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Abstract— The use of nonconductive ceramic materials is 

increasing rapidly in industrial and engineering applications 

due to its high hardness, low thermal conductivity, and 

resistance to oxidation. Machining operations for fabricating 

structures from nonconductive ceramic materials are 

difficult and most of the traditional machining techniques 

are not applicable because of its high brittleness. Electro 

discharge machining (EDM) technique is applied for 

processing nonconductive ceramic using assisting electrode. 

In this technique, pyrolytic carbon layer on the ceramic 

surface formed by the cracked carbon from the carbonic 

dielectric plays the key role for continuous EDM. The 

formation of pyrolytic carbon and its stability depends upon 

the input power, work piece material, tool electrode 

material, dielectric substance, polarity, and discharge 

duration. In this study assisting electrode method and its 

formation on work piece, some consideration to machining a 

nonconductive ceramic and effect of various parameters on 

process performance has been reviewed. 
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I. INTRODUCTION 

Nonconductive ceramics have a wide range of use in 

engineering fields because of their superior properties, such 

as high compressive strength, good thermal resistance, high 

wear resistance and high hardness. Nonconductive ceramics 

are composed of metallic and non-metallic elements. The 

covalent and ionic bonds of elements make these ceramics 

much stronger than metals. Due to the excellent chemical 

and physical properties, nonconductive ceramics have been 

using for many years in automotive spark plugs as an 

electrical insulator and high temperature resistant. They are 

now used in multifarious fabrication of domestic, industrial, 

building products and art objects. Examples include cutting 

tools, self-lubricating bearings, turbine blades, internal 

combustion engines, heat exchangers, ballistic armour, 

ceramic composite automotive brakes, diesel particulate 

filters, a wide variety of prosthetic products, piezo-ceramic 

sensors. Such material properties, however, pose new 

challenges to manufacturing engineers to shape and size 

these electrically nonconductive materials economically and 

efficiently. Machining methods such as diamond grinding, 

ultrasonic machining, abrasive jet machining, abrasive water 

jet machining and ion beam machining are used to machine 

and cut off electrically nonconductive ceramics. EDM and 

electro chemical machining (ECM) methods are in use to 

machine electrically conductive ceramics. Studies are 

conducted on a hybrid method named electrochemical spark 

machining (ECSM) in which ECM and EDM methods are 

used together to machine electrically poor conductive 

ceramic materials. In these machining methods there are 

some limitations, such as low material removal rate (MRR), 

limited machining depth and poor surface quality. 

EDM is a known process for producing structures 

from electrically conductive materials with high 

dimensional accuracy and good surface finish. Most of the 

engineering ceramics such as Al2O3, ZrO2, Si3N4 and SiC 

are electrically nonconductive. Therefore, to apply EDM for 

structuring nonconductive ceramic materials, a basic 

technique is developed in which a conductive metallic layer 

is applied on the surface of the workpiece. This additional 

conductive metallic layer is referred as assisting electrode 

(AE). The initial electrical sparks occur in the machining 

gap between the tool electrode and the assisting conductive 

electrode. In this method, kerosene is used as dielectric 

fluid. After the finishing of AE layer, carbon particles are 

cracked due to the disassociation of kerosene molecule at 

high instantaneous energy and create a layer of pyrolytic 

carbon on the machined surface of the electrically 

nonconductive ceramic. This carbonic layer provides the 

essential electrical conductivity to progress the process. 

II. BACKGROUND OF ASSISTING ELECTRODES 

The material removal during spark erosion of metals takes 

place via melting due to the high temperatures caused by the 

generated sparks. These sparks occur as the tool and the 

workpiece are connected to a generator and are isolated 

from each other by a surrounding dielectric. Mohri et al. 

1996 investigated that a nonconductive ceramics cannot be 

contacted, an assisting electrode will be placed on top of it 

for electrical contact. These assisting electrodes are up to 

now realised by metal plates or meshes that are 

mechanically fixed on the surface of the workpiece. Besides, 

gold or titanium nitride can be deposited on the ceramic 

surface for electrical contact. When starting the erosion 

process the assisting electrode will primarily be eroded. Due 

to the high temperatures the surrounding dielectric is 

degenerated and creates carbon black out of cracked 

polymer chains. The carbon black in combination with 

conductive debris covers the ceramic surface during process 

and sustains the conductivity. Thus only oils can be used as 

dielectric, in case that the assisting electrode is not supplied 

continuously. To support the creation of conductive debris 

carbon black can also be added into the dielectric. 

