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Abstract 
 

        A basis for an analytical micro Electro Discharge Machining (micro EDM) model of electrode wear is 
suggested, verification of which requires experimental work with pure metals. This paper studies the influence of 
factors contributing to electrode-tool wear during the micro EDM process of pure metals and the effect of the 
electrode wear on the process accuracy and process variability. The objective of the research is to investigate the wear 
behavior of the electrodes and discuss the suitability of electrode wear compensation methods. 
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1. Introduction 
 

In Micro Electrical Discharge Machining for the 
production of 3D cavities, the use of EDM drilling or 
milling technology, employing simple-shape electrodes 
is the preferred strategy, compared to the traditional die 
sinking methods, due to the fact that sparking 
conditions and electrode wear become more 
predictable resulting in better machining quality. 
However, because of the physical size of the features, 
the accuracy required for the methods used in micro 
EDM milling, wear compensation is much higher than 
in conventional EDM milling. The electrodes wear 
adversely [1] affecting the accuracy of the machined 
micro features and causing distortion of the original 
electrode shape. Electrode shape deformation and 
especially its random variations together with the 
volumetric wear ratio are the two main factors affecting 
the applicability of wear compensation methods. This 
paper studies some specific examples of the electrode 
wear during the micro EDM process and the effect of 
the electrode wear on the accuracy of the machined 

surfaces. Variation of the electrode wear requires in-
depth investigation as it determines the process 
capabilities and is used as a basis for applying the 
electrode wear compensation methods. Many electrode 
wear compensation methods have been studied and 
applied more or less successfully in research 
laboratories [2], however their introduction into an 
industrial manufacturing environment is not easily 
implemented. In addition the modelling tasks of the 
EDM process may change when very quick and very 
low energy sparks are involved which is the case of 
micro EDM process. 
 
 
2. Assumptions and relative wear ratio modeling in 
micro EDM  
 
For the modelling purpose it is assumed that the spark 
pulses are as shown in the figure 1. Time for the 
discharge pulse is one of the most crucial parameters in 
the process. For the micro EDM process is used as the 
main control parameter for the spark energy [3].  



 
Figure 1 Voltage current spark pulses assumption for the 

modeling 
 

Control over the discharge current and voltage is 
limited as they are dependant on other process 
parameters such as dielectric strength, material 
properties etc. Typically in micro EDM, discharge 
times of 1ms or less are applied [3]. Most of the EDM 
process models regard the material removal as a 
combination of melting and vaporization, where the 
volume of material that has been removed through 
melting is much larger than the volume of material that 
has been removed through vaporisation. Verification of 
these models ‘suffer’ big discrepancies especially in the 
low energy sparks with very quick discharge times. The 
assumption in this paper is that with low energy sparks 
and quick discharge times there is negligible amount of 
molten material and the majority of the spark energy 
goes for the vaporization of the material. 

Therefore the energy of the discharge is given by 
equation 1 where: Tdis is the time of the discharge, Wt 
is the power of the discharge. 
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Power of the discharge can be expressed by 
equation 2   
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Where: Idis is the current of the discharge and Udis 

is the discharge voltage, both could be time dependant. 
Finally the discharge energy can be expressed by 

equation 3 
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The total discharge energy of the spark is divided 
into 3 sections [3]. Part of it goes to the anode, part of 
it goes to the cathode and part of it goes to the 
dielectric (4) 
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The energies that go to the anode and the cathode 
melt and mainly vaporise small volumes from the 
electrodes. The logical assumption made in this paper 
is that the volumes removed from the electrodes are 
proportional to the share of the energy going to the 
relevant electrode (5, 6) 
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The total volumes removed from the anode and the 
cathode for some period of time will be: 
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Where n is the number of the effective sparks. 
The Volumetric wear ratio (� ) for a predetermined 

time period, is the ratio of the volume removed from 
both electrodes (8) 
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The minimum energy required to melt and 
vaporise one unit of mass is given by the enthalpy of 
melting and vaporisation (9 and 10) 
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Where:  
cp is the specific heat capacity (J/kg °C) 
Lm and LV are the latent heats for melting and 

vaporization (J/kg) 
T0 initial temperature (°C) 
Tm melting temperature (°C) 
Tv temperature of vaporization (°C) 
The energy required to melt (Em) and to vaporize 

