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A B S T R A C T

The effect of sintering pressure on the microstructure, wear resistance and leachability of polycrystalline dia
mond (PDC) was studied using central composite design (CCD) modelling. Pressure and leachability had an 
inverse relationship due to reduced cobalt pool size and increased diamond contiguity with higher pressures. X- 
ray diffraction and X-ray fluorescence confirmed the selective removal of cobalt during leaching. The relation
ship between pressure and leachability was modelled as linear: Y = − 1.047× + 11.139, valid within the 5–7 GPa 
pressure range. For a fixed temperature of 1600 ◦C, the optimum leach rate was 6.1 μm/h at 5 GPa. This study 
provided insights into optimizing PDC design and leaching processes for improved performance.

1. Introduction

Polycrystalline diamond compacts (PDCs) are widely used cutting 
tools due to their exceptional hardness and wear resistance [1–3]. The 
manufacturing process, which involves sintering diamond powder with 
a cobalt binder under high pressure and high temperature (HPHT), plays 
a critical role in defining the final properties of the PDC [4]. The effect of 
sintering pressure on the microstructure and mechanical properties of 
PDCs has been extensively studied [5–12]. However, the influence of 
pressure on the leachability of the cobalt binder, a critical aspect of PDC 
performance, remains largely unexplored.

Leaching, a well-established industrial practice [13], involves 
removing a portion of the cobalt binder using strong acids such as hy
drochloric acid [13–15]. This process offers significant benefits for PDC 
performance, particularly in enhancing thermal stability. Studies 
[16–21] have shown that leaching improves thermal stability by 
creating a diamond-only layer that facilitates efficient heat dissipation, 
thereby preventing premature failure due to cobalt induced graphiti
zation or cracking. Understanding the relationship between sintering 
pressure and leachability is therefore essential for optimizing the design 
and performance of thermally stable PDCs.

This study aims to investigate the effect of varying sintering pressure 
on the leachability of PDCs. We will establish a quantitative link be
tween sintering pressure and leachability using central composite design 

(CCD) modelling. Accurate pressure calibration is fundamental to this 
study, as it ensures the reliability and robustness of the CCD model. By 
employing calibrated pressure application, we aim to develop an 
informative quantitative model that accurately reflects the impact of 
sintering pressure on PDC leachability. This model will not only enhance 
our understanding of the interaction between pressure and leachability 
but also guide the development of optimized leaching processes for 
improved PDC performance.

2. Experimental procedure

2.1. Pressure calibration

To calibrate a 6 × 32,000KN hinge-type cubic press for diamond 
sintering, reference diamond samples of sufficient size to be measured 
with a micrometre were sintered at 1500 ◦C under controlled loads. The 
resulting change in sample volume relative to the initial volume, (ΔV/ 
V0), was accurately measured using the micrometre. Three distinct 
calibration points were established, linking specific pressure values to 
corresponding observed volume changes (ΔV/V0): 0.980 (4 GPa), 0.903 
(6 GPa), 0.813 (8 GPa). The established calibration points effectively 
covered the typical 5–7 GPa pressure range required for diamond sin
tering, ensuring the calibration’s practical relevance.

These calibration points formed the basis of a pressure-volume 
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shrinkage relationship (P–V relationship). A linear extrapolation of this 
relationship was employed to create a calibration curve, allowing for the 
estimation of sample pressure based on measured relative volume 
changes during subsequent sintering experiments.

2.2. Temperature monitoring

Temperature monitoring during PDC sintering was achieved using an 
S-type thermocouple, calibrated with a Memocal 2000, and a data logger 
for readout. Due to the lack of built-in cold junction compensation in the 
data logger, a reference junction temperature was used to compensate 
for this effect. The thermocouple was inserted into a hole drilled in the 
pyrophyllite block, positioned 0.5 mm from the sample to avoid direct 
contact and potential heat transfer or damage. The hole diameter was 
intentionally larger than the thermocouple sheath to facilitate place
ment and minimize heat conduction along the cable. A high-temperature 
ceramic tube filled the gap around the thermocouple to enhance thermal 
contact. Power input (kW) was used to control heat generation, and 
temperature monitoring provided feedback to ensure the desired sin
tering temperature was achieved. This feedback loop allowed for ad
justments to the power input as needed to maintain the temperature 
within the setpoints.

