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ABSTRACT: Electrical Discharge Machininig (EDM) is an advanced method to machine Polycrystalline Diamond (PCD). 
However, the scarcity information on its removal mechanism gives challenge to the process understanding. This manuscript explains 
the development of single spark erosion model based on PCD fracture mechanism theory. The model was established, and the size of 
the simulated crater was confirmed to be in agreement with the craters generated by the single discharge test.  
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1. INTRODUCTION  
Surface morphology produced by the Electrical 
Discharge Machininig (EDM) process is a result of 
multiple sparks on the surface. Theoretical 
understandings of the process are required so that 
process behaviour could be precisely explained. 
Different than the EDM process of ordinary 
materials, the erosion process of Polycrystalline 
Diamond (PCD) is extremely complex [1] and 
defined as difficult-to-control process [2]. 
Furthermore, difference removal mechanisms were 
also been reported. In a manuscript, Olsen et al. [3] 
reported that the PCD diamond grains are lost from 
the surface due to the selective erosion of highly 
conductive cobalt network. On the other hand, 
Kozak et al. [4] believed that the cobalt binder are 
fractured due to the thermal stress generated by the 
process cause to the diamond grain dislocation.  

Single crater modelling is a useful method for 
justification of removal mechanism involved. In this 
study, modeling of the crater geometry refers solely 
to the thermal stress analysis of the PCD system as 
refers to the theory reported by Kozak et al. [4]. 
However, instead of cobalt fracture, diamond 
breakage was assumed as the reason for the grain 
dislocation. 

2. ANALYSIS METHODS 
Clearer crater formation could be expected with 
smaller PCD grains. Due to this matter, CMX850 
PCD made by Element Six Ltd. with polished 
surface was used in the single discharge test to 
ensure that small craters could be observed on the 
original PCD surface.   

Table 1 shows the properties of four different PCD 
types of commercially available. 

Table 1. Properties of PCD[5-8] 
PCD 
Types 

Grain 
Size(µm) 

Diamond Fraction  
(Vol %) 

Cobalt Fraction 
(Vol %) 

CMX850 1 85 15 
CTX002 2 84.8 15.2 
CTB010 10 89.7 10.3 
CTM302 30 to 2 91.4 8.6 

2.1 Experimental procedure (single discharge test) 

As a type of EDM, Electrical Discharge Grinding 
(EDG) machine has been used in this experiment. 
The machining parameters were setup as follows:  
the open voltage was 120V, the on-time was 100 µs, 
the peak current was 12A, the rotation speed was 
2m/s and the electrode wheel was at positive 
polarity. As the current and voltage gap monitoring, 
electrical feedback system with 10 MHz sampling 
rates was used. Alicona (IF-EdgeMaster) optical 
measuring device was used to provide the 3D 
measurement data of each crater. The stereo-
lithography format of 3D images was exported to a 
host computer for the morphological analysis. 

2.2 Mathematical modelling 

The model was developed by integrating the 
established thermal model [4] with the EDM thermal 
profile generated by the ANSYS simulation. This 
modeling assumes that the PCD was eroded through 
the fracture mechanism, and the grain dislocation 
happens when the stress more than the tensile limit 
of diamond is achieved. Physical model of the 
thermal stress due to the cobalt-diamond interaction 
was firstly obtained. The model emphasizes to 
diamond-to-cobalt interaction during the heating 
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process of the system. Figure 1 describes the stress 
components and annotations used in the model. 

 
Figure 1: Thermal stress components considered in the model 
(r = position where the stress value is estimated, a = diamond 

grain radius, σ = stress component for tangential, t and radial, r 
direction)[4] 

In this model, the thermal displacement u, and 
thermal stress σ, in radial and tangential direction 
was calculated using the following basic formula, 
similar to as used by Kozak et al. [4], 

         (1) 

 (2) 

 (3) 

where r, is the position where the stress value is 
determined, a is the diamond grain radius, u is the 
thermal displacement, α is the coefficient of thermal 
expansion, θ is the temperature different and σ is the 
stress component that annotated by t for tangential 
direction and r for the radial direction. The elastic 
modulus, λ in term of Lame’s first parameter, is a 
function of Poisson ratio, v, and modulus of 
elasticity, E that given by: 

 (4) 

The lame’s second parameter (shear modulus) µ, can 
be defined as: 

 (5) 

The equations were then simplified, and the general 
equations as below were obtained [4], 

 (6) 

 (7) 

  (8) 

where the constant A and B are,  

 (9) 

 (10) 

The following boundary conditions were applied to 
the physical model derived [4].  

  
ar =                
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∞→r              0)2( =rσ  

The subscript 1 and 2 are represented the component 
for diamond and cobalt respectively. Solving the 
equation (6), equation (7), and equation (8) using the 
boundary condition, the value of C1, and C2 were 
determined [4]. 