(Ev) certain amount of material (mass) will be (11): 
mm mHE = , VV mHE =  (11) 

The vaporized mass can be expressed by the 
total vaporized volume and the density of the 
material � , r= totalVm  

The energy required to vaporize material from 
both the anode and cathode is given by equation 12 and 
13. 
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Where: 
r  is the density of the material of the anode and the 

cathode respectively (kg/m3); 
Hm is the enthalpy of melting of the anode and the 

cathode respectively (J/kg); 
HV is the enthalpy of vaporization of the anode and 

the cathode respectively (J/kg); 
V total is the total vaporized volume (m3); 
m is the mass to be melted/vaporized (kg). 
The relative wear ratio (n), for this period of time 

will be given by the ratio of the vaporized volumes. 
Therefore from equations 12 and 13 follows: 
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Based on equation 14 and considering equation 8, 
the proportionality coefficients K1 and K2 can be 
determined. 
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In the case of electrode material and workpiece 

material being the same, from equation 14 follows that 
the wear ratio will be proportional only to the energy 
distribution between the anode and the cathode. Still 
from this model is not clear whether the energy 
distribution further depends on the material being used 
as electrodes. This paper further investigates the 
behaviour of pre-selected pure metals in order to study 
the wear ratios, variations of the wear ratios and make 
conclusions about the process capabilities. 
 
 
3. Experimental set-up 
 

A number of electrode materials were selected in 
order to investigate the energy distribution ratio 
(equation 14) and the effect of the electrode material 
on the electrode wear ratio and its variation. The 
following materials, with purity equal or higher that 
99.95%, were selected: Titanium (Ti), Cobalt (Co), 
Copper (Cu), Silver (Ag), Gold (Au) and Tungsten 
(W). All electrode materials were in the shape of 
Æ1mm wire apart from Cu which was a pipe of circular 
cross section with external and internal diameters of 
Æ2mm and Æ1mm, respectively. To block the cross 
material influence on the process and following the 
findings in equation 14, the experiments were 
conducted using the same electrode material for the 
anode and the cathode. The rods were deployed as 
electrodes on a commercially available EDM machine 
equipped with a transistor type generator. The set up of 

the machine was selected to deliver the minimum 
discharge energy per pulse to the spark gap. On the 
basis of Masuzawa [4], this condition is sufficient to 
place this investigation in the domain of micro-
manufacturing. The detailed generator set up is 
summarised in Table 1. 

The dielectric used in this experiment was a 
commercially available, purpose designed hydrocarbon 
with the main physical properties shown in Table 2.  
 

The experiments were conducted in a submerged 
bath.  

Although the most appealing measurement of wear 
ratio for manufacturing purposes should be based on 
volumes, the complexity of the measuring task led to an 
alternative method of assessment being used, which 
calculated the wear ratio by the measurement of mass 
(weight). Both the cathode and anode electrodes were 
weighted before and after electric discharge machining. 
The ratio of mass removed from the anode and cathode 
by the machining was measured. The weighting system 
was an analytical balance with a capacity (maximum 
measurable mass) of 210 g. and readability (resolution) 
of 0.1 mg. The weighting procedure was carried out in 

Table 1 
Set up parameters of the EDM generator 
Parameter, symbol Unit, symbol Value 
Open circuit voltage, V0 Volt, V 80 
Average current from the generator, I  Ampere, A 0.5 
Duration of the pulse of voltage at V0, 
T-on 

microsecond, 
� s 

1 

Programmed time interval between 
adjacent pulses of voltage, T-off 

microsecond, 
� s 

1 

Reference voltage of the servo systema Volts, V 50 
 

a No further details about how this value is internally used were 
provided by the manufacturer of the equipment. The set-up 
parameters in this table appear to deviate experimentally from 
those in figure 1. Establishing the exact link between the two 
sets needs further investigation. 