2.3. Sintering of PDC

Diamond powder (10 μm average particle size) and cemented car
bide substrates (WC-13%Co, 6 μm average particle size) were used as 
starting materials. The diamond powder was placed onto the substrate 
and sintered at 5 GPa, 6 GPa, and 7 GPa at a fixed temperature of 
1600 ◦C for 15 min using a 6 × 32,000KN hinge-type cubic press cubic 
press (Fig. 1).

After sintering, the samples were processed to 16 mm diameter, 13 
mm height and 3 mm diamond thickness, with the latter achieved by 
lapping. A CNC OD grinding machine was used to remove the metal cans 
and reduce the outer diameter from 18 mm to 16 mm. A CNC height- 
grinding machine was used to reduce the base of the WC substrate 
from 15 mm to 13 mm.

Microstructures of the PDC samples were examined using a Zeiss 
Evo15 scanning electron microscope at an accelerating voltage of 10 
keV. Image analysis (ImageJ software) was used to measure the aspect 
ratio (AR) and Feret diameter (FD) of the cobalt pools (all the Co re
gions). The AR gave an indication of cobalt pool shape while the FD gave 
an indication of cobalt pool size. The AR is defined as 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 FD is defined as 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. The cobalt content and contiguity were calculated 
from the SEM-BSE micrographs using ImageJ on 16 images for each 
specimen at 1000× magnification and SIS-pro software. Calculations of 
the cobalt content and contiguity were done using MathConnex 2000 

with MathCad 2000 Professional.
Wear resistance was evaluated using a vertical turning lathe (VTL) 

test with a 5000 N normal load and 1.8 m/s cutting speed. Wear scar 
areas were measured using an optical profilometer and ZEN Core soft
ware. The amount of wear can be measured in different ways, most of 
which involve measurement of either mass change or the size of a worn 
region (wear scar). However, for PDCs, wear scar dimensions are 
commonly reported as an area of the wear scar since PDC wear scars are 
large enough to measure and the area of the worn region can be clearly 
differentiated for materials with different wear resistances.

2.4. Leaching of PDC

The sintered and machined samples were placed in a Teflon 
container with 0.2 M HCl solution and heated at 110 ◦C for 96 h. Leach 
depths were measured using X-ray tomography (XRT, X-TEK XTV160, 
United Kingdom).

XRD was performed using PANalytical X’Pert3 to analyse the phases 
of the leached and un-leached PCD samples. The Reference Intensity 
Ratio (RIR) method was used to calculate relative phase amounts. RIR is 
semi-quantitative and was suitable for assessing the relative proportions 
of cobalt and tungsten phases between un-leached and leached PCD 
samples. XRF was performed using PANalytical ZETIUM to determine 
the cobalt to tungsten ratio (Co/W) of the leached and un-leached PCD 
samples.

2.5. Central composite design (CCD) modelling

All modelling was carried out using central composite design (CCD) 
on Minitab 19 software. The design matrix is presented in Table 1. The α 
value is the calculated distance of each individual axial point from the 
centre in the CCD [23–25]. When α is <1, the axial point is within a 
cube, and if >1, the axial point is outside the cube. The two-level full 
factorial usually contains >2-level factors. [23–25]. Two factors were 
considered in the central composite design: sintering pressure (X1), and 
sintering temperature (X2).

The modelled response function was the leach rate and CCD used a 
quadratic Eq. [25] to approximate how changes in the process variables 
affected the leach rate: 

Y = β0 +
∑3

i=1
βiXi +

∑3

i=1
βiiX2

i +
∑3

i=1

i<j

βijXiXj (1) 

where Y = estimated response; β0 = constant, βi = coefficient for the 
linear terms, βii = coefficient for the quadratic terms and βij = coefficient 
for the interactive terms. The validity of the model was confirmed using 
the correlation coefficient (R2), to indicate how well the model equation 
fitted the data. The accuracy of the model was assessed by calculating 
the percentage variation using Eq. 2, which estimated how close the 
modelled data matched the experimental data. Quantifying the accuracy 

Fig. 1. Schematic diagram of the cubic press capsule used for sintering [22].

Table 1 
Summary of the central composite design matrix.