 (11) 

 (12) 

 (13) 

 (14) 

Substituting the C1, and C2 into (7) and (8), the 
thermal stress components satisfied the following 
equations [4], 

 

 (15) 

 (16) 

 (17) 

 (18) 

The final equations for the thermal stress 
components were determined by substituting the 
diamond and cobalt properties [4, 9, 10] (Table 2) 
into the equation. Unlike Kozak et al. [4], 
temperature dependent value for diamond coefficient 
of thermal expansion α, were taken into 
consideration in developing the final equation. 
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Table 2. Properties of PCD 

 Diamond Cobalt 
Elasticity Modulus, E (GPa) 900 211 

Coefficient of thermal 
expansion, α (10-6K-1) 

Temperature 
dependent 14.2 

Poisson ratio, v 0.07 0.32 
Shear Modulus, µ (GPa) 420 80 

The information of coefficient of thermal expansion 
for diamond relative to temperature was obtained 
from reference [10]. The value obtained was found 
following two different line trends segregated by 
two different temperature stages which are 275K to 
400K for the first stage and 400K to 1175K as the 
second stage. The stages mentioned above are 
satisfied by the linear line equations as shown in 
Figure 2. 

 
Figure 2: Temperature dependent properties of diamond 

Diamond to diamond is the main bonding 
mechanism in PCD as reported in some publications 
[11-13].  Thus, the grains dislocation could only 
happen when the stress more than the tensile limit of 
diamond is achieved. It contradicts to Kozak et al. 
that believed the dislocation happens when the 
tensile limits for cobalt is reached [4]. Due to this 
reason, only the stress for diamond was further 
investigated. By incorporate the line equation with 
the thermal stress component in the equation (15) 
and equation (16), the stress value in MPa can be 
estimated using the following modified equations: 

 
 (19) 

where T is the temperature of the material. 

In order to predict the behavior of the stress with 
respective to the surface depth, thermal analysis has 
been done using ANSYS software. The energy 
supply for every spark per pulse was calculated by 
[14]  

 (20) 

where Ed, t, i, and U, are the energy, pulse duration, 
current peak value and voltage respectively. Hence, 
the heat flux q, that is the energy supplied per unit 
area was calculated using the following equation 
[14]: 

 (21) 

k value that is the energy partition on the workpiece 
is assumed to be 15% of the total energy supplied.  

It has been reported that the spark radius is 
influenced by the electrode material. However, it is 
extremely difficult to prove due to extremely short 
pulse duration [15]. Until now, there is scarcity 
information in term of its shape and size.  Patel et al. 
[16] on the other hand believed that the plasma 
radius is only affected by the pulse duration. 
Following equation from reference [14]  the heat 
flux radius r, that grows in time was calculated by 

 (22) 

The values of voltage and current were defined from 
the feedback system equipped to the machine. 
Calculation results from the equation (21) and 
equation (22) are shown in Figure 3. 

 
Figure 3: Current, voltage, spark radius and heat flux value 

used in the model 
Following are the assumptions applied to the thermal 
model: 
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• The initial temperature of the process was set as 
40ºC, close to the dielectric temperature 
environment. 
• Heat flux was considered as a heat source from 
the EDG plasma. 
• The PCD body was assumed to be an isotropic 
and homogeneous material. 
• The plasma radius is in a symmetrical shape.  

Figure 4 below shows the scheme for the boundary 
conditions applied. 2-D axisymmetric body was used 
in this model.  