Table 2 
 Main physical properties of the hydrocarbon dielectric  
Parameter, symbol Unit, symbol Value 
Density at 15 °C, �  Grams over cubic 

centimetres, g/cm3 
0.765 

Kinematic viscosity at 20 °C, �    Centistokes, cSt 1.8 
Flash point °C (Pensky-Martens 
close cup), fp 

Degree Celsius, °C 63 

Aromatic content, ac Per cent in 
weight,% 

0.003 

Disruptive voltage kV at 2.5mm Kilovolts, kV 58 
 



clean room condition of class 6. ([5]). A control chart 
for the standard deviation ([6], pp 211-221) was 
designed. On one hand, this resulted in a quantitative 
assessment of the variability of the measuring system 
employed in this investigation and on the other hand, 
the availability of control chart data made provision for 
an estimation of the capability of the measuring system 
itself, which is a pre-requisite for the subsequent 
analysis of the variability of the wear ratio. [7] The 
charts for the standard deviation were designed in 
accordance with the recommendations by Montgomery 
[6], which are: 
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Where: in  is number of test measurements 

performed for obtaining the i-th measurement result, 
i.e. the sample size associated with the i-th 
measurement task. Following the Montgomery’s 
recommendations (cf. [6], page181), 25 measurements 
results, corresponding to 106 test measurements, were 

selected for computingS , i.e. 25=m  in equation (18). 
The upper and lower control limits, iUCL  and iLCL  

were therefore established on the basis of these 25 
preliminary samples. The constant( )inc4 , which can be 

found tabulated or computed directly ( [6], page 212 
and Appendix 6), is therefore the sole parameter by 
which the variable sample sizes exert an influence on 
the control limits. The experimental results and the 
chart are presented in the next section.  
 
 
3. Results 
 

A dedicated R package for statistical process 
control was employed [9]. The variability of the 
weighting system was quantitative assessed [8] and the 
results are displayed in Figure 1. 

On this figure there are 4 out-of-control points, 
which can be considered as false alarms. These can be 
expected every 1/�  measurements, where �  is the 
probability of a false alarm. In fact, a search for 
assignable causes after each of these alarms did not 
give any result. 

Moreover, an analysis of patterns was conducted 
on the basis of sections 4-3.5 and 4-3.6 in [6]. 1 runs of 
length 8 was detected by the chart. The term run is 
referred to a sequence of S values with the same 
characteristics, such as a series of increasing 
(decreasing) consecutive values and a series of adjacent 
values above (below) the central line. The violating run 
was investigated, but no assignable cause was detected.  

As a result of the aforementioned observations, 
experimental evidence supporting the existence of an 
out of control state of the variability of this process was 
not found. All the values of standard deviation obtained 
are therefore been considered as originated by the same 
process. Consequently, the unknown variance of the 
weighting variability, � 2, was estimated by pooling 
together all the available sample information (148 
samples). This resulted in the following estimate 
(section 5-31, in [6]):  
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or, equivalently, mgbalance   08151.0ˆ =s . 

Images with magnification 480X of the eroded 
surfaces, of the anode electrode, for each of the 
investigated materials were taken on an optical 
metallographic microscope shown in Figure 2. 

The machined surfaces at first were cleaned in an 
ultrasonic bath to remove the debris from the process. 
This figure highlights qualitative topographic 
differences, if any, induced by the different materials. 
The shape, so the size of craters is different for the 
different materials. Craters on the Cobalt and Titanium 
electrodes are easily visible. However the size of the 

 

Fig. 1 S control chart for the mass measuring process. 



craters on the Silver, Tungsten and Copper electrodes 
seems to be smaller. There are also small craters at the 
surface of the Gold electrode. All this confirms the 
suspicion that the energy distribution for different 
materials will be different and the conclusion is that 
even with the same machining conditions, materials are 
working differently, contingent on their own physical 
characteristics.  

