.2). Dominance analysis (DA) further supported the interaction between holding time
and temperature (Figure 7.7), with holding time acting as a suppressor variable. This
means that while holding time may not have a strong direct effect on leachability, it

enhances the effects of temperature (Figure 7.7).

The interaction term (X1Xz) in a subsequent regression model (Equation 7.1) provided
further statistical evidence of this, with a positive coefficient demonstrating that the
negative effect of holding time on leach rate was lessened at higher temperatures. This
is demonstrated by the non-parallel lines in the interaction plot (Figure 7.2). Thus, the
effect of pressure on leachability was not entirely independent and can be modified by
the values of temperature and holding time. However, even with these modifications,

pressure maintained the largest overall influence

Recognising the interactions between the parameters is crucial for accurate modelling
of leach rate; ignoring them would lead to inaccurate predictions and suboptimal
sintering parameters. The interconnected and interdependent nature of the sintering
mechanisms, revealed by this deeper understanding of interactions, is not simply
additive. Understanding these interactions is also important for more precise process
optimisation, offering opportunity to fine-tune the PDC microstructure and properties
by optimising the combined values of pressure, temperature and holding time. Thus,
for PDCs, pressure's dominance persists due to its fundamental role in mechanical
compaction and limiting cobalt infiltration. Temperature and holding time modify the
microstructure by diffusion, but they do not negate pressure's initial impact. The
interactions refine the current understanding that is optimal, indicating temperature
and holding time depend on the chosen pressure, and vice versa, but pressure retains

the largest overall effect on leachability.

8.3 Optimisation Strategies and Practical Implications

The research provided a comprehensive framework for optimizing the HPHT sintering
process to achieve desired PDC properties. The developed models, including linear
regression, CCD and multiple regression, are valuable tools for predicting leach rate

using sintering parameters. Dominance analysis clarified the hierarchy of parameter
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importance, showing pressure as the main factor to manipulate for controlling

leachability.

o Targeted Leachability: The dominance of pressure and the interactions of
temperature and holding time are established. By considering these factors,
the results of this study demonstrated a pathway for achieving targeted
leachability. Manufacturers can now leverage this understanding to tailor the
sintering process by selecting parameters within the lower end of the optimal
sintering window for high-leachability applications, or employing higher
pressures and optimised holding times, as predicted by the multiple regression

model in Chapter 6, to minimise leachability when wear resistance is important.

o Balancing Competing Properties: The research revealed the trade-off between
leachability and wear resistance. While lower pressures may enhance
leachability, they can also compromise the mechanical integrity of the PDC.

Therefore, a careful balance must be achieved.

o Cost-Effectiveness: By focusing on precise pressure control, manufacturers can
minimise the need for excessive temperatures or prolonged holding times,

potentially reducing energy consumption and processing time.

o In situ Pressure Calibration: The novel in situ pressure calibration method
developed in this research (Chapter 5) provides a valuable tool for ensuring
accurate pressure control during PDC sintering. This method offers advantages
over conventional techniques by providing a continuous calibration curve that

is directly relevant to the material and conditions of interest.

8.4 Limitations
While this research provided significant insights into the optimisation of PDC sintering,

it is important to acknowledge the limitations:

o Specific Parameter Range: The study focused on a specific range of sintering
pressures, temperatures and holding times. Extrapolating the findings beyond
this range should be done with caution, as the relationships between
parameters and leachability may change. The models developed were most

accurate within the tested range.
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o Material: The research was conducted on a specific PDC material system. The
findings may not be directly applicable to PDCs with different diamond grain

sizes, cobalt content, or binder compositions.

o Simplified Models: While the statistical models provided valuable insights, they
are simplifications of complex real-world phenomena. Other factors not
included in the models, such as cooling rate or minor variations in starting

materials, could also influence PDC properties.

o Physical, Microstructural and Mechanical Property Testing: Microscopy
techniques such as STEM and TEM as well as tests such as hardness, fracture
toughness and transverse rapture strength in addition to the tests already done

can assist in better understanding the wear behaviour of the samples.

