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Abstract

A basis for an analytical micro Electro €hiarge Machining (micro EDM) model of electrode wisa
suggested, verification of which requires experitaework with pure metals. This paper studies tifeience of
factors contributing to electrode-tool wear durthg micro EDM process of pure metals and the effét¢he
electrode wear on the process accuracy and preagability. The objective of the research is tedstigate the wear
behavior of the electrodes and discuss the suitabflelectrode wear compensation methods.
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1. Introduction surfaces. Variation of the electrode wear requimes
depth investigation as it determines the process
In Micro Electrical Discharge Machining for the capabilities and is used as a basis for applyirg th

production of 3D cavities, the use of EDM drilling electrode wear compensation methods. Many electrode
milling technology, employing simple-shape elecée®d  wear compensation methods have been studied and
is the preferred strategy, compared to the traditidie applied more or less successfully in research

sinking methods, due to the fact that sparking laboratories [2], however their introduction inta a
conditions and electrode wear become more industrial manufacturing environment is not easily
predictable resulting in better machining quality. implemented. In addition the modelling tasks of the
However, because of the physical size of the featur EDM process may change when very quick and very
the accuracy required for the methods used in micro low energy sparks are involved which is the case of
EDM milling, wear compensation is much higher than micro EDM process.

in conventional EDM milling. The electrodes wear

adversely [1] affecting the accuracy of the macthine

micro features and causing distortion of the oagin 2. Assumptions and relative wear ratio modeling in
electrode shape. Electrode shape deformation andmicro EDM

especially its random variations together with the

volumetric wear ratio are the two main factorsetifey For the modelling purpose it is assumed that tlaeksp
the applicability of wear compensation methodssThi pulses are as shown in the figure 1. Time for the
paper studies some specific examples of the eldetro discharge pulse is one of the most crucial parasigte
wear during the micro EDM process and the effect of the process. For the micro EDM process is useleas t
the electrode wear on the accuracy of the machined main control parameter for the spark energy [3].



The energies that go to the anode and the cathode
melt and mainly vaporise small volumes from the
tgn |l fos electrodes. The logical assumption made in thigpap
is that the volumes removed from the electrodes are
‘toff P tc>n o . .
e Uss proportional to the share of the energy going ® th
relevant electrode (5, 6)

anode _ anode
A, Touls les =K Ed|S (5)
cathode _ cathode
Vdis - K2Edis (6)

lais Time The total volumes removed from the anode and the
cathode for some period of time will be:
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Figure 1 Voltage current spark pulses assumptiothi® View = V™% and Viga = Vdcfsit ) (7)

modeling = i=1 )
Wheren is the number of the effective sparks.

Control over the discharge current and voltage is ~ The Volumetric wear ratio § for a predetermined
limited as they are dependant on other process time period, is the ratio of the volume removedfro
parameters such as dielectric strength, material both electrodes (8)

properties etc. Typically in micro EDM, discharge yanode i panode 8
times of Irs or less are applied [3]. Most of the EDM n= Vgta;hode K , Egathode (8)

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 matdhat
has been removed through vaporisation. Verificatfon .
these models ‘suffer’ big discrepancies espedialiye H = c.dT+Le )
low energy sparks with very quick discharge tirfée " . "
assumption in this paper is that with low energarkp N
and quick discharge times there is negligible arhofun Enthalpy of vagonza‘uon.
molten material and the majority of the spark eperg Hy mC dT+L. + VC dT+L
goes for the vaporization of the material. "
Therefore the energy of the discharge is given by
equation 1 where: 4k is the time of the discharge, ;W
is the power of the discharge.