III. SOME CONSIDERATIONS TO MACHINING OF 

NONCONDUCTIVE CERAMICS 

Insulating ceramics cannot be machined by traditional EDM 

method because of their high electrical resistivity. These 

materials have higher melting points and lower heat 

conductivity than metals. 

A. Effect of Thermal Properties of Ceramics 

It is known that there is a mutual relationship between the 

removal rate of metal by EDM and λθm, the product of heat 

conductivity (λ) and melting point (θm). Except for alumina 

(A12O3), it is found that the data lay almost on two straight 
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lines, each representing the data obtained for copper and 

graphite electrodes respectively. Mohri et al. 2002 

investigated that the removal rate by graphite electrode is 

mostly higher than that by copper electrode for each 

material. When a graphite electrode is used, worn graphite 

powder from the electrode makes discharges disperse and 

may act efficiently on the generation of carbon layer on the 

ceramics.  

B. Consideration To The Difference Of Machining 

Characteristics For Materials 

Mohri et al. 2002 investigated that the mechanism of 

machining ZrO2 can be likened to that of metallic materials 

since, ZrO2 is classified as a fusion type ceramics and, 

round shapes with smooth surfaces are seen in the 

micrograph of ZrO2 debris. On the contrary, irregular 

shapes with sharp edges can be seen in the micrographs of 

Si3N4 and SiC. 

The electric resistance of the generated carbonic 

layer is higher than that of the supplying metal cable, the 

measured voltage remains higher than the threshold level. 

Under these conditions, the controller not detecting the 

occurrence of discharge, current is continuously supplied 

until voltage drops down owing to growth of the carbonic 

layer or to temperature rise. Therefore, discharge duration 

distributes according to the electrical resistance condition on 

the ceramics surface. They found that most discharge 

duration for ZrO2 are the same as the operator-set duration. 

Whereas, for Si3N4 and SiC, there is wide distribution of 

discharge duration with inclination towards the right. From 

the result of cross sectional observations of these materials, 

thickness of the conductive layer on ZrO2 is estimated to be 

40µm thicker than that of SiC or Si3N4.  

C. Purity of Work Piece Material 

Fukuzawa et al. (2004) examined machining properties of 

various purity Al2O3 and single crystal Al2O3 of sapphire. 

They found that the removal rate decreased by increasing 

the purity of high purity Al2O3, and unstable curves were 

frequently observed for the high purity of 99.5 and 99.9 wt. 

%. Fig. 5 shows the displacements curves of the tool 

electrode on each material against machining time. In low 

purity and porous Al2O3, a smooth electro-conductive layer 

formed on the discharged surface. This indicates that enough 

carbon products were generated and tightly adhered on the 

surface of workpiece to keep a continuous discharge.    

The removal rate decreased with increase in 

thermal conductivity λ, which correlated to material purity 

except for porous materials. However, the surface roughness 

increased with increasing λ. 

D. Conductive Layer (CL) Formation on the Work Piece 

TIN coating by PVD process is commonly used as assisting 

electrode. However, as special equipment for the PVD 

process is needed, this method is both non-economical and 

difficult to implement since it requires a pre-treatment by 

EDM operators. In order to make the assisting electrode 

more practically, carbon baked on ceramics method is 

examined against the PVD-TIN coating process. In the 

process of making the assisting electrode, colloidal graphite 

solution (concentration: 0.1 Kg/l) is coated on pre-heated 

Si3N4 ceramics at 473 K and maintained at the same 

temperature for 2 minutes. To investigate the electrode 

resistance, Si, Cu, or TIC powder is mixed in the solution. 

The properties of the layers on the ceramics are shown in 

Table 1. Adhesive copper or aluminium foil, coating of 

graphite or carbon, silver varnish and copper, silver or gold 

sputtered on the workpiece surface can be used as AE. 