8.5 Future Research Directions

This research could be expanded for future investigations:

o Expanding Parameter Range: Future studies could explore a wider range of
sintering pressures, temperatures and holding times to further develop
understanding of their effects on PDC microstructures and properties and to

develop more comprehensive predictive models.

o Investigating Other Parameters: Future research could investigate other
sintering parameters, such as heating and cooling rates. This would lead to a

more complete understanding of the sintering process.

o Exploring Different Materials: Applying the methodologies developed in this
research to different PDC materials, including different binders would be

valuable.

o Advanced Microstructural Characterisation: Employing advanced
characterisation techniques, such as three-dimensional tomography, could
provide a more detailed understanding of the pore network and cobalt

distribution in leached PDCs.

o Incorporating Microstructural Features into Models: Developing more

sophisticated models that directly incorporate microstructural features, such as
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porosity, grain size and phase distribution, could enhance the accuracy of

predictions and provide deeper insights into the underlying mechanisms.

o In situ Monitoring of Sintering: Further development of in situ monitoring
techniques, such as real-time pressure and temperature measurements during

sintering, could provide valuable data for process optimisation and control.

o Investigating Different Leaching Agents: Exploring the use of different leaching
agents and their effects on PDC microstructures and properties could lead to

further improvements in leachability and performance.

o Investigating microscopy techniques such as STEM and TEM as well as tests
such as hardness, fracture toughness and transverse rapture strength could

help improve the unexplained variation in the results.
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Chapter 9: Overall Conclusions

9.1 Summary of the research

This research investigated the relationships between sintering parameters and the
resulting properties of PDCs manufactured by HPHT sintering. The parameters studied
were pressure, temperature, and holding time, while the properties examined were
microstructure, leachability, and wear resistance. The overarching goal was to develop
a comprehensive framework for optimising the sintering process to produce PDCs with
tailored properties for specific applications. To achieve this, a multi-faceted approach
was employed, combining novel experimental techniques with advanced statistical
modelling. This included the development of an in situ pressure calibration method, an
investigation into the influence of thermocouple placement on temperature
measurement accuracy and the application of regression analysis, central composite
design (CCD), multiple regression analysis, and dominance analysis (DA) to quantify the

effects and interactions of the sintering parameters.

9.2 Main Findings and Contributions

The research yielded several key findings that significantly contribute to the

understanding of HPHT sintering of PDCs:

1. Accurate Process Parameter Control is Important: The study demonstrated
that precise control of pressure, temperature and holding time is essential for
achieving desired PDC properties.

o In situ Pressure Calibration (Chapter 5): A novel in situ pressure
calibration method was developed and validated, offering a more
accurate and material-specific approach than conventional fixed-point
methods. This method, which is based on the in situ volume change of
the PDC sample during sintering, provided a foundation for the
subsequent investigations.

o Temperature Measurement Accuracy (Chapter 5): The research
indicated the difficulties of accurate temperature measurement in a
cubic press and demonstrated the significant effect of thermocouple
placement on the measured temperature. Placing the thermocouple

closer to the sample (inside the heater) was shown to be crucial for
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obtaining reliable temperature readings and, consequently, to achieve

optimal PDC microstructures and wear resistance.

2. Individual and Combined Effects of Sintering Parameters: Each sintering

parameter was shown to have a distinct effect on PDC properties, with

interdependencies.

(¢]

O

Holding Time (Chapter 6): Longer holding times promoted densification,
leading to reduced porosity and decreased leachability. A polynomial
regression model (Y = 0.002X? - 0.124X + 6.778) accurately captured the
relationship between holding time and leach rate within the tested
range.

Temperature (Chapter 6): Increased sintering temperature also reduced
leachability, mainly due to enhanced densification, altered pore
morphology and potential changes in cobalt distribution. A linear
regression model (Y =-0.009X + 21.113) effectively described the
relationship between temperature and leach rate.

Pressure (Chapter 6): Pressure emerged as the most dominant factor
affecting leachability. Higher pressures consistently led to reduced
cobalt pool size, increased diamond contiguity, enhanced densification,
lower leach rates and improved wear resistance. A linear model (Y = -
1.047X + 11.139) derived from CCD modelling accurately described the
relationship between pressure and leach rate within the investigated

range.

3. Interaction and Hierarchy of Importance: The research revealed an interaction

between the sintering parameters, particularly a significant interaction

between holding time and temperature.

o

Multiple Regression Analysis (Chapter 7): A multiple regression model
(Y=-1.02X1-0.02X2 — 2.11X3 + 0.01X1X2 + 56.72) was developed,
quantifying the combined effects of pressure (X1), temperature (X2) and
holding time (X3), as well as their interactions, on leach rate. This model
explained 86.14% of the variance in leach rate, indicating the significant

role of these parameters and their interactions.
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o Dominance Analysis (Chapter 7): Dominance analysis (DA) established a
hierarchy of parameter importance: pressure > temperature > holding
time. While holding time had a minimal independent effect, it acted as a
suppressor variable, amplifying the effects of pressure and temperature

on leachability.

