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1. INTRODUC TION 

1. 1. Practical background 

Already in early times people got some idea of the power hidden 
in electrical discharges from trees split in lightning. Material erosion 
proceeding from discharges was observed several hundreds of years 
ago. BENJAMIN FRANKLIN (l) perceived in 1751 electrode-erosion 
due to a spark diêcharge. FRIES TL Y ( 1) in 1766, and in more recent 
times KOHLSCHUTTER (2). described metal-erosion in detail. The 
former author did so in conneetion with studying the discharge of a 
Leyden jar, while the latter was making colloidal metal suspensions 
by means of electrical discharges. 

It may be said that at the end of the nineteenth century electra
erosion was applied technically for the first time in joining metals by 
are welding. 

The wear of switch cantacts as a result of electra-erosion led to 
finding materials with greater wear resistance. Investigating this 
problem, B. R. LASARENKO (7) suggested the possibility of using the 
destructive effect of an electrical discharge to develop a new controlled 
metal-working process. In cooperation with N. I. LASARENKO he 
proved in 1943 the practicability of what he called spark-erosion as a 
"chip-forming" method of metal-working . 

In the course of years many electro-erosive methods of metal
forming and metal-deforming have been developed and applied. This 
has led in Germany to a subgroup for electro-erosive metal-working 
of the "V.D. I.- Fachgruppe Betriebsteèhnik". 

In order to define the characteristic properties of the different 
electrical metal-working processes this subgroup in 1958 made a 
proposal in which electra-erosion was defined as: 

"alle durch elektrische Entladungsvorgänge zwischen zwei Elektroden 
unter einem Arbeitsmedium hervorgerufenen Abtragungen von elek
trisch leitenden Werkstoffen zum Zweck der Bearbeitung, ref. (4). 

In the same proposal the spark-erosion which is the subject of 
the present thesis is defined as: 

"das Abtragen dur eh aufeinanderfolgende, zeitlich voneinander ge
trennte, nichtstationäre oder quasistationäre elektrische Entladungen. 
Die Entladungen erfalgen varwiegend aus Energiespeichern mit Span
nungen von mehr als rd. 20 V während des Entladungsvorganges in 
einem isolierenden Arbeitsmedium". 

It should already now be noticed that the above definition of a 
spark is given regardles s of the physical camprehens ion of this 
parbeular phenomenon but that it is directly based on a superficial 
notion of the principles of metal-working by means of spark-erosion. 

Spark-machining is a machining technique supplementary to the 
conventional methods like turning, drilling, grinding and milling. It 
is, for instance, applicable in such cases where holes of a complex 
shape are to be made in metals. This holds particularly when shaping 
sintered carbide press and die tools. 

Modern technique requires the development of materialsof which 
the technological properties permit ever increasing mechanica! and 
thermal loads. However, in shaping these wear and heat resistant 
materials great difficulties are often met. Many of the problems are 
solved by electro-erosive techniques of which spark-erosion is one of 
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the most frequently used. The reader' s attention is drawn to the 
several reierences descrihing extensively the technical applicability of 
this metal remaval technique (3, 5, 72). 

The knowledge of the laws, however, governing the various 
phenomena accompanying spark-erosion is still limited, a fact which 
impedes further development and economical application of the new 
technology. As an analogon to problems in traditional machining the 
wear of the tool electrode should be considered, which even in a more 
definite way than holds for conventional techniques confines the result 
of the operation as a whole. However, owing to the lack of basic 
knowledge the salution of wear problems becomes very difficult. 
Another problem is the impos sibility to specify beforehand, for a 
given metal, those electrical parameters and technological data that 
ensure most economical production. 

The absence of a univocal theory about the nature of spark
erosion justifies research in this field. 

1. 2. General survey of the problem 

When starting any research the knowledge is required of a number 
of variables which govern in a significant way the phenomenon to be 
studied. In the case of research in spark-erosion there are many 
factors influencing the cour se of the proces s. 