Description

Factors 2
Base runs 13
Base blocks 1
Replicates 1
Total runs 13
Alpha (α) 1.41421
Cubic points 4
Centre points in cube 5
Axial points 4
Centre points in axial 0
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of the mathematical model was the most critical process to justify using 
the model.  

3. Results

Fig. 2 shows the X-ray map of the 6 GPa sample, with diamond 
surrounding cobalt pools. Some of the cobalt pools also contained 
tungsten. Table 2 shows the EDX analyses of diamond, cobalt and 
tungsten.

Fig. 3 shows the microstructures of the diamond layer of the 5 GPa, 6 
GPa and 7 GPa samples, showing the cobalt pools between the diamond 
grains. The larger cobalt pools were elongated while the smaller ones 
were rounder (Fig. 3). The cobalt pools for the 8 GPa sample were the 
smallest, while those for the 5 GPa sample were the largest (Fig. 3).

The derived cobalt pool sizes (FD) and shape (AR) are presented in 
Table 3. The FD of the cobalt pools decreased with increased sintering 
pressure, as did the AR, as shown in Fig. 3.

Table 4 shows the cobalt content measurements from image analysis, 
where the cobalt content in the diamond layer decreased with increased 
pressure.

Table 4 also shows the relationship between contiguity, the calcu
lated amount of diamond-to-diamond contact (diamond neck), and 
sintering pressure. Better diamond contiguity was achieved after sin
tering at elevated pressure.

Table 5 shows the wear scar measurements of the samples: the 5 GPa 
sample had the largest wear scar and the 7 GPa sample had the smallest 
wear scar. The 6 GPa sample had the lowest standard deviation.

Fig. 4 shows the ANOVA analysis for the measurements of the wear 
scars. The 5 GPa sample overlapped with the 6 GPa sample, and the 6 
GPa sample overlapped with the 7 GPa sample. However, the 5 GPa and 
7 GPa samples did not overlap, which was supported by their p-value 
(probability) of 0.003, which was less than the standard significance 
value of 0.05, indicating that the bell-curves did not overlap.

Table 6 shows the leach depths measurements after 96 h leaching, 
where the 5 GPa sample had the highest leach depth and the 7 GPa 
sample had the lowest leached depth. The 7 GPa sample had lowest 

standard deviation.
Fig. 5 shows the ANOVA analysis for the average values of the leach 

depths, showing that the bell-curve for the 7 GPa sample was closer to 
the 8 GPa sample than the 5 GPa samples, and none overlapped, 
although the 6 and 7 GPa samples were close. The ANOVA analysis had a 
p-value of 0.001 for the 5 GPa and 7 GPa samples, indicating that the 
bell-curves did not overlap.

Fig. 6 shows the relationship between the leach rate and pressure for 
determining the mathematical model to predict the leachability as 
function of pressure. The 6 GPa sample had the lowest standard 
deviation.

Fig. 7 shows that both the leached and un-leached PCD samples 
contain the cobalt phase (Co3W), tungsten phase (WC) and diamond (C).

Table 7 shows the RIR quantitative phase analysis indicating the 
relative amount of cobalt and tungsten phases between un-leached and 
leached PCD samples.

Table 8 shows the XRF analysis, indicating the cobalt to tungsten 
(Co/W) ratio for the leached and un-leached samples.

4. Discussion

4.1. Effect of pressure on as-sintered microstructures

Increased pressure during sintering reduced both average cobalt pool 
size (Fig. 3, Table 3) and contiguous region size (Fig. 4). This phenom
enon can be attributed to enhanced plastic deformation and rearrange
ment of diamond particles at higher pressures. These processes occur 
during the cold and hot compaction stages, leading to pore shrinkage 
and decreased FD of the cobalt pools [10]. Furthermore, smaller pores 

Fig. 2. 6 GPa 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). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
EDX results of samples pressed at 5 GPa, 6 GPa and 7 GPa.

Sample Diamond (wt%) Cobalt (wt%) Tungsten (wt%)

5 GPa 84.0 ± 1.1 13.7 ± 2.3 2.3 ± 1.1
6 GPa 86.8 ± 1.1 10.5 ± 1.9 2.7 ± 1.4
7 GPa 89.1 ± 0.9 8.8 ± 2.0 2.1 ± 1.2

%variation = (|modelled value–experimental value|/modelled value) x 100 (2) 
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limited cobalt infiltration into the diamond layer, resulting in smaller 
binder pools (Table 3). This trend is shown by the 7 GPa sample which 
had the smallest pores before infiltration (Fig. 3), allowing for minimal 
cobalt infiltration and consequently, the smallest average cobalt pool 
size (Table 3). This observation aligns with the source of cobalt, origi
nating from the cemented carbide substrate, with the amount reaching 
the diamond layer being pressure- dependent.