9.3 Significance and Implications

This research provided an advance in the understanding of HPHT sintering of PDCs.
These findings have a significant effect on the theoretical understanding of sintering
mechanisms. They also have a significant effect on the practical optimization of PDC

manufacturing:

o Enhanced Process Control: The developed models provide a framework for
controlling the sintering process to achieve desired PDC properties, particularly
leachability.

o Tailored Properties: By manipulating the sintering parameters, especially
pressure, manufacturers can tailor the microstructure and leachability of PDCs
to meet the specific requirements of different drilling and cutting applications.

o Improved Efficiency and Cost-Effectiveness: The research findings, particularly
the dominance of pressure, show that optimising pressure control offers the
most significant potential for improving the efficiency and cost-effectiveness of

PDC production.
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Appendix A: X-ray tomography images.

The X-ray tomography images which were used to take leach depth measurements
from the 64 experimental runs, showing: leach depth (light contrast), unleached layer

(dark grey contrast) and substrate (dark contrast).

Data point 46:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 567 pum.

Data point 57:
- Conditions: 6 GPa, 1600°C, 20 minutes.
- Leach depth: 602 pum.
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Data point 1:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 396 pum.

Data point 9:
- Conditions: 5 GPa, 1700°C, 20 minutes.
- Leach depth: 536 um.
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Data point 54:
- Conditions: 7 GPa, 1700°C, 20 minutes.
- Leach depth: 225 pm.

Data point 53:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 450 pum.
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Data point 61:
- Conditions: 7 GPa, 1600°C, 25 minutes.
- Leach depth: 396 pum.

Data point 24:
- Conditions: 5 GPa, 1700°C, 20 minutes.
- Leach depth: 563 pum.
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Data point 40:
- Conditions: 5 GPa, 1700°C, 30 minutes.
- Leach depth: 470 pm.

Data point 50:
- Conditions: 5 GPa, 1500°C, 20 minutes.
- Leach depth: 948 pum.
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Data point 21:
- Conditions: 5 GPa, 1500°C, 30 minutes.
- Leach depth: 840 pum.

Data point 35:
- Conditions: 5 GPa, 1500°C, 30 minutes.
- Leach depth: 862 pum.
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Data point 20:
- Conditions: 5 GPa, 1500°C, 20 minutes.
- Leach depth: 979 um.

Data point 42:
- Conditions: 5 GPa, 1500°C, 20 minutes.
- Leach depth: 1064 pum.
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Data point 5:
- Conditions: 5 GPa, 1500°C, 20 minutes.

- Leach depth: 940 pum.

Data point 22:
- Conditions: 7 GPa, 1500°C, 20 minutes.

- Leach depth: 924 um.
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Data point 32:
- Conditions: 5 GPa, 1500°C, 20 minutes.
- Leach depth: 1190 pum.

Data point 49:
- Conditions: 5 GPa, 1500°C, 30 minutes.
- Leach depth: 700 pum.
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Data point 19:
- Conditions: 7 GPa, 1700°C, 20 minutes.

- Leach depth: 268 um.

Data point 29:
- Conditions: 7 GPa, 1700°C, 20 minutes.

- Leach depth: 237 um.
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Data point 47:
- Conditions: 7 GPa, 1500°C, 30 minutes.

- Leach depth: 311 pm.

Data point 37:
- Conditions: 7 GPa, 1500°C, 30 minutes.

- Leach depth: 318 pm.
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Data point 3:
- Conditions: 7 GPa, 1700°C, 20 minutes.
- Leach depth: 276 pum.

Data point 36:
- Conditions: 7 GPa, 1700°C, 20 minutes.
- Leach depth: 311 pum.

2025

Page 185



Data point 4:
- Conditions: 7 GPa, 1700°C, 30 minutes.
- Leach depth: 225 pum.

Data point 15:
- Conditions: 7 GPa, 1700°C, 30 minutes.
- Leach depth: 225 pum.
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Data point 31:
- Conditions: 7 GPa, 1500°C, 20 minutes.
- Leach depth: 283 pum.

Data point 41:
- Conditions: 7 GPa, 1500°C, 20 minutes.
- Leach depth: 280 pum.
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Data point 45:
- Conditions: 7 GPa, 1700°C, 30 minutes.
- Leach depth: 245 pm.