The minimum energy required to melt and
vaporise one unit of mass is given by the enthafpy
melting and vaporisation (9 and 10)

Enthalpy of melting:

T

To

(10)
To Tm
Where:
G, is the specific heat capacity (J/Q)
L, and LV are the latent heats for melting and

td\s

Eye= Wdt (1) vaporiz.aj[i.on (J/kg)
0 Tq initial temperature°C)
Power of the discharge can be expressed by  Tmmelting temperature€C)
equation 2 T, temperature of vaporizatiofQ)
W, =1 gio(DU gis (1) (2) The energy required to melt {Fand to vaporize
Where: ki is the current of the discharge angU (E\) certain amount of material (mass) will be (11):
is the discharge voltage, both could be time depeind ~ Em = MHm, By =mHy (11)
Finally the discharge energy can be expressed by ~ The vaporized mass can be expressed by the
equation 3 total vaporized volume and the density of the
s material , M=Vl
Eais = Oldis(t)udis(t)dt ©) The energy required to vaporize material from
The total discharge energy of the spark is divided Egth the anode and cathode is given by equatiand2
@nto 3 sections [3]. Part of it goes to the_ anquiet of anode _ ; anods. anodq { anode
it goes to the cathode and part of it goes to the Evap = Viotal v (12)
dielectric (4) E\(/::éhode_vtg?;rod? cathodq | cathode (13)

Edis anode+ Egathode+ diisal (4)



Where: the machine was selected to deliver the minimum
r is the density of the material of the anode aad th discharge energy per pulse to the spark gap. On the

cathode respectively (kgfn basis of Masuzawa [4], this condition is suffici¢éat
Hn is the enthalpy of melting of the anode and the place this investigation in the domain of micro-
cathode respectively (J/kg); manufacturing. The detailed generator set up is
Hy is the enthalpy of vaporization of the anode and summarised in Table 1.
the cathode respectively (J/kg); Table 1
Vot is the total vaporized volume {n Set up parameters of the EDM generator
m is the mass to be melted/vaporized (kg). Parameter, symbol Unit, symboalue
The relative wear ratianf, for this period of time Open circuit voltage, VO Volt, V 80
will be given by the ratio of the vaporized volumes Average current from the generator, | Ampere,|A5 0.
Therefore from equations 12 and 13 follows: Duration d the pulse of voltage at Vimicrosecondl
Vt(a)ltnatl)de E‘;ﬁa”,;)de r cathody\(/:athode T-on i : S
= — thode — cathode .~ anode s anode (14) Programmed time interval between microsecondl
Viotal Evap rEHY adjacent pulses of voltage, T-off S
Based on equation 14 and considering equation 8, |Reference voltage of the servo systsfolts, V 50

the proportionality coefficients Kand K, can be

determined. #No further details about how this value is intetpaised wee

anodey ; anode _ provided by the manufacturer of the equipment. 3é&-up
' HU™> const=K, (15) parameters in this table appear to deviate expeniiaiéy from
p cathodq cathode , const= K, (16) those in figure 1. Establishing the exact link kestw the tw

In the case of electrode material and workpiece S€ts needs further investigation.
material being the same, from equation 14 folldves t
the wear ratio will be proportional only to the eme
distribution between the anode and the cathodi. Sti
from this model is not clear whether the energy
distribution further depends on the material beisgd
as electrodes. This paper further investigates the

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

Table 2

behaviour of pre-selected pure metals in ord I Main physical properties of the hydrocarbon diglec
the wear ratios, variations of the wear ratios iauatte Parameter, symbol Unit, symbol Value
’ Density at 15 °C, Grams over cubig0.765

conclusions about the process capabilities. centimetres, g/cn)3

Kinematic viscosity at 20 °C, | Centistokes, cSt| 1.8
Flash point °C (Pensky-Marternidegree Celsius, 63
3. Experimental set-up close cup), fp

IAromatic content, ac Per centin 0.003
A number of electrode materials were selected in weight,%

order to investigate the energy distribution ratio [Disruptive voltage kV at 2.5mrfilovolts, kV 58

(equation 14) and the effect of the electrode nlter . .

on the electrode wear ratio and its variation. The The experiments were conducted in a submerged

following materials, with purity equal or higherath bath.l houah th i ;
99.95%, were selected: Titanium (Ti), Cobalt (Co), Although the most appealing measurement of wear