Higher pressure also contributed to a reduction in the contiguous 
region (Fig. 4) due to the formation of smaller pores at the interface, 
resulting in fewer open structures within the contiguous region [26]. 
The availability of open porosity directly affects the extent of cobalt 
diffusion into the diamond layer. The absence of smaller diamond grains 
at the interface (Fig. 4) provided space for cobalt infiltration and sub
sequent dissolution of diamond grains, creating an open structure [26]. 
This agrees with the 7 GPa sample having the least pre-infiltration 
porosity, limiting the amount of cobalt that could infiltrate the 

diamond layer, thus leading to the formation of the smallest cobalt 
pools. The relationships between pressure, pore size and cobalt infil
tration is further supported by Fig. 4 and Table 3, where smaller pore 
sizes associated with higher pressure had limited cobalt infiltration.

The 5 GPa sample exhibited the highest cobalt content at 9.2 ± 0.9 
vol% (Table 4), agreeing with Westraadt et al. [27], who had a similar 
cobalt content (9.0 ± 1.0 vol%) for a PDC sintered at 5.5 GPa. While 
Westraadt et al. [27] did not report diamond contiguity for their sample, 
it is reasonable to expect similar values to the 5 GPa sample in Table 4, 
given the comparable cobalt content. Additionally, the present findings 
are consistent with Dai et al. [28], who observed a cobalt content of 10.7 
± 0.1 vol% for a sample sintered at 5.5 GPa. Thus, high pressure reduced 
pre-infiltration porosity, limiting the amount of cobalt that could infil
trate the diamond layer resulting in reduced cobalt content.

This investigation agreed with previous findings [26,27,30] that 
cobalt content significantly reduced the wear resistance of poly
crystalline diamond composites (PDC). As expected, the sample exhib
iting the highest cobalt content (5 GPa) had the lowest contiguity 
(Table 4) and the poorest wear resistance. This agrees with industrial 
experience [26,28,29], which shows that both high cobalt content and 
reduced contiguity are associated with reduced wear resistance. This can 
be attributed to the role of cobalt as a binder during PDC sintering. 
Cobalt facilitates the overall sintering process, which involves the 
dissolution of graphite from the diamond grain surfaces followed by its 

Fig. 3. SEM-BSE images of PDC binder pools at the top of the layer at different pressures: (a) 5 GPa, (b) 6 GPa and (c) 7 GPa, showing cobalt pools (light contrast) and 
diamond (dark contrast).

Table 3 
Average cobalt pool size and shape at different pressures.

Sample Cobalt pool aspect ratio Cobalt Pool Feret Diameter (μm)

5 GPa 9.1 ± 2.2 2.36 ± 0.16
6 GPa 7.6 ± 2.1 1.64 ± 0.13
7 GPa 4.9 ± 2.7 1.06 ± 0.09

Table 4 
Quantitative image analysis of the 5 GPa, 6 GPa and 7 GPa samples.

Sample Cobalt (Vol%) Contiguity (%)

5 GPa 9.2 ± 0.9 61.4 ± 1.8
6 GPa 7.8 ± 0.7 64.3 ± 0.9
7 GPa 6.1 ± 0.8 66.9 ± 1.7

Table 5 
VTL measurements of the area of the wear scars on the sintered samples.

Pressure Wear scar area (mm2) Minimum Maximum

5 GPa 12.7 ± 1.5 11.0 14.1
6 GPa 7.4 ± 0.8 6.6 8.2
7 GPa 3.1 ± 1.0 1.9 4.0

A. Ndlovu et al.                                                                                                                                                                                                                                 



International Journal of Refractory Metals and Hard Materials 124 (2024) 106854

5

reprecipitation as diamond, ultimately forming diamond-to-diamond 
bonds and diamond intergrowth between the grains (Fig. 3) [4]. This 
process results in the formation of necks, or new diamond grain con
nections, between the original diamond grains [4].