 
Figure 4: Scheme for the boundary conditions 

For boundary A, 

 (23) 

where hc is the heat transfer coefficient between the 
material surface and dielectric. In the case of local 
heating of a spark, the effect of the convection heat 
loss can be neglected [17]. The semi–infinite body 
was considered in the analysis so that the effect of 
surrounding could be neglected. In order to obtain 
this state, the body radius was assumed to be at least 
six times of the maximum spark radius calculated 
[18]. The following boundary condition was applied 
for boundary B, and C, 

 (24) 

where η is the direction normal to the surface. 

For defining the material characteristic, the 
temperature dependent properties of PCD for 
different grade were calculated based on some 
theoretical formulation developed for the ceramic 
material with granular grains shape, as assumed to 
have similar physical morphology as the structure of 
PCD used. The thermal conductivity K, of PCD, was 

calculated using the Maxwell equation as follows 
(similar to as used in reference [19]), 

 (25) 

where kd,  kc, and  fc are the thermal conductivity of 
diamond, thermal conductivity of cobalt, and cobalt 
fraction respectively. The heat capacitance C, that 
also known as the specific heat of material was 
calculated using Neumann-Kopp’s law, 

 (26) 

where , , and are heat capacitance for cobalt, 
heat capacitance for diamond, and diamond fraction 
respectively. Figure 5 shows the calculated result for 
the temperature dependent properties of different 
PCD grade. 

 
Figure 5: Temperature dependent properties calculated 

From the ANSYS thermal profile, the limit of the 
diamond breakage could be determined when the 
PCD thermal stress limit is known.   

2.3 Determination of PCD thermal limit 

Information of the thermal stress limit for PCD in 
different temperature is crucial to determine the 
breakage level of PCD. However, as yet there is no 
particular information published, a reasonable 
approximation was established. As the roughing 
process removes diamond by the fracture 
mechanism, it is reasonably accurate to assume that 
the maximum thermal stress limit for diamond is 
closed to residual stress value obtained after the 
roughing. 

A sample of PCD was machined by the roughing 
operation and Raman spectroscopy with 785nm laser 
wavelength (Perkin Elmer Spectrum Raman Station 
400) was used to quantify the residual stress value 
obtained on particular eroded surface. In this 
analysis, diamond peak at position of 1306cm-1 was 
found which indicates the tensile residual stress 
value of 8.33GPa (almost similar to that value of 
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reported by Ferreira et al. [20]) when the following 
equation is used [21]: 

σ = -(νs− νr )/χ (27) 

Where σ is the tensile residual stress (GPa), and νs is 
the Raman shift value of the diamond measured 
(1306 cm-1), and νr is the unstressed Raman value 
(1330 cm-1). χ is the coefficient of stress-induced 
frequency shift where the value depends on the 
cobalt volume. Instead of using 1.98cm-1/GPa as 
used in reference [22-24], 2.88cm-1/GPa was chosen 
as the most reasonable value, which is due to the 
usage of high cobalt volume PCD (~15%) as 
referred to reference [21]. In this study, the thermal 
stress limit for diamond was assumed as 9 GPa by 
taking into account the stress relaxation on the 
exposed surface. 

3. RESULT AND DISCUSSION 
Figure 6 shows the profile of two craters produced 
by the single discharge test. The dimensions of those 
marks are identical where approximately 25 to 30µm 
and 16 to 19µm crater radius and depth were 
observed, respectively.  

 
Figure 6: The profile of two craters (a) and (b) on the PCD 

surface 

The crater shape as shown in Figure 7 was obtained 
by utilizing the element death to the simulation 
result where the elements with the temperature value 
more than the limit were diminished. By knowing 
the maximum surface stress limit of the system, 
using equation (19), the temperature limit for the 
fracture mechanism to happen could be determined. 
The value was approximately 1100K which is higher 
than previously reported value by Kozak et al. [4]. 
The model was estimated that 28µm radius and 

13µm depth of PCD single crater could be attributed 
by the process in which it is in reasonable agreement 
with the experimental finding.  

 
Figure 7: ANSYS simulation result 

4. CONCLUSION 
The crater sizes for individual sparks were 
determined experimentally and found in good 
agreement with the simulation predicted value. 
Although the developed model was established by 
some assumptions together with little experimental 
comparison, this study clearly shows the feasibility 
of using the thermal stress theoretical approach for 
modelling of single crater in PCD EDM. This result 
thus provides support to the argument that breakage 
mechanism happened during the high energy PCD 
erosion. 
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