Copper (Cu), Silver (Ag), Gold (Au) and Tungsten ratio for manufacturing purposes shOl_JId be based on
(W). All electrode materials were in the shape of vqume;, the complexity of the measuring taskaaatt :
/ELmm wire apart from Cu which was a pipe of circular alternative method of gssessment being used, which
cross section with external and internal diamebérs calc_ulated the wear ratio by the measurement osmas
/E2mm andAELmm, respectively. To block the cross (weight). Both the cathode and anode electrodes wer
material influence on the process and following the welghte_d before and after electric discharge mafin
findings in equation 14, the experiments were The ratio of mass removed from the anode and cathod

conducted using the same electrode material for the by the machining was measured. The weighting system

anode and the cathode. The rods were deployed agras an analytical balance with a capacity (maximum

electrodes on a commercially available EDM machine measurable mass)_ of .210 g. and readability (r_eenbut
. ; . of 0.1 mg. The weighting procedure was carriedmout
equipped with a transistor type generator. Thasef




clean room condition of class 6. ([5]). A contrbbet S ehaniortieBalies pioeess
for the standard deviation ([6], pp 211-221) wa: [ 1 —
designed. On one hand, this resulted in a quarétat
assessment of the variability of the measuringesyst
employed in this investigation and on the otherdhan
the availability of control chart data made prawisfor

an estimation of the capability of the measurirgjen
itself, which is a pre-requisite for the subsequen
analysis of the variability of the wear ratio. [The ...
charts for the standard deviation were designed i
accordance with the recommendations by Montgomel .-
[6], which are:
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CL=S withg= (-9 <5 (18) Fig. 1 S control chart for the mass measuring p®ace
m
(n-1

Moreover, an analysis of patterns was conducted

3 N on the basis of sections 4-3.5 and 4-3.6 in [6lu of
LeL = 1Ryt el s (19) length 8 was detected by the chart. The term run is
referred to a sequence of S values with the same
o ) characteristics, such as a series of increasing
performed for obtaining the i-th measurement result  ecreasing) consecutive values and a seriesarfej
le. the sample size associated with the ",th values above (below) the central line. The viotatim
measurement task. Following the Montgomery's 55 investigated, but no assignable cause waseitec
recommendations (cf. [6], page181), 25 measurements  ag g result of the aforementioned observations,
results, CO”GSPO“d'_”S_“? 106 test _measur(_emente, We  experimental evidence supporting the existencenof a
selected for computing , i.e. m=25 in equation (18). out of control state of the variability of this pess was
The upper and lower control limit§lCL; and LCL, not found. All the values of standard deviatioredied
were therefore established on the basis of these 25are therefore been considered as originated ksatine
preliminary samples. The constapfn; ), which can be IOYO_CES_S- Con_sek?Il_JentI%/, the unknown (;/abrlance IQf the
found tabulated or computed directly ( [6], pag® 21 weighting variability, °, was estimated by pooling

. . together all the available sample information (148

and Appendix 6), is therefore the sole parameter by samples). This resulted in the following estimate
which the variable sample sizes exert an influemte (section 5;_31 in [6]):
the control limits. The experimental results and th ' '

i=1

Where: n; is number of test measurements

- . - 2
chart are presented in the next section. $Zance= S° =(rn';ﬁ = 0.006643mg?
(20)
(n-9
i=1
3. Results or, equivalently,§, . ..nce= 0.08151mg.

Images with magnification 480X of the eroded

A dedicated R package for statistical process surfaces, of the anode electrode, for each of the
control was employed [9]. The variability of the investigated materials were taken on an optical
weighting system was gquantitative assessed [8ltend  metallographic microscope shown in Figure 2.
results are displayed in Figure 1. The machined surfaces at first were cleaned in an

On this figure there are 4 out-of-control points, ultrasonic bath to remove the debris from the pssce
which can be considered as false alarms. Theseecan This figure highlights qualitative topographic
expected every 1/ measurements, where is the differences, if any, induced by the different matist
probability of a false alarm. In fact, a search for The shape, so the size of craters is differentter
assignable causes after each of these alarms did nodifferent materials. Craters on the Cobalt andnTiita
give any result. electrodes are easily visible. However the sizthef



Gold (Au) Silver (Ag) Titanium (Ti)

Coppr (Cu)

Cobalt (Co

Fig. 2 Images of the eroded surfaces on the anode

craters on the Silver, Tungsten and Copper eleesrod hand, including or excluding these two extreme eslu
seems to be smaller. There are also small cratéte a  does not have significant effects on the conclissibat
surface of the Gold electrode. All this confirm&th can be drawn by the medians displayed in Figute 3.
suspicion that the energy distribution for diffaren fact, the median calculation is extremely insevsitd
materials will be different and the conclusionhait the removal of remote values ([11] page 126,127).