4.2. Effect of pressure on wear resistance

The relationship between sintering pressure and wear scar area is 
presented in Table 5. The wear scar area of the PDC samples decreased 
significantly from 12.7 mm2 to 3.1 mm2 as the sintering pressure 
increased from 5 GPa to 7 GPa (Table 5). The one-way analysis of 

variance (ANOVA) of the average wear scar sizes gave a statistically 
significant difference between the 5 GPa, 6 GPa and 7 GPa (Fig. 4), 
shown by the p-value (0.003) being lower than the chosen significance 
level (α = 0.05) and the clear separation of standard deviations in Fig. 4. 
This inverse correlation is attributed to increased diamond-diamond 
contact points (Table 4) and reduced cobalt pool size (Table 3), result
ing in a more wear-resistant structure. However, this increased wear 
resistance comes at the cost of slower leaching rates (Table 6), as the 
denser, less porous material hinders acid access to the binder during 
leaching [13]. Therefore, a trade-off exists between wear resistance and 
leaching efficiency in PDC manufacturing.

4.3. Leached PCD layer versus un-leached PCD layer

Table 7 showed the RIR values of the changes in the relative amount 
of the cobalt phase (Co3W) and tungsten phase (WC) between the un- 
leached and leached PCD layer samples. The RIR of cobalt phase 
decreased significantly from 0.9 in the un-leached sample to 0.2 in the 
leached sample (Table 7). This indicated a substantial reduction of 
approximately 78% in the relative amount of cobalt phase after the 

Fig. 4. ANOVA analysis of the wear scar measurements at different pressures.

Table 6 
Average leach depth measurements (μm) for 20 measurements.

Pressure Leach depth (μm) Minimum Maximum

5 GPa 744.1 ± 37.8 671.0 811.0
6 GPa 459.4 ± 26.3 420.0 538.0
7 GPa 328.7 ± 13.4 303.0 349.0

Fig. 5. ANOVA analysis of the leach depth measurements.
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leaching process. This suggested that the leaching process effectively 
removed a large portion of the cobalt phase. The RIR of the tungsten 
phase remained relatively constant, decreasing only slightly from 1.2 in 
the un-leached sample to 1.1 in the leached sample (Table 7). This 
indicated that the leaching process had a minimal impact on the relative 
amount of the tungsten phase, suggesting that it is more resistant to the 
leaching conditions than the cobalt phase. The leaching process 
appeared to be highly selective, primarily targeting and removing the 
cobalt phase while leaving the tungsten phase largely unaffected. This 

selectivity was due to differences in the chemical stability and solubility 
of the two phases in the HCl leaching environment. The significant 
reduction in the cobalt phase suggested that it is more susceptible to 
dissolution under these conditions, while the minimal change in WC 
indicates its greater resistance to leaching.

Table 7 showed a substantial reduction of approximately 78% in the 
relative amount of cobalt phase after the leaching process. However, the 
remaining 22% suggested that a fraction of the cobalt phase was not 
accessible to the HCl acid during the leaching process. This inaccessible 
cobalt phase is located within closed pores or cavities within the PCD 

Fig. 6. Relationship between leachability (leach rate) and sintering pressure after 96 h of leaching in HCl acid.

Fig. 7. XRD patterns for the leached and un-leached PCD layer samples.

Table 7 
Reference Intensity Ratio (RIR) values for the leached and un-leached PCD layer 
samples.

RIR Leached PCD Un-leached PCD

Cobalt phase (Co3W) 0.20 ± 0.01 0.91 ± 0.03
Tungsten phase (WC) 1.11 ± 0.02 1.21 ± 0.01

Table 8 
XRF results showing the cobalt to tungsten ratio (Co/W) between leached and 
un-leached samples.

Parameter Leached PCD Un-leached PCD

Co/W Ratio 0.23 ± 0.01 0.46 ± 0.03
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material [8]. These closed pores can act as protective barriers, pre
venting the acid from reaching and dissolving cobalt encapsulated 
within them. The presence of closed porosity in PCD is due to coales
cence: During sintering, smaller pores can coalesce to form larger pores, 
some of which may become isolated from the surface and remain closed 
[8].