Data point 34:
- Conditions: 7 GPa, 1700°C, 30 minutes.
- Leach depth: 260 pum.
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Data point 51:
- Conditions: 7 GPa, 1500°C, 20 minutes.
- Leach depth: 353 pum.

Data point 6:
- Conditions: 7 GPa, 1500°C, 30 minutes.
- Leach depth: 361 pum.
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Data point 33:
- Conditions: 7 GPa, 1700°C, 30 minutes.

- Leach depth: 163 pum.

Data point 13:
- Conditions: 7 GPa, 1500°C, 30 minutes.

- Leach depth: 229 pum.

229um

Andrew Ndlovu 2025 Page 190



Data point 7:
- Conditions: 6 GPa, 1600°C, 25 minutes.

- Leach depth: 443 pm.

Data point 11:
- Conditions: 7 GPa, 1500°C, 20 minutes.

- Leach depth: 412 pm.

41Zum
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Data point 27:
- Conditions: 7 GPa, 1500°C, 30 minutes.
- Leach depth: 338 pm.

Data point 25:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 311 pm.
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Data point 60:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 470 pum.

Data point 44:
- Conditions: 5 GPa, 1700°C, 20 minutes.
- Leach depth: 563 pum.
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Data point 55:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 396 pm.

Data point 38:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 450 pm.
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Data point 52:
- Conditions: 5 GPa, 1700°C, 20 minutes
- Leach depth: 485 um.

Data point 38:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 536 um.
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Data point 56:
- Conditions: 5 GPa, 1600°C, 25 minutes.
- Leach depth: 610 pum.

Data point 58:
- Conditions: 6 GPa, 1600°C, 30 minutes.
- Leach depth: 396 pum.
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Data point 2:
- Conditions: 5 GPa, 1500°C, 30 minutes.
- Leach depth: 610 pum/h.

Data point 30:
- Conditions: 5 GPa, 1500°C, 30 minutes.
- Leach depth: 602 pm.
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Data point 59:
- Conditions: 6 GPa, 1700°C, 25 minutes.
- Leach depth: 567 pum.

Data point 44:
- Conditions: 5 GPa, 1700°C, 20 minutes.
- Leach depth: 493 um.

jum

19
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Data point 63:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 478 um.

Data point 12:
- Conditions: 5 GPa, 1700°C, 20 minutes.
- Leach depth: 579 pum.
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Data point 26:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 462 pm.

Data point 23:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 501 pm.
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Data point 18:
- Conditions: 5 GPa, 1700°C, 30 minutes.
- Leach depth: 411 pum.

Data point 17:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 419 pm.
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Data point 16:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 381 pm.

Data point 8;
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 318 um.
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Data point 62:
- Conditions: 6 GPa, 1500°C, 25 minutes.
- Leach depth: 363 pm/h.

Data point 48:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 363 um/h.
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Data point 46:
- Conditions: 5 GPa, 1700°C, 30 minutes.
- Leach depth: 325 pum/h.

Data point 43:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 359 um/h.
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Data point 10:
- Conditions: 5 GPa, 1700°C, 30 minutes.
- Leach depth: 318 um/h.

Data point 14:
- Conditions: 6 GPa, 1600°C, 25 minutes.
- Leach depth: 307 um/h.
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of the mathematicsd moded wies the mest eritiesd proces to justify usey
the model

ndard deviation.

shows the ANOVA analysis for the average vidas ©

Sevariation mededlod valse-experismental value modelled valie) 3 100 @

3 Results

shows the Xeray s of the 6 GPa sample, with dismend
surousding coball pools Some of the cobut pouls also contained
tumevien shows the EDX analyses of dismced, cobalt asd
tumpsten

shows the microstructures of the diamosd Myer of the 5GP, 6
GPi st 7 Gl sasmplis, showieg the codall pools betwes the dismend
Lager cobult pooks wene eloagued while the ssales coes
). The: ccbat poals Soe the & GPa sample we

grains T

were rounder (

senalless, while those for the 5 GPa
The derived cobalt posl sizes (FD) s shape (AR) i presented in
The FD of the cobudt pools decresed
poesiure, 4s did the AR, s shown
sherms the ecba
where e cobalf cmacn

ith incneased simering

cent siavarements from st analyss,
he diamnd by docreced with increased

pevavare

abso shows the relationsdip betwen osatiguity, the calen
ned amoust of disnond s0-dismond ¢ et (dlamond neck), ssd
Garmond conliguity wic ackicved after sio.