Colloidal carbon baked on insulating ceramics is effectively 

applicable as an assisting electrode and improves machining 

accuracy. (Mohri et al. 2002) 

IV. EFFECT OF TECHNOLOGICAL PARAMETER AND 

MACHINING FLUID ON THE PROCESS PERFORMANCE 

A. Effect of Tool Polarity on Material Removal Rate 

(MRR), Surface Roughness (SR), Wear Ratio (WR) 

Liu et al. (2008) have worked on the insulating Al2O3 

ceramic to investigate the effect of process parameter on the 

process performance. They found that tool polarity is a 

primary factor that affects the material removal rate (MRR), 

the wear ratio of the assisting electrode wear and ceramic 

removal, and SR. the material removal rate in positive tool 

polarity is two to four times that with negative tool polarity, 

wear ratio is high in negative tool polarity, SR is high in 

positive tool polarity. Renji et al. (2011) have worked on 

SiC in end electrical discharge milling to investigate the 

effect of machining conditions on the MRR, SR and WR. 

They found that the MRR increases rapidly from fine 

machining to coarse machining regardless of the tool 

polarity and MRR is high in negative tool polarity. EWR 

decreases rapidly from fine machining to coarse machining 

regardless of the tool polarity and SR increases rapidly from 

fine machining to coarse machining regardless of the tool 

polarity. They also reported that material removed by 

melting, evaporation and thermal spalling, the material from 

the tool electrode can transfer to the workpiece, and a 

combination reaction takes place during end electric 

discharge milling of the SiC ceramic. 

B. Effect of Peak Voltage on the Process Performance 

Liu et al. (2008) have conducted the research on insulating 

Al2O3 and investigated that MRR rises with an increase in 

peak voltage. SR initially rises with an increase in peak 

voltage and then decreases with an increase in peak voltage. 

The reason for this is that the material removed by a single 

pulse rises with an increase in peak voltage; therefore SR 

increases. 

C. Effect of Rotational Speed of the Tool Electrode on the 

Process Performance 

MRR initially increases fast with an increase of rotational 

speed of the tool electrode and then increases slowly with an 

increase in rotational speed of the tool electrode. There are 

many reasons causing the phenomena. The velocity of 

mechanical milling workpiece by tool electrode increases 

with increasing rotational speed of the tool electrode. The 

high rotational speed of the tool electrode enhances the flow 

velocity of the work fluid flushing to the discharge gap and 

the assisting electrode, it makes the assisting electrode 

becomes more close to the workpiece surface. The stability 

and electrical discharge energy acting on the workpiece 

surface increases, the material removed by electrical 

discharge rises. Therefore MRR increases with an increase 

of rotational speed of the tool electrode. SR initially 

increases with increasing rotational speed of the tool 
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electrode and then increases slowly with an increase in 

rotational speed of the tool electrode. This is because the 

material removed by electric discharge becomes strong with 

an increase in rotational speed of the tool electrode, the 

crater size generated by electric discharge becomes large; 

therefore SR rises. (Liu et al. 2008) 

D. Effect of Feed Speed of the Work Piece on the Process 

Performance 

 MRR initially increases fast with an increase of 

feed speed of the workpiece and then decreases with an 

increase in feed speed of the workpiece. The reason for this 

is that under the same milling width and depth, the material 

removed by ED milling increases with increasing feed speed 

of the workpiece. As the feed speed of the workpiece is 

higher than the maximum machining speed by ED milling, 

mechanical vibration of the tool electrode becomes strong, 

short-circuits or arcs are easily generated in ED milling; 

therefore MRR is low. SR initially decreases with an 

increase of feed speed of the workpiece and then increases 

slowly with an increase in feed speed of the workpiece. The 

time of repeat electrical discharge at a certain place 

decreases at the fast feed speed of the workpiece; therefore 

SR is low. As the feed speed of the workpiece is higher than 

the maximum machining speed by ED milling, mechanical 

vibration of the tool electrode becomes stronger, short-

circuits or arcs are easily generated in ED milling; therefore 

SR rises. (Liu et al. 2008) 

E. Effect of Emulsion Concentration of Machining Fluid on 

the Process Performance 

Y.H. Liu et al. (2008) have conducted the research work on 

Al2O3 to investigate the effects of emulsion concentration, 

NaNO3 concentration, and polyvinyl alcohol concentration 

and flow velocity of the machining fluid on the process 

performance using electrical discharge (ED) milling. They 

concluded that using a water-based emulsion as the 

machining fluid, harmful gas is not generated during ED-

milling, and its equipment is not corroded. They have also 

observed that with a suitable emulsion concentration, high 

machining rate and good surface quality of the machining 

insulating Al2O3 ceramic can be easily obtained by ED-

milling. Using a suitable chemical additive and its dosage 

for water-based emulsion, dielectric strength, washing 

capability and viscosity of the machining fluid can be 

modified in order to increase MRR of the ED-milling and 

using high flow velocity of the machining fluid, MRR of 

ED-milling increases and its SR changes less. 