Table 8 showed a significant change in the cobalt to tungsten (Co/W) 
ratio following the leaching process. The un-leached PCD sample 
exhibited a Co/W ratio of 0.46, indicating that cobalt comprised 31.6% 
of the total Co and W content (Table 8). After leaching, this ratio 
decreased to 0.23, corresponding to a cobalt proportion of 18.6%. This 
reduction signified a 50% decrease in the relative amount of cobalt in 
the PCD sample, corroborating the XRD findings and highlighting the 
effectiveness of the leaching process in removing a substantial portion of 
the cobalt-containing phase. Both techniques indicated a significant 
reduction in the amount of cobalt present in the PCD layer after leach
ing. The minor change in the RIR of WC in the XRD results was also 
consistent with the XRF data, which showed that the overall tungsten 
content remained relatively unchanged after leaching. Together, these 
results suggested that the leaching process primarily removed the Co3W 
phase, while leaving the WC phase mostly intact. The combined XRF 
(Table 8) and XRD (Table 7) results provided strong evidence for the 
removal of cobalt from the PCD during leaching. The reduction in the 
Co/W ratio and the decrease in the RIR of Co3W both indicated a sig
nificant decrease in the amount of cobalt present in the leached material.

4.4. Effect of pressure on leachability

The leachability of cobalt exhibited negative correlation with pres
sure (Table 6), due to the influence of cobalt pool size on acid flow 
pathways. Larger cobalt pools provided wider channels for acid ingress, 
facilitating cobalt removal. Conversely, smaller pools restricted acid 
flow, hindering leachability [13]. Among the investigated pressures, 5 
GPa had the fastest leachability (Table 6), coinciding with the largest 
observed cobalt pool size (Fig. 3 and Table 4), highest cobalt content 
(Fig. 3 and Table 4) and lowest contiguity (Table 4). These findings show 
that the leachability of the cobalt binder is directly governed by the 
distribution and accessibility of cobalt within the pools between dia
mond particles [13]. Physical exposure of the binder to the leaching 
solution is crucial for the reaction to proceed and the extent of this 
exposure dictates the leaching rate.

The pores allow acid access, and smaller pores allow smaller acid 
volumes to pass through them in a given time, and hence reduce 
leachability (Table 3). Conversely, diamond grains encapsulate some 
pools, effectively shielding them from the acid solution and making 
them unreachable. The initial leaching reaction involves chloride anions 
from the HCl acid interacting with surface-exposed cobalt pools on the 
PDC. Subsequently, these anions diffuse deeper through the intergran
ular pores, reacting with additional cobalt to form cobalt chloride, 
which remains dissolved and is ultimately removed from the system 
[13,31]. As cobalt is leached from these pools, they transform into pores 
themselves. Consequently, leachability is further influenced by the 
diffusion rate of anions and reaction products through these newly 
formed inter-granular pores. Therefore, the size of the cobalt pools 
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 [13,31]. Smaller pools restrict diffusion and consequently 
decrease the leaching rate, while larger pools facilitate diffusion and 
leach rate [13,31].

Leach depth measurements for the 5 GPa and 7 GPa samples 
exhibited normal distributions (Fig. 5). However, the normality test for 
the 6 GPa data set was rejected (p-value <0.05), with only one outlier 
identified (Fig. 5), which skewed the distribution, rendering the 6 GPa 
data set non-normal. One-way ANOVA identified a statistically signifi
cant difference (p-value = 0.001) in the mean leach depths among the 
pressure groups (Fig. 5), indicating that leach depth decreased with 

increasing pressure.
Fig. 6 shows the relationship between the leach rate and pressure. 

Different models were evaluated using Minitab software by fitting them 
to Fig. 6 and then assessing their suitability to describe the relationship 
between leach rate and pressure using the correlation coefficient (R2). 
The five mathematical models that fitted Fig. 6 well are presented in 
Table 9.