sintering presure. B
teringy W chevatid presure

sBows the weir soar meisurements of Be samples: the 5 G
ssnsrgple haed the Margest wear seas and the 7 GPa sampbe bad the sesallest
weser seae. The 6 G sampile had the lowest stiaderd devistion.

shows the ANOVA analysis for the messunersments of the wear

sears. The 5 G sample overlipped with the 6 GPa sample, and
Gl saanple overlipped with the 7 GPa smple. However, the 5 GPusad
7 Giw samples did sot overlap, which wies sepposted by their pvalie
(probability) of 0.00%, whic
videe of 0.05, indicating that the bellcurves did not overlap.

shows ch depihs measuresents after 96 b leaching,
where the 5 GPa sasple had the highest lesh depth and the 7 GPa
smple had the lowest Jeschod depth. The 7 GPa sample had lowest

weas bess than the sandard sigaificance

depite, showisg that the bell-curve foe the 7 Giba sasmple was cleser 1o
sarple thie the 5 GPa surples, and none overlipped,
although the 6 e 7 GPa saenples were cose. The ANOVA analysis hud &
pvalue of 0.001 for the 5 GiPa sed 7 GPa séestples, indicating tha
bullcutrves did not overlip.

B rale sed peessare for
delirminiag the matematicdl madd 10 peed the Jemchalalny as
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shows e relatsondip betweos the be

Seviation
shows that buch the lached and uslesched PCD samplis
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Bows the AR quietitative phase anadyss ind

relative amoat of cobult asd lumgsten phise:
lesnchod PCD sasrples.

shows the XRE analysis, iadicating the cobalf 16 tungsien
(Cio/W) ratio for the Jeachod seed undeached samples.

4. Discussion
4.1 Effect of presare o as sisterad micraaracness

Inenused pressun: dusing dnlering rethaced both averige cobedt pocl
e (Fig. 4, ) st contigeons svgicn size ( ). This phessen-
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e of darmsod pasticles at higher peesvares. These frocesus ooces
Suring the cold and hot compacsion stagss, buding to pore shriskige
ased FD of e codalt pools [1 0] Furthermore, smaller poris

Table 2
EDX rewshts of surgles pressed at 3 G, 6 GPa and 7 GPa

— Tuygara (wes.
0. L1 17 11
T 25419 14
w01 .00 A8 420 12

' xamplec (2) SEM-BSE. image shaweng dlamond (dark), cotodt (medsars grwy) and susgeen (light) and (5) X-ray mop shaweng cobalt (bitw), s
darmond (perple). (For serpeetation of she referenon 1o colowr i ths figare legend, the reader it rvfe

d to che web verson of thes articke.)
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Table 3
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that cculd iafil

Comelgaity (%) 0.1 vol* for & sanmple sistered a1 5.5

pre-eafilirution porsty, Eniting the senoust of codel
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Bad the sealest pares before infltration ( ), allowing for stinimal s
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cobudt fltraion and conseqarsatly, ®e smallest average cobalt p 0
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size ). This cbservitica aligns with the source of cubull, arigi-

be anribnged 10 the role of cobalt as 4 dinder during PDC sinlering

mating um the cemented ciehide substrate, with the dsoust neching o0

which & s the

the overall sintiring process,
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sugios ( ) due 10 the formation of smalier pores W the intesfice,
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Table 5

VTL meswnements of the sov of the wear

Re availability of opet porosity directly affecs 13

o the vistered smples.

diffuion into the diamond Livr. The atnence of smal

at the intesface ( ) peovided space Soe cobalt mfiltraios and sub  wat e (mn’ Miimse Muims
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porcsity, limiting 1he amoust of cobalt thie could infiltoee the
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Wras v frmend]

Fig. 4. ANOVA snubyss of the wess scar et st et preware.

Tatle &

Aversgy leach drpeh Baneenec (Un) i 2 S

Frvemire Loach depeh (g [ryr=—— [
=G T LT ) )
&GP 454 4201 amn a0

7 Gk T 4134 bty SR
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mectioms, between the wigmal damend grains [1].

4.1 Effect of preusune on wesr nesbinonce

The relitimship betwien sinliring pridses: isd weir soar s s
poesenied in Table 5. The wear scar anes of the FOC samplis docneased
significantly Eum 127 mem® 1o 9.0 s’ i the sislering presun:
meriased from 5GP 1o 7 GPa (Table 51 Thi coe-way analyiis of

ariance (ANOVA] of the svirige wise scir sins gave & shalistically
significast diffirise: bitwen the 5GP, 6 CPa and 7 GRa (Fig 4,
i Ly the poviilise (000) Bty lower than the chenis sigaificance
Yeveel [ = 0L05) and hi ehese sipiation of ftandard deviation & Fiy. 4
This mwerse correlatzn i atsibuied [ ineneased dismosd-dismosd

eemtact paints (Table 4) and siduiced coball posl sise [Table 7], sl
ing in @ mone weear et stuctuce. However, this increased wear
nisislamer com al the ot of deswer keacking ratis (Table £), i the

derrir, beki pootes material hisdisn acid aoess 1o the bisdir dering
brsecking [15]. Theneiome, & tradee-off cxists between wear seistance wd
lesaching efficioacy in POC minulactsing.