On the occasion of the meeting of group ''E'' of the C.I.R.P., the 
international institution for production engineering research, held in 
February, 1964, at Eindhoven, WEILL of the Laboratoire Central de 
I' Armement in Arcueil, France, presented a table of variables involved 
m spark-erosion machining, ref. (6). The table contains three columns 
of independent variables and one column of dependent ones. 

The independent variables are to be distinguished as follows : 

electrical variables geometrical and material variables 
mechanica! variables 

voltage spark gap nature of the tool 
current density shape of the electrode electrode 
impulse duration accuracy of the nature of the 
impulse frequency machine workpiece electrode 
form of the impulse servo system nature of the 
impulse ene rgy flow and pres sure of dielectric 
characteristics of the dielectric (temperature, etc.) 

the generator kinematic movement of percolation of the 
(control, impedance, the tool electrode dielectric 

etc.) 

The dependent variable s are: rate of metal remaval 
specific application 
surface finish 
form error 
structural modifications. 

When discussing this survey during the meeting in order to get 
an idea about the work to be done on spark-erosion, clear distinction 
between more or less important factors could hardly be made owing 
to the differ e nce s between fundamental and applied research. 
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When we had to choose between these two kinds of research, our 
choice fell on a more fundamental investigation of the process. This 
should not be explained as an arbitrary selection between two 
possibilities but was prompted by our view that the bestway of solving 
a complex problem like the decrease of the electrode wear and the 
increase of the efficiency of the process of spark-erosion, is the 
approach of the basic questions in a more general way. 

Somebasic questions are: What mechanism eaus es theerosion in an 
electrical discharge, and how is the rate of erosion related to the 
physical and chemica! characteristics of the electrades and the 
parameters of the discharge? As to the salution of these problems 
eertaio variables mentioned above are to be considered while others 
may be neglected. 

For reasoos which will be discussed in detail later v<~e hàve 
chosen the impulse energy, the impulse frequency, the impulse 
duration, the inter- electrode distance (= spark gap) , a number of 
physical properties of both the tool electrode and the workpiece 
electrode, the electrical properties of the dielectric fluid, and finaUy 
the ra te of metal removal. The remaining factors are either neglected 
or discussed sideways. 

The experimental programme which will bedescribed below aims 
at a formula of the "chip" production ra te and at gaining some 
iniormation on the conditions in the gap during the process. 

1. 3. General review of publications on spark-erosion 

Although the spark-erosion metal remava l technique has gone 
through a short time of development (about twenty year s) already many 
authors and investigators have published extensive experimental 
results. A number of them give a hypothesis about the mechanism of 
the erosion. 

As the Russians have discovered the process, itmaybe expected 
that the most advanced conception about the nature of the erosion 
phenome na is to be found in their literature: 

LASÄRENKÖ has published (7), a first study of the propagation 
of the discharge channel and the associated phenomena in the spark gap 
and at the electrodes. In refs. (8} and (9) he describes the special 
application of the spark proces s in a gas d-iele c tricum as a method to 
change certain properties of the electrodes, which phenomenon can be 
usefully applied in particular cases. 

A d e tailed model of the erosion process was designed for the 
first time by SOLOTYCH (10), which design was for the gr eat e r part 
confirmed by experiments of his. Especially the influence of the 
physical properties of the material examined by him led to the design 
of the model, which was of an electro-thermal nature. From the same 
author are refs. (11, 71), which are advanced studies of the model 
proposed in ref. (10), r ef. (12), dealing with the impulse duration, and 
refs. (13, 54), giving a discussion about the requirements on impulse 
generator s with relation to the different machining jobs. 

In his thesis LIWSCHIZ (14) deals extensively with the 
construction of the various components of erosion machines but 
particularly with the why and how of the different electrical generators 
and their specia l field of application. The s e rvo m echanism of the 
spark gap control syste m also gets his a ttention. All his ideas are 
founded on the process model of SOLOTYCH. Many m aps of electrical 
circuits are a dded . 
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Several Russian investigators describe in a more or less 
fundamental way the forming and propagation of the discharge column 
and the physical conditions prevailing, refs. (15, 16, 17, 18, 19, 22. 59). 