The linear model had the highest R2 value, and the exponential 
model had the lowest R2 value. The R2 value indicated how well the 
model equation fitted the data: stronger relationships were closer to 1 
and weaker relationships were closer to zero. The equation that had the 
closest to perfect fit for the experimental data (Fig. 6) was the linear 
model (R2 = 0.9847), implying that 98.47% of the variability in leach 
rate was explained by the mathematical model. Thus, under the exper
imental conditions tested, the effect of pressure on the leach rate and 
pressure can be modelled by: 

Y = − 1.047× +11.139 (3) 

where:
Y = leach rate.
X = sintering pressure.
In Table 7, the slope, K, describes the extent to which sintering 

pressure affected the leach rate, and the intercept is the value of the 
leach rate when the sintering pressure is 0 GPa. However, the value of 
the intercept was neglected because sintering pressure would never be 0 
GPa since the typical boundary sintering conditions to sinter a com
mercial PDC starts from 5 GPa [9]. Also, moving the intercept to zero 
would have affected the accuracy of the model for prediction within the 
boundary sintering conditions of 5 GPa – 7 GPa.

To validate Eq. 3 (relationship between leach rate and sintering 
pressure), samples sintered at 6.8 GPa and 8 GPa were leached for 96 h. 
These two pressures were chosen because 6.8 GPa was within the sin
tering boundary conditions tested, whereas 8 GPa was outside. Thus, the 
6.8 GPa sample validated the suitability of the model to predict leach 
rates within the boundary conditions, while the 8 GPa sample validated 
the suitability of the model to predict leach rates outside the boundary 
conditions. Pressures <5 GPa were not validated because most com
mercial products are sintered at or above 5 GPa.

A comparison of modelled and experimental data is presented in 
Table 10. For the 6.8 GPa sample, the modelled value deviated from the 
experimental value by 2.4%, indicating good agreement within the 
established boundary conditions (Eq. 3). Conversely, at 8 GPa, the 
model over-predicted the experimental value by 62%, indicating a sig
nificant limitation in predictive accuracy beyond the defined pressure 
range (>7 GPa). This agrees with the increased standard deviations of 

Table 9 
Mathematical models for the relationship between pressure and leachability.

Mathematical 
model

K, slope Fitted equation Correlation 
coefficient (R2)

Exponential 17.167 Y = 17.167e-0.212x 0.9697
Linear − 1.047 Y = − 1.047× + 11.139 0.9847
Logarithmic − 6.221 Y = − 6221ln(X) +

15.988
0.9762

Polynomial 0.302 Y = 0.302 × 2–4.667× +

21.813
0.9803

Power 45.745 Y = 45,745×-1.263 0.9767

Table 10 
Validation of the modelled data against the experimental data after 96 h of 
leaching.

Pressure 
(GPa)

Modelled value (μm/ 
h)

Experimental value (μm/ 
h)

Variation 
(%)

6.8 4.03 4.12 ± 0.44 2.4
8 2.76 1.05 ± 0.17 61.9
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the boundary limits in Fig. 6.
Fig. 8 shows the contour plot modelled using central composite 

design (CCD) with Minitab on the experimental conditions. The plot 
indicates that higher pressures and higher temperatures would have 
lower leachability, which agrees with Fig. 6.

A response optimization model was developed using Minitab to 
investigate the influence of pressure and temperature on leach rate 
(Fig. 9). The model indicated that pressure exerted a greater influence 
on leach rate than temperature within the investigated range of 5–7 GPa. 
The maximum predicted leach rate of 6.1 μm/h was achievable at 5 GPa 
and 1600 ◦C. While the model suggests that lower pressures can promote 
higher leachability, it is important to consider the trade-off between 
pressure and other factors impacting material properties. As shown in 
Table 4, lower pressures can also lead to the formation of larger cobalt 
pools and lower contiguity, which compromises wear resistance. 
Therefore, an optimal operating pressure needs to be established that 
balances the desired leach rate and the required mechanical properties.

5. Conclusions

This study investigated the effect of sintering pressure on the 
microstructure, wear resistance and leachability and found that 
increased sintering pressure reduced cobalt pool size, increased conti
guity, reduced leachability and increased wear resistance. The rela
tionship between sintering pressure and leachability was modelled using 
CCD modelling within the boundary conditions of 5–7 GPa, to predict 

PDC leachability, and then estimated the required leach rates for target 
leach depths. The conclusions were:

• Increased pressure enhances wear resistance but reduces 
leachability.

• HCl leaching selectively removes cobalt while leaving tungsten 
unaffected.

• The relationship between pressure and leachability was modelled as 
linear: Y = − 1.047× + 11.139, valid within the 5–7 GPa pressure 
range.

• At 1600 ◦C, the optimum leach rate was 6.1 μm/h within the 
boundary conditions of 5–7 GPa.
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