F. Effect of Input Power on the Material Removal Rate 

Abdus Sabur et al. (2013) have worked on zirconia ceramic 

to investigate the effect of input power on the material 

removal rate (MRR) and to explore the material removal 

mechanism. Electro discharge machining (EDM) technique, 

a noncontact machining process, is applied for processing 

nonconductive ceramic ZrO2 using assisting electrode. They 

concluded that the material is removed in EDM of 

nonconductive ZrO2 ceramic mostly by spalling and it 

increases with the increase of input power shown in Fig. 7. 

G. Effect of Electrical Conductivity, Thermal Conductivity 

and Melting Point of Work Pieces 

  

Gokhan Kucukturk et al. (2010) have conducted the research 

on Al2O3, ZrO2, SiC, B4C and glass  to investigate the 

effect of electrical conductivity, thermal conductivity and 

melting point of workpieces on material removal rate 

(MRR) Machining surfaces of nonconductive  workpieces  

were  coated  with  a  conductive layer (CL) and graphite 

powder was added to dielectric fluid for machining. Al2O3, 

ZrO2, SiC, B4C and glass work piece samples were 

machined by using the EDM method. Different machining 

Conditions were tested for each sample and optimum 

machining parameters were determined. 

They concluded that Al2O3 ceramic is found to be 

the most difficult ceramic for ED-machining. The longest 

machining time and highly unstable machining conditions 

are observed in ED-machining of Al2O3 ceramic 

workpiece. The shortest and the most stable machining 

conditions are observed in ZrO2 ceramic work pieces. It is 

observed that SiC and B4C workpieces give better surface 

condition due to the existence of the carbon (conductive) in 

their composition. It is found that workpieces with low 

thermal conductivity (λ), λ × Tm, λ × Tm2 give higher MRR 

values. Experiments indicated that for the workpieces with 

the electrical resistance value higher than 300Ω-cm, the 

reducing electrical conductivity has no significant effect on 

machining performance and these workpieces can be 

considered practically unmachinable by conventional EDM 

process. 

H. Effect of Tool Electrode on the Removal Rate 

Apiwat Muttamara et al. (2003) have worked on the Si3N4 

ceramic to investigate the machining properties were 

estimated by the removal rate and tool wear ratio. To 

confirm the change of micro-machining process, the 

discharge waveforms were observed. They concluded that 

the carbon baked layer is a useful material for the assisting 

electrode. A precision shape is EDMed with a high electrical 

resistance assisting electrode that is almost same as the 

electric conductive layer. Pipe tool electrode has better 

machining properties than solid electrode. 

They have also reported that in micro-hollow 

machining, the smaller wear ratio of tool electrode is 

obtained with copper–tungsten material than copper. The 

machining properties depend on the generation of 

concentration discharge waveform. 

V. ConclusionS 

Nonconductive ceramic was machined by die-sinking EDM 

machine applying assisting electrode method. The effect of 

various parameters was investigated. Following conclusions 

can be drawn from the literature review. 

1) Using assisting electrode method nonconductive 

ceramics was easily machined. 

2) The removal rate by graphite electrode is mostly higher 

than that by copper electrode for each material.  

3) Low purity of material results better MRR, the removal 

rate decreased with increase in thermal conductivity and 

the surface roughness increased with increasing thermal 

conductivity. 

4) CL heated in the furnace gives higher MRR values than 

the ones used without heating. The CL not heated in the 

furnace causes poor and unstable machining conditions 

at the start and the machining is totally terminated in a 
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short while since it is detached completely from the 

work surface. 

5) The minimum input power of 1.1 KVA could start the 

machining creating a thin layer of pyrolytic carbon with 

very low MRR. Stable machining is attained at 1.2 

KVA and more materials are removed at increased 

input powers. 

6) Material is removed by melting, evaporation and 

thermal spalling, the material from the tool electrode 

can transfer to the workpiece, and a combination 

reaction takes place during machining. 

7) Pipe tool electrode has better machining properties than 

solid electrode. 
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