A5 Leachnd PCD hapes versies n-lenched PED per

Tabile 7 shoswed the BIR v of e chisges in the nelative ameun|
oof the cobaly pleree (CogW) s mesgten phoe (W) betwos the un-
lesnchid i Jeschod PCD layer samples. The RIR of coball phise
deerncased significssly from 009 B e e leachod sample to 0.3 in the
bsactiand sl {1ulde 7). This indicatad & sulstantial nductssa of
approsimately 7% & e silalive smeent of colall phise afier the

ol
F.
="
ol |
<]
Fm
. :i 6GPa
L]
-
]
TGPa
! e &5 o no £
Lt depth e

Fig. 5. ANOVA muahoss of the leach depib messarermenes.
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Fiy. 7. XRD pattorns for the lesched and us-leschad POD by smple.

dekeetivily wik dist to differenots & the chemecsl Gabality s solubility
of the reo phases in the HO lecking envicesment. The sigsificant
redertion i the cobult phase seggested that i is mone asceple o

Talin 7

Betremics sty B (RIR) valoes for the bched and we-leasbed PCD by
narepien.

[ Lunchuodl BT} Un-bsached BT}
Cahadt plas (Ca] 20 . 0 [
Tazguier. g W5 L1 L1 4l
besching proces. This suggesied that the kaching proces affectively
vemoved & Barge poctios of te coball phece, The RIR of the tungaen

e emained rilalively comlant, decrisesy oaly dightly s 12 in
the un-lesched semple e 11 b dhe leached semple (Table 7). This
mdicated thal the eaching process had  mininal impact o 1he nalive
ameinl of the g phise, Segpstisg thal il (s son: cesiant o the
beaching conditions (han he coball phase The leaching procss
appeared 1o b highly scdoclive, prismily Laggelisg asd remaring the
cobull plase while beavisg the negaen phase Lepely This

isdér these oosdilion, while the minknal dsmge in WC
indivates s geester nsistascs to kaching,

Tabile 7 showiod & sulslintial radstion of ipproaaely TH in the
rillalive anmodin| of oobedl phise afler the kaching procisi. Howeve, the
rempinisg I3 suggested that a fraction of the coball phase was sol
il B e HEY decid dusing, e liac hiegg process This insecesiibile
eubull phase is located witkin closed pores or cavitios withis the PO

Tabla B
MEF rukn showmny the cotmk m tEguen cati (oW beteem bechied and
er-irached mepien.

Faracmens Loached FCT
o Ratia

[r———

433 & 0l A4 s L
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material [4]. These choed pores can act as protecties Berriers, pre-

nmnarional doacd of Rfhocaory Bl end el Mawrials 134 (3004 34

wemting the acid Eom eecking sed disolring coball
wiilhin i, The peisince of elmod porsily in PCD i due ta coales.
eenor: Durksy sintiving, smaller poees can coalises 1 form limper peris,
savient of which sy Do olited Eom e Gufiecd and remiin cosed
I=1.

lalike o aherwed i simificess chasge in the cobalt o mngste (G /W)
ratio following the leaching proces. The unleched D sample
eahiliitid & Co/W Falis of 046, indicaling that cobuall eosiprsed 31 6%
of the totel Co and W oombist (Table AL Afer leaclisg (his natio
diersased po .25, cornmpoading 1o A coball proporien of 15 6% This
sidiiction signified @ 50% divoiei in the selalive soust of cobell in
the PO semple, corrchorating the NRD findisgs and highlighting the
Mmdm&mw-mm-mmlpﬂmnr
the cobal plue. Bath indacatid 4
midiiction in the st of cobalt present in the PCD layer alir lisch-
g The minee chisge i the RIR of WC in the XRD asilts was abio
comstaent with thie XRE data, which showsed hat e avizall tungaen
eomtend nemained relatfeely unchangod after leaching, Together, thew
isaalls sugggestind Thal e |iseshing process frimiarly nemoved e CigW
phece, while lesrving the WC phece mostly staet. The combised XRE
(Tiabdir &) and XKD {Tabike 7) reselts previded siremg evidence for the
sl of eolull from the MDD durdng lesching The rdection = the
Co'W rati and the decoesse in the RIR of CouW Both isdicased & sig-
adficinl divriii in e smoenl of cobedl proiist in the keicbed sl