ZINGERMAN (20) gives a theoretica! derivation of the erater 
depth proceeding from the SOLOTYCH model of erosion. 

The influence of the tool material on the efficiency of the process 
and the wear of the tool electrode with both the frequency and the 
workpiece material as parameters, are described in refs. (21, 23, 24, 
46, 49, 58, 62, 69). 

In refs. (25, 26,27 , 28, 55, 56, 57) some special theories about the 
nature of the metal removal mechanism are to be found. However, at 
this moment these theories are considered obsolete. 

About the technology of the process many studies have been 
made. In particular those conducted in "Das Laboratorium für Werk
zeugmaschinen und Betriebslehre" of the Aachen Technological 
Univer sity have ~ained general interest. 

STUTE (30) discusses the relation between a number of machinirig 
results and both the form of the impulse and the magnitude of the spark 
energy involveci, and, moreover, a detailed calculation of this energy 
in the case of a capacitance discharge. 

KIPS (31) deals with the spark-erosion in the case of rotating 
electrode s, used as a technique suppleinentary to conventiona] grinding. 
The special field of efficient application of this metal removal method 
is illustrated. 

GANSER (32) has, in the range of small impulse energies (up to 
0. 40 J), devoted several series of experiments to the influence of 
geometrical, mechanica! and material variables on the removal rate, 
accompanied by an advanced study about the spark energy and the 
influence of the process on the micro structure of the electrode 
materials. 

OBRIG (33) in his thesis investigated the problems which arise 
in the spark-erosive manufacturing of die tools, giving much attention 
to the function of the dielectric flow through the spark gap and to the 
properties of the erode d surfaces. 

SCHIERHOLT (67) paid special attention to distributions of 
energy over the several parts of the discharge channel. 

T"he influence of the d:lelectric fluid on the process, especially 
in drilling, is also described by MIKUSCH (34), while general 
properties of dielectric fluids are to be found in refs. (35, 60). 

Special attention to spark genera tors is given in refs. (36,37 ,38, 
39,50,61 ,68), while general des c riptions of spark-erosion metal removal 
technique s are given in refs. (29, 40,41, 42, 73). 

The literature concerning the physical phenomena accompanying 
the breakdown and the electrical discharges in gases and dielectric 
fluids, is far too extensive he re to deal with in detail. As a selection 
of the topics considered relevant to the problem presently dealt with, 
refs. (43, 44, 45, 46,47, 48, 51, 52, 53, 74) may be mentioned. 

From this surve y it may be concluded that many aspects of the 
electro-erosion phenomena have already been stuclied more or less 
thoroughly. In our opinion, especially those reports, which give 
information about fundamental characteristics of the process, 
contribute to a better understanding, which may result in the 
development of improved characteristics of the supplying generator 
and the servo system. The reports concerning the technology of spark 
machining may be intere sting from the practical point of view, a lthough 
the y scarcely contribute to the above improve ment. 
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The survey may also justify the search for a more theoretica! 
approach of the spark-erosion phenomena, aiming at the de scription of 
the mutual dependenee of the different variables in a model of more 
general validity, and hence in a physical formulation. 
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2. APPARATUS USED FOR THE INVESTIGATION OF THE 
EROSION PHENOMENA 

2. 1. Introduetion 

As already mentioned the spark-erosive me tal re1noval technique 
has been discovered by B. R. and N. I. LASARENKO (7). For their 
investigations they built up an electric circuit shown in Fig. 2. l. l., 
where a capacitance is charged by a direct current souree via a ballast 
resistance R. 

Fig. 2. 1. 1. Thè LASARENKO or relaxation circuit 

When the voltage across the condenser C has reached the value U, 
the dielectric in the gap between the electrades breaks down. The value 
of U is controlled by the length of the spark gap. For this reason the 
LASARENKO circuit is defined as being of the gap-dependent class. 
After the breakdown a spark occurs, in which the energy CU2/2 is 
fully or partly dissipated. In this particular circuit the energy per 
impulse can be changed by varying the capacitance. The ballast 
resistance R, which is variable in most of the cases, prevents the 
production of an are discharge. 