Each of the six sample metals were machined six 
times. Therefore 36 measurements of wear ratio were 
obtained.  The results are displayed in the notched box 
plots [10] of Figure 3. This figure supports 
qualitatively the idea that the wear ratio for the 
different materials is different. In particular, the 
medians of the wear ratio data for each metal appear, to 
be significantly to one another. The usage of the 
notched box plot contributes to make this evidence 
stronger [10]. However the same figure induces the 
suspicion that the probability density function of the 
wear ratio is asymmetrical around the median and this 
is strongest for Ag and W. Two of the measurements of 
wear ratio 1.257 and 3.609 for Co and Cu, respectively, 
show a condition of remoteness from the other 
homologous data. A search for potential contaminating 
effects that might have been causing such deviation 
was carried out. However, no evident reason causing 
this remoteness was identified.  

Therefore, the occurrence of these two 
experimental results has been considered as a rare but 
not impossible event. They were not, therefore, 
removed from the analysis of the results. On the other 

hand, including or excluding these two extreme values 
does not have significant effects on the conclusions that 
can be drawn by the medians displayed in Figure 3. In 
fact, the median calculation is extremely insensitive to 
the removal of remote values ([11] page 126,127).  

However, wrongly including or excluding the 
aforementioned values from the analysis might lead to 
overestimate or underestimate the variability of the 
wear ratio. Hence, from a manufacturing point of view, 
this is a conservative approach leading to potentially 
overestimating the contribution of the wear ratio to the 
natural tolerance limits of the micro EDM process ([6], 
pp 467-470). 

As stated above Figure 3 shows the comparison 
between the medians of the different materials but at 
the same time it makes it difficult to compare and 
contrast the interquartile ranges of the wear ratios for 
the different materials. In order to overcome this issue, 
the median of the wear measurements of each metal 
was subtracted to each group of measurements. The 
resulting box plot with all the medians aligned to 0 
(zero) is displayed in Figure 4. However, from this 
figure, it still appears difficult to ascertain whether a 
material might have a significant effect on the 
variability of the wear ratio.  
 
 
5. Analysis of the results 
 

The potential effect of the materials on the 
variability of the wear ratios has been tested by using 
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Fig. 2 Images of the eroded surfaces on the anode  



the modification of the Levene’s test [13] that uses the 
medians to centre the variables and where the p value 
has been computed on the basis of the Fisher’s 
distribution. The simulation studies showed that the 
significance level of Levene’s test is below its nominal 
value, especially for small sample sizes [13]. This 
means that the I type error is smaller than the nominal. 
The calculated p value is equal to 62.63%. It is 
therefore not possible to reject the hypothesis of equal 
dispersions of the wear ratio when considering the 
erosion of the different metals investigated. In this case 
the experimental evidence supports the fact that the 
variability of the wear ratio does not depend on the 
metals eroded in this study. 

Following the above findings, a more stable 
(reliable) estimation of the spread of the wear ratio is 
obtained by aggregating all the experimental results:  
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In reality, equation (21) represents an estimate of 
the variance,2

totals , resulting by both the EDM 

manufacturing process, 2
EDMs , and by the mass 

measurement process, 2
balances  where the two 

processes are completely separated. There is no 
apparent reason for suspecting a correlation between 
them. They are therefore assumed independent.  