44 Effect of presin on bechabdity

The lesechabiliny of cobalt exbibind segasive cornelation witk pees-
siipe [Tabde ) die 10 the inflisence of coball posl e on scd Now
pathmins. Larges cobul pook provided wider chasnels for acid e,
facilivating coball nemoval. Comeersel,

(Fig Sand Table 41 e lowest contiguty (7 2). Thise fndings shaw
tht the leachability of the cubalt bisdes b direetly govemed by the
ditrileation and actoidility of coball wilkin the pooks between dia.
mond particis [17]. Physscal exposere of the binder 1o thi hiachisg
sohuion is eracial for the eesction 1 procoed sed the exest of this
expisiine dictaes the leacking e

The poes allow acid seorsy, and saller pores allow smaller acid
woluses o pass hovegh them in g gives e, and hesce coduce
Neackability [1alie ). Comversidy, damond grains cscamulale o
ponk, elfeetively dbickling them from the mcd sobtion e makisg
thers urmiachable. The initial leiching resction mvalves chlimide nioss
froen the HOL ieid isteracting with serfac: +aposed cohall poak on the
POC Subsequently, these asiom diffese deepes through the sengran-
&mwmmmmmunmmam
wihich remuing dnsodend and & ullimately cemoved from the sysiem
[0, !nmtnllhlnhﬂuulhapﬂi.ﬂyumhlﬂnpﬁ

is furtier By the
diffusion mled’.nl.msaﬂnﬂﬂm produces through these newly
fommed inter-gremular pons, Theroee, the stor of the eoball posls
dictans both B sae-limiling ship of keaching id th subsequent pon:
m-mhmpmﬂmndmmhm
cobalt [19.51]. Sesaller pook ristsict diffiusion and consegqasily
i The leicking rale, while biger pook Gt difsios isd
Bk eate [13,31],

Liwch depth miassements for e 5 GPi ssd 7 GPa siesples
eshibitd norrmal distribntions (Fip. 5L However, the sormaliny pes for
the 6 GPa data set was rejectid (p-value <0.05), witk only ene cullier
imaiBed (Fig ), which shewed thi renderig the b G
data w0t nos-sormal One-way ANOVA identified a sl sgrafi-

Table 9
‘el for the berween poronre and bbby
[rey— Wodope  Fied aquaion Cormlaion
zcdel malfici (R
Exponeesial T =
Linasr 187 Vo -LBTs 411138 AT
Logaridunic &AM ¥ - -&HI) - )
1nem
Fabrocual [ . o
a1
Farerr TSV - AR s

iy s
i, & shows the eelatiomship tetwoes the keach ste and 3
Difenent maodels wim i abssitend wing Minstab o lwan: by illing this

1o Fig i and then asassiog their suitabing 10 desczibe the relatisnbip
Daetunen Jesch st e presiine g e ooerililion coelficsent (7).
The fvi sathirmatical siodel that G Fig 6 well ane prewsted in

Table 9.

The liness modil Bad the highed R® value, s e exposossial
el Bad the luwest K value. The K value indicaned bow well the
sl equasion ined e date sronger eelasonsbies wene closer 1 1
and weaker selaticashipn weee chides b oo, Tha ixjiiation that hid the
ehimast W perfice 50 for the expedmental data (Fis. ) wis the e
sesdel (R* — OUOB4T), Emplying thal 08 47% of the varkbiity & keach
ratic ek enplaimind by e sesathematical model. This, under B expér.
irmmerital eonditions sesed, the effert of pressere on the leach e el
s can b sodellsd by
¥ - 1047 + 11130 [E:1]

p&iﬂm&hﬂlﬁmﬂmwﬂmuﬂnfm
Jeveckh mwe whn the sinteving presauee is O CPa. However, the value of
thie: innercept was nighectind beesiise sinlising prisse would sever be 0
G sinew he Eypical bosndary sintersy comdilionm o wler @ com-
mwereial FOC sarts from 5 GPa [9]. Ao, movisg e interoept e sere
wrald b afinted e pesimiecy of B maded fior prodictios wilkin the
beundary sstering cosdition of 5 GPa - 7 GPFa