In thecourseofyears thisrelaxationcircuit hasnot been changed 
essentially, although, for several purposes many supplementary 
elements are added. Inductances are introduced into the circuit, 
forming RCL, LRC, and LRCL-generators, enabling the impulse 
duration tobevaried over a wide range, ref. (14). For an analysis of 
the charging and discharging cycles see refs. (10, 30, 38). 

The servo systems, which maintain a predetermined length of 
the spark gap, vary greatly. In most cases the voltage across the 
gap acts as the reierenee signal. The two electrades are moved by 
hydraulic or pneumatic systems or by reversible motors, specially 
designed for the purpose. For details of these servo systems see refs. 
(14, 42, 73). 

The simplicity of construction and rnainterrance as well as the 
cheapness of the instanation are among the advantages of relaxation 
circuits. 

More heavily weigh the disadvantages, refs. {13, 14): 
1. the narrow change-over region between the impulse current and the 

uninterrupted are current; 
2. the poor efficiency of the circuit (in ref. (38) an optimum of ca. 

0.365 is mentioned); 
3. the impulse parameters and the impulse repetition frequency are 

dependent on the physical circumstances of the dielectr ic in the gap; 
4. pha se change s in the impulse c urrent. 
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DIVERS (29), among others, asserts the chargingtime was found 
to be 28, 3 o/o of the total time, pause time 71 o/o of the total time and 
discharge time only 0. 7 o/o, which numbers have also been found by 
LASARENKO (7). 

For the reasans mentioned, many investigators have proposed 
the construction of impulse generators giving puls es of predetermined 
characteristics, which requirements are also made by industry, ref. 
(50 ). 

The construction of impulse generators giving pulses of several 
kinds for various purposes is still going on, refs. ( 14, 36, 37, 54). It is 
being tried to get rid of the disadvantages of the relaxation circuit 
mentioned above under 2, 3 and 4 by applying various modifications 
such as frequency transformers, electronically controlled switches 
and programmed switches in the discharge circuit, ref. (40). 

Consiclering the variables, which will be investigated in the 
present thesis, especially the disadvantages 3 and 4 of the relaxation 
circuit are insurmountable when applying the relaxation circuit in 
experimental work. For this reason a special electric circuit has 
been built up, with adequate mechanica! machinery. 

2. 2. Experimental arrangement and the electrades 

2. 2. 1. The mechanica! arrangement 

In order to get an unimpeded view of the electrades and the spark 
gap, a special rinsing tank (Fig. 2. 2. l.) was constructed. Front and 
back are made of glas s. In the metal sides nylon plugs we re mounted 

Fig. 2. 2. 1. Photograph of the rinsing tank 

in which slide-bearingholes a re drilled in line . In these slide -bearings 
brass draw-in collet chucks can be moved towards each other . The 
chuckpods are pre-strained on the outside of the tank by spiral springs. 
By means of micrometers which are fixed in clips, mounted on the 
metal sides of the tank, the chucks can be moved against the spring 
tension so that hysteresis phenomena are avoided. The l eads from the 
generator are connected to the pods. The dielectric enters at the 
bottam of the tank a nd can flow back to the central fluid tank through 
v e rtical tub e s in the four corners . These tubes a re perforated at 
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several heights to secure a good flow bath in the tank and the spark 
gap. Between the 140,000 N. m-2 fluid pump and the experimental tank 
there is a paper lamination îilter to filter out the me tal chips and pulpy 
hydrocarbons caused by the process. 

The spark gap control system consists of the two micrometers 
which, operated by hand and pressing against a glass plate fitted on 
the chuckpods move the electrades towards one another in the way 
already described. 

The application of a mechanised servo system has been abandoned 
so far because of the complexity of the special electrical circuit 
applied, and our requirement to change the spark gap arbitrarily 
during the operation. Application of a mechanised system meeting 
these requirements would have been premature in the present state of 
investigations. 