The provided punctual estimation 2ˆ totals  represents 

the overall variability of �  due to the variability of the 
volumes (masses) erode from the electrodes during the 
micro EDM manufacturing process and due to the 
variability of the measurement process.  In particular, 

on the basis of an approximate expression of the 
variance of the quotient of two random variables, under 
the reasonable assumptions of lack of bias in the 
measurement system and of independence of the micro 
EDM and the measuring processes, it is derived (Mood 
[14]):  
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In equation (22), CAT and AN are two random 
variables representing the material removed from the 
cathode and anode, respectively. Whereas BAL is the 
random variable associated with the mass measurement 
process. The expected values and variances of CAT, 

AN and BAL are ( cathodem , 2
cathodes ), ( anodem , 2

anodes ) 

and (0, 2
balances ), respectively.  Although in this 

investigation an estimate of 2balances  has been derived 

in equation (20), an estimate of the variability of the 
wear ratio excluding the balance contribution can be 
derived from equation (22).  Nevertheless, it demands 
further investigation that goes beyond the aims of this 
research. 

Moreover, from equation (20) and (21), it is 
noticed that the variability of the measuring system is 
about one order of magnitude smaller than the overall 
variability (wear ratio and balance together).  Hence, it 
is qualitatively argued that the measuring process 
utilised appears suitable for the performed measuring 

 
Fig. 3 Wear ratio in mass (anode/cathode removal). 

 

Fig. 4 Wear ratio in mass in excess of the median. 



task.  
Due to the further experimental effort required to 

elaborate further equation (22), an approximated 
method has been adopted. It utilises the following 
equation that hinges on the independence of the 
measuring and manufacturing processes but that 
neglects deliberately all the consideration leading to 
equation (22): 

222
balanceEDMtotal s+s=s  (23) 

Assuming that the estimate 2balanceŝ  derived from 

equation (20) is so close to the unknown parameter 
2
balances  that they can be considered equal. Then from 

equation (23) it results in: 
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In order to establish if 2ˆ EDMs  is significantly 

different from zero, an interval estimate has been 
proposed by using a computationally intensive 
approach (cf. [15] and [16]). The advantage of such an 
approach is that it does not require the formulation of 
any hypothesis on the function of the used estimator. 
This is also convenient due to the fact that the exact pdf 
of a wear ratio of two random variables appears not 
straightforward to deal with from a practical 
perspective, even in the simplest case of the wear ratio 

of two correlated normal variables [12]. The 
computationally intensive approach considered in this 
study is the bootstrap: a procedure which leads to 
obtain a reference distribution function by generating a 
replacement sample from the sample of the 
experimental results. For each of newly generated 

samples, the 2ˆ EDMs  is computed and a reference 

empirical distribution for this is created. A number of 
techniques have been devised to yield a confidence 
interval from the availability of such a reference 
distribution ([17]). In this study, a percentile approach 
was adopted due to its relative simplicity and due to the 
fact that it does not require any distributional 
assumption on the data. A value of M=10000 re-
samples were selected for the calculation. The 
computations were carried out with R, a free language 
and software environment for statistical computing, and 
with the “boot” R package in particular. The obtained 
bootstrap distribution is shown in Figure 5. This figure 
also shows a quantile-quantile plot comparing the 
empirical quantiles with the correspondent theoretical 
quantiles from the normal distribution. Although there 
is a good agreement between these two pdf in the 
central area, differences have emerged around the tails. 
These discrepancies indicate that had the normality 
distribution assumption been introduced, it would had 
resulted in deviations of the significance level from its 
designed value. The percentile bootstrap confidence 

interval for 2ˆ EDMs  at a significance level of � =99% 

resulted in 0.0056, to 0.0759. It is noticeable that this 
interval does not have zero as an extreme value. The 
practical implication of such a remark is that all the 
manufacturing compensation methods of the wear that 
are based on a deterministic knowledge of the wear 
ratio are in their nature prone to produce an increased 
number of defective parts due to their inherent 
underestimate of the natural process variability.  
 