Tor wilidate Eif. 5 (relsiomship ltwim beach st i sintering
i), shsapled sintered al 68 G and 8 GPa wire bischad for 96 &
These twie presures wiee chosen because 6.8 CPa wes within the sin-
tiring Boundiey conditions lebed, wherss 8 Gl wis culiide. This, the
6.8 OGP seple vilidsted e sitabilily of the sodel 1 poedict keach
rates within the bousdiey conditions, whde @e 8 CPa semple validatid
the suitability of the model I prdict keach il outiid: the boundary
comditions. Presunes <3 CPa weee oot validised Bocause mos com-
muereial prodects are sinteved at or above 5GP,

A peisis af modelid i cpmimental dila i pseatid in
Tabrle 10, Por the 6.8 GPa sample, the modellod vadee deviatod from the
exprzimental videe by 2%, indicating poud sgnemsent withs the
established boundary conditions (Eg ). Conversly, @ B GPs, the
mzdel over-predicied the experirissal value by 62%, dicaing & sig-
nficant Emilalion in prodictive sy By Se defisid presere
raiger (=7 GPa) This igroes wilh the increieed slisdacd devialioss of

canl diffisisee [pvalue = O00L] in the mese lisch depihs amsog e
preisere grougs (Fip. 5, indicating Sl liach deplh dicsied with

Table 18
Validsiian of ihe modelled dain agaizst the sxperimminl dai s 95 b of
keaching.
Franare Modebed vabie fom Erperimen] v (En Vrltion
= hi E )
) am 4034 nee 24
5 2 185 4 017 13
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Fig. 9. Repone optintoeos model, showing saximn keachabibey aciler-
able under the cxperimestal bouscey condiom bested, where figh -
muaximees waloe of the prossare snd Semperasure, low = lowes valuo of the
presuse asd tezpeaties asd ar - Osmes vabse of the pesse and
temperseury.

the beundary limits & 1y 6,

Fig. K shows the comtour plot modelled wsing central compatine
design (CCD) with Minitab on the experimestal condisions. The plot
dadicstes that higher poessures and higher lemperutures would have
Bower Loachability, which agrees with iy b

A resposse optimizaticn model wis developed wsiog Misitab 10

(Fig, 91 The model indicated that peessare exertid & grester influence
o0 heach rale thiet temperature witkin the investigised singe of 5-7 GPa.
The maxinman peedicted each rite of 6.1 /B was achievable at 5 G
and 1600°C. suggests that kver
Righer leachidility, i is imspertiet 1o comider the trade-off between
and ofber Sactoes inpacting muserial propertic. As Sown in
Talide &, Jower pressunes can abio lead 1o Se formation of kinger cobelt
pooks and lower costiguity, which compromius wear resstance.
Therdors, an optissal operating peussure needs 10 be estublished e
balances the dexired Jeack rate and o requined mechaniod peopertios.

5. Conclusions

This study lnvestiged the effect of sinlering peessure os the
micrsiruciure, worr nsisance and Seachadility snd fousd e
guity, redeced Meachability sed icresind weir resisance. The reli-
ticeship betwoen sistering presure dad leachability wis sodelled wisg
CCD sdelling within the boundiey conditioas of 5-7 G, 10 predics

Mmmarional Jusmud of Reffocsry Mesdh ent et Maris 124 (30024) M6R54

PDC leachability, and thes estimated the requined leach rates Soe aget
lesch depths. The conclusions were:

o Incrensed  pressurne  enhunces  wear  resbance  bul  reduces
Jeackadility.
® HCI leacking sdectivedy removes cobalt while leaviag tumsten
uaffected

 The relaticaship between preisure sed i mmodellid a3
lineae: ¥ = — 1047 + 11130, valid within S 5-7 GPa pressoe
e

o AL 1600 °C, the optimem Meach rate wis 6.1 jmu/h within the
toundary conditions of 5-7 GPa.
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Appendix C: Sintering conditions calibration

Data used to plot the derived “sample pressure” (calculated from the Murnaghan EQS,
representing the effective pressure required for the observed densification) against
the measured ex situ relative volume (V/Vo) for the PDC sample.

Applied ram load v/vo P_EOS Predicted P Difference
(KN) (GPa) (GPa) (GPa)
6610 0.96 4.8 4.78 -0.02
8000 0.9 5.9 5.92 0.02
9331 0.83 6.9 6.83 -0.07
10500 0.8 7.8 7.82 0.02
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