even with the same machining conditions, mateaias However, wrongly including or excluding the
working differently, contingent on their own phyaic aforementioned values from the analysis might tead
characteristics. overestimate or underestimate the variability af th

Each of the six sample metals were machined six wear ratio. Hence, from a manufacturing point efwi
times. Therefore 36 measurements of wear ratio were this is a conservative approach leading to potiyntia
obtained. The results are displayed in the nottlosd overestimating the contribution of the wear ratiohte
plots [10] of Figure 3. This figure supports natural tolerance limits of the micro EDM procds$,(
qualitatively the idea that the wear ratio for the pp 467-470).
different materials is different. In particular, eth As stated above Figure 3 shows the comparison
medians of the wear ratio data for each metal apfea  between the medians of the different materialsabut
be significantly to one another. The usage of the the same time it makes it difficult to compare and
notched box plot contributes to make this evidence contrast the interquartile ranges of the wear sdfto
stronger [10]. However the same figure induces the the different materials. In order to overcome tbssie,
suspicion that the probability density functiontbé the median of the wear measurements of each metal
wear ratio is asymmetrical around the median aisd th was subtracted to each group of measurements. The
is strongest for Ag and W. Two of the measuremaints  resulting box plot with all the medians alignedto
wear ratio 1.257 and 3.609 for Co and Cu, respagtiv. =~ (zero) is displayed in Figure 4. However, from this
show a condition of remoteness from the other figure, it still appears difficult to ascertain vther a
homologous data. A search for potential contanmigati  material might have a significant effect on the
effects that might have been causing such deviation variability of the wear ratio.
was carried out. However, no evident reason causing
this remoteness was identified.

Therefore, the occurrence of these two 5. Analysis of the results
experimental results has been considered as huare
not impossible event. They were not, therefore, The potential effect of the materials on the
removed from the analysis of the results. On therot  variability of the wear ratios has been tested &ipg



Fig. 3 Wear ratio in mass (anode/cathode removal). Fig. 4 Wear ratio in mass in excess of the median.

the modification of the Levene’s test [13] thatsiee on the basis of an approximate expression of the
medians to centre the variables and where theygval variance of the quotient of two random variableslar

has been computed on the basis of the Fisher'sthe reasonable assumptions of lack of bias in the
distribution. The simulation studies showed tha th measurement system and of independence of the micro

significance level of Levene’s test is below itsnioal EDM and the measuring processes, it is derived (Moo
value, especially for small sample sizes [13]. This [14]):
means that the | type error is smaller than theinaim 2

The calculated p value is equal to 62.63%. It is §2, @ lathode

therefore not possible to reject the hypothesexofl

node

. ) : S s2 . . +s? s2  +s?
dispersions of the wear ratio when considering the =cathode —balance  Zanode balance 4 (22)
erosion of the different metals investigated. Ia tase Meathode Mhnode
the experimental evidence supports the fact that th ZYCOV(CATJ“BAL' AN +BAL)
variability of the wear ratio does not depend oa th Meathode Mhnode
metals eroded in this study. In equation (22), CAT and AN are two random

Following the above findings, a more stable variables representing the material removed froen th

(reliable) estimation of the spread of the weaiorit cathode and anode, respectively. Whereas BAL is the

obtained by aggregating all the experimental result  random variable associated with the mass measutemen
6 <s? process. The expected values and variances of CAT,

§[2ma| = anal = i:16 =0.05634 (21) AN and BAL are ('n:athodei S gathode)v (manode’ S gnode)
respectively. Although in this

2
In reality, equation (21) represents an estimate of and (0, S pajance):
the variances2 ,, resuling by both the EDM investigation an estimate 6fiynce has been derived

manufacturing processs ZEDM, and by the mass in equation (20), an estimate of the variabilitytloé
2 wear ratio excluding the balance contribution cen b

measurement processs paance Where the two  gerived from equation (22). Nevertheless, it dersan
processes are completely separated. There is nofurther investigation that goes beyond the aimisf
apparent reason for suspecting a correlation betwee research.
them. They are therefore assumed independent. Moreover, from equation (20) and (21), it is

The provided punctual estimatigd,, represents  noticed that the variability of the measuring sysie
the overall variability of due to the variability of the ~ about one order of magnitude smaller than the divera
volumes (masses) erode from the electrodes dureng t  variability (wear ratio and balance together). et
micro EDM manufacturing process and due to the is qualitatively argued that the measuring process
variability of the measurement process. In paldicu utilised appears suitable for the performed meaguri



Fig. 5 Bootstrap distribution o8 ZEDM .