 
6 Conclusions 
 

Understanding of the electrode wear process and 
influencing factors is the key to more accurate and 
reliable micro EDM. The above investigation shows 
that variations of the wear ratio in micro EDM due to 
uncontrolled factors are not negligible and that the 
energy distribution between the anode and cathode 
further depends on the material. The equal wear ratio 
variability for the different materials shows that the 
material removal phenomenon was the same for all the 

 

Fig. 5 Bootstrap distribution of 
2ˆ EDMs . 



materials and is the key to the ultimate process 
capabilities. The above does not justify the use of 
compensation methods relying on the wear ratio 
staying fixed. Any electrode wear compensation 
method should allow for machining tolerances due to 
the variation of the volumetric wear ratio. When using 
any new combination of electrode/workpiece materials, 
tests should be done on the machine to measure the 
wear ratio and assess its repeatability. The results 
should be used to justify the chosen compensation 
method and enable the production of more accurate 
micro parts. 
 
 
Acknowledgement 
 

The authors would like to thank the UK 
Engineering and Physical Sciences Research Council 
and European Commission for funding this research. 
This work was carried out within the SIXTH 
FRAMEWORK PROGRAMME and it is part of the 
research developments of LAUNCH MICRO project. 
 
 
References 
 
[1] Kozak, J., 2001, Effect of the Wear of Rotating Tool on 

the Accuracy of Machined Parts, Proceedings of the 2nd 
International Conference on Advances in Production 
Engineering APE-2, Warsaw, Vol. I: 253-262. 

[2] Yu, Z.Y., Kozak, J., Rajurkar, K. P., 2003, Modeling and 
Simulation of Micro EDM Process, Ann. CIRP, 52/1: 
143-146. 

[3] M. Kunieda1 , B. Lauwers2 , K. P. Rajurkar3 , B. M. 
Schumacher,  Advancing EDM through Fundamental 
Insight into the Process, Annals of CIRP. Vol 54/2/2005. 

[4] Masuzawa T "State of the Art of micromachining", 
Annals of the CIRP, Vol. 49/2/2000, 473-488. 

[5] BS EN ISO 14644:1 – 1999. Cleanrooms and associated 
controlled environments – Part 1: Classification of air 
cleanliness – British Standards Institution. 

[6] Montgomery DC. Introduction to statistical quality 
control. Wiley, New York, 1996. 

[7] Montgomery D C, Runger G C. Gauge capability and 
designed experiments. Part I: basics methods. Quality 
Engineering (1993-94), 6(1), pp 115-135. 

[8] R Development Core Team. R: A language and 
environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, 2006, ISBN 3-900051-
07-0. URL: http://www.r-project.org . 

[9] Scrucca L. Qcc: a R package for quality control charting 
and statistical process control. R News, Vol. 4/1 (2004) 
ISSN 1609-3631, pp 11- 17.  

[10] McGill R, Tukey J W, Larsen W A. Variations of box 

plots. The American Statistician, Vol. 32, No. (1978), pp 
12 - 16.  

[11] Venables W N and Ripley B D. Modern applied 
statistics with S-plus. Third edition (1999). Springer. 
New York,1999. 

[12] Hinkley D V. On the ratio of two correlated normal 
random variables. Biometrika (1969), vol.56, no.3, pp 
635- 639. 

[13] Boos D D and Brownie C. Comparing variances and 
other measures of dispersion. Statistical Science (2004), 
vol. 19, no. 4, pp 571-578. 

[14] Mood A M, Graybill F A and Boes D C.  Introduction 
to the theory of statistics - third edition.  McGraw-Hill, 
New York, 1974.  

[15] Johnson R W. An introduction to the bootstrap. 
Teaching Statistics (2001), vol. 23, no. 2, pp 49-54. 

[16] Boos D D. Introduction to the bootstrap word. 
Statistical Science (2003), vol.18, no.2, pp 168-174. 

[17] DiCiccio T J and Efron B. Bootstrap confidence 
intervals. Statistical science (1996), vol.11, no.3, pp 189-
228. 

 