2. 2. 2. The electrades 

All experiments have been carried out with cylindrical 6 mm 
diameter electrodes. This size is sufficiently small to avoid difficulties 
with the dielectric flow through the spark gap, and large enough to 
ensure a reasónable "spark covering degree 11

, which prevents secondary 
effects such as anomalous electrode wear as referred to in (23, 32, 33). 
The spark covering degree is defined as the quotient of the area of a 
single spark and the surface of the electrode and should be small. 
Befare every experiment the spot face of the electrode was turned or 
ground flat. 

When looking for relations between several variables, the 
application of electrades of the same diameter has the advantage of a 
reduced number ofprocess factors. In the first place maybe mentioned 
the unimpeded flow through the spark gap during the operation, an 
important factor especially at higher frequencies. Another phenomenon 
is the high electrode wear at the beginning of a drilling operatien on a 
plate, ref. (32), which is probably caused by the great electric field 
strength at the periphery of the tool electrode. These attendent 
phenomena, which are prevented in the case of equally sized electrades, 
have given rise to experiments regarding optimum electrode forms, 
refs. (31,32,33). As they do notaffect the general erosion phenomena, 
they have notbeen considered in our investigation. 

For reasons, which will be explained in detaillater (3.2.), the 
experiments have been carried out with electrades of the following 
pure materia ls: Aluminium Al, Titanium Ti, Iron Fe, Capper Cu, Zinc 
Zn, Molybdenum Mo, Silver Ag, Tin Sn, Tantalum Ta, Tungsten W, 
Lead Pb. 

Attention has been paid to the purity of the materials, relying 
on the correctness of the data (not checked by us), given by the 
supplying firms. However, the production and purification methods of 
the materials and as a cönsequence, properties like hardness and 
material structure, were disregarded. 

2. 2. 3. The dielectric fluid 

The presence of a fluid in the spark gap is of basic importance 
for the spark-erosive metal remaval technique. It operates in two 
different ways: it decreases the length and the diameter of the spark 
cha nnel, which results in an increase d density of the energy, and it 
removes the erosion products from the spark gap. As a n additional 
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function of less importance it has to absorb the electrical heat 
generated in the spark gap. 

The requirement of a short gap - for several reasans - demands 
the following most important properties of the fluid: 
1. low electric conductivity; 
2. low viscosity; 
3. no change of the dielectric properties of the fluid as a result of the 

process, and hence a low dissolving power for contaminations; 
4. no oxidation or electro-chemical erosion of the electrodes. 

In practice there are some supplementary requirements, refs. 
(32, 34) which, however, are nat essential for the process. 

The influence of a dielectric on the erosion when applying a 
relaxation circuit, has already been mentioned, and the reauiting 
specific demands on the fluid will nat be discussed here because our 
circuit has no need for them. 

Consiclering the experience of the workshop with industrial 
petroleum, most of the experiments have been performed with that 
liquid. This fluid meets the process requirements mentioned above, 
while, apart from the smell it is easy to manipulate. 

The influerice of the dielectric on the process will be discuseed 
in 3. 1. 3. , as will the investigations carried out in several insulating 
fluids, (see 4. 4.). 

A special pressured flow of the spark gap proved not to be 
necessary and thus probably secondary effects, ref. (33), were 
prevented. The sameargument holds for the degree of filtratien of the 
fluid and therefore it has been paid no attention too, refs. (32. 33). 

2. 3. The electrical equipment 

2. 3. 1. Introduetion 

2.3.1.1. Symmetrical and asymmetrical a. c. supply 

1. In view of the variables mentioned in 1. 2. , which will be 
considered in this thesis, a special electrical circuit had to be built, 
because none of the existing arrangements meets the requirements. 

2. Our circuit is based on the hypothesis that the metal remaval 
phenomenon is caused by a combined electron-ion effect. A qualitative 
analysis of this will be discuseed later. 

In the first experiments an electrical circuit, generating 
sufficient power and delivering a symmetrical alternating voltage 
across the inter-electrode spacing, was applied. During one a. c. 
period the charged particles have an equal chance to be destructive 
at bath the electrode surfaces. When the surfaces are the same 
material, the metal quantity removed on both electrades must be the 
same. 