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 ; o e X
i resulted in deviations of the significance levehfrits

measuring and manufacturing processes but tha
neglects deliberately all the consideration leadimg
equation (22):

2 _2 2
Stotal = SEDM + S balance (23)

Assuming that the estimag&?Z, ... derived from

of two correlated normal variables [12]. The
computationally intensive approach consideredii th
study is the bootstrap: a procedure which leads to
obtain a reference distribution function by geriegpa
replacement sample from the sample of the
experimental resultsFor each of newly generated

~ D )
samples, theSgpy is computed and a reference

empirical distribution for this is created. A numloé
techniques have been devised to yield a confidence
interval from the availability of such a reference
distribution ([17]). In this study, a percentilepapach
was adopted due to its relative simplicity and dube

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 laggua
and software environment for statistical computamy)

with the “boot” R package in particular. The obtain
bootstrap distribution is shown in Figure 5. Thigife

also shows a quantile-quantile plot comparing the
empirical quantiles with the correspondent theoggti
guantiles from the normal distribution. Althougleta

is a good agreement between these two pdf in the
central area, differences have emerged aroundithe t
These discrepancies indicate that had the normality
distribution assumption been introduced, it wowdd h

designed value. The percentile bootstrap confidence

interval for S ZEDM at a significance level 0f=99%
resulted in 0.0056, to 0.0759. It is noticeabld the
interval does not have zero as an extreme value. Th
practical implication of such a remark is that thi

equation (20) is so close to the unknown parameter manufacturing compensation methods of the wear that

S Zaance that they can be considered equal. Then from
equation (23) it results in:

a2 a2 a2 —
SEDM = Stotal - Shalance™

24
=005634 (0.0815)% = 0.04970M¢? (24)
§EDM = \/étzotal' §galancez 0'2230mg (25)

In order to establish ifS 2EDM is significantly

different from zero, an interval estimate has been
proposed by using a computationally intensive
approach (cf. [15] and [16]). The advantage of sarch
approach is that it does not require the formufatib
any hypothesis on the function of the used estimato
This is also convenient due to the fact that tlzeepdf

are based on a deterministic knowledge of the wear
ratio are in their nature prone to produce an mwed
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 doe
uncontrolled factors are not negligible and that th
energy distribution between the anode and cathode

of a wear ratio of two random variables appears not further depends on the material. The equal wear rat

straightforward to deal with from a practical
perspective, even in the simplest case of the vediar

variability for the different materials shows titae
material removal phenomenon was the same forall th



materials and is the key to the ultimate process plots. The American Statistician, Vol. 32, No. (83 7p
capabilities. The above does not justify the use of  12-16.

compensation methods relying on the wear ratio [11] Venables W N and Ripley B D. Modemn applied
staying fixed. Any electrode wear compensation ilt:l\t/:/s$((:)srk\l\£;ggs-plus. Third edition (1999). Spyén.
method should allow for machining tolerances due to ’ i

. . . . [12] Hinkley D V. On the ratio of two correlated nmeal
the variation of the volumetric wear ratio. Wheings random variables. Biometrika (1969), vol.56, no8, p

any new combination of electrode/workpiece matgrial 635- 639.

tests should be done on the machine to measure thg13] Boos D D and Brownie C. Comparing variances and
wear ratio and assess its repeatability. The esult other measures of dispersion. Statistical Scie2@@4),
should be used to justify the chosen compensation  vol. 19, no. 4, pp 571-578.

method and enable the production of more accurate [14] Mood A M, Graybill F A and Boes D C. Introdusti
micro parts. to the theory of statistics - third edition. Mc@Gréalill,

New York, 1974.

[15] Johnson R W. An introduction to the bootstrap.
Teaching Statistics (2001), vol. 23, no. 2, pp 49-5
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