When, for instance, a sinusoidal alternating source, having 
sufficient voltage and power to maintain a discharge after the breakdown 
of the gap, is connected to the electrades, the volume eroded on 
each electrode mustbe the same at any moment, which is in accordance 
with preliminary experimental results. 

3. After this first experience the arrangement is made so that 
the electrades are connected to the generator via variabie resistances, 
Fig. 2. 1. 3. 
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Fig. 2. 3. l. The electrical equipment up .to 3,000 c/s. G =generator, 
0 = oscilloscope, R = variabie resistance, M = calibrated 
me as u ring resistance, V = voltmeter, A = ammeter 

Various types of generator, supplying alternating voltages in 
different ranges of frequencies have been used. All of them supply 
symmetrical voltages, high enough to break down electrode spacings 
of 0. 01 mm up to 0. 20 mm. The variabie resistances are electric 
heater elements capable to dissipate several kilowatts of power. 

4. In preliminary experiments symmetrical metal removal was 
the re sult of electrical symmetry across the electrodes. The supposition 
of asymmetrical erosion, related to electrical asymmetry across the 
electrodes seems to be obvious. This was also checked experimentally. 

Electrical asymmetry across the electrodes can be achieved in 
at least two ways : the first metbod is to superpose a variabie direct 
voltage on the alternating one; another and quite different possibility 
is to apply a rectifier in the discharge circuit. The superposition 
method possesses some disadvantages such as . the complexity of the 
arrangement supplying the variable direct voltage, but particularly 
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the consequence that the impulse energy changes in dependenee of the 
direct voltage applied as shown in Fig. 2. 3. 2. This change of impulse 
energy results from the change of impulse duration, which is not 
desired in our investigation (3.2.2.). These disadvantages are avoided 
when applying a rectifier in the circuit. 

As stated in 1.2., our intension is to give some information about 
the conditions in the gap, basedon experimental results. In our view 
this brings about an investigation into the electron and the ion effects 
during the process. So, a methad is required to separate these effects. 
For that purpose we have chosen the rectifier method. The rectifiers 
we used were Philips silicon diode, type B. Y. Y. 24 suitable for up to 
about 3,500 c/s and Motorola,type 1N 3892 for up to 300 kc/s. 

2.3.1.2. The definitions in literature referring to are and spark 
phenomena 

At this moment the question arises whether we have to do with 
a spark or with an are discharge in a. c. electra-erosion machining. 

The characteristics of the discharges in the inter-electrode 
spacing, as generated by a. c. sources, will be dealt with in more 
detail in the sections 2. 3. 2., 2. 3. 3. and 2. 3. 4. In general these 
discharges possess the following characteristics: at a certain voltage 
a breakdown of the dielectric in the gap occurs accompanied by a 
streng voltage drop. After the breakdown the voltage stabilises at 
what is known as the burning voltage, whereas the current fellows the 
current characteristic of the supplying source. At the end of half a 
period the discharge extinguishes. 

It is the aim of the author to give in the following pages some 
data camparing these a. c. discharge characteristics with the general 
descriptions of discharges in reliable literature on the one hand, and 
with condenser discharges, which in general are considered the 
exemplar specimen of spark discharge, on the ether. 

1. In literature it is hardly possible to find a univocal definition 
of the notions "spark" and "are". Most of the investigators of spark
erosion understand a spark as being the discharge of a charged 
condenser follöwed by a dead interval. In gener al, an are is considered 
to be a discharge stationary in time. 

2. VON ENGEL and STEENBECK (44) distinguish between 
stationary discharges and events which are understood to be instationary 
such as the breakdown of gaps. The stationary discharges are divided 
into non self-sustained discharges and self-sustained ones, the latter 
of which can be divided into dark or TOWNSEND discharges, glow 
discharges, abnormal glow discharges and are discharges. With a 
high pressure glow discharge the current density near the cathode 
increases proportionally to p 2 while in the cathode drop region it 
decreases proportionally to 1/p, and hence, the energy transferred 
in the region close to the cathode increases proportionally to p 3 • In 
many cases this condition may induce a transition of a high pres sure 
glow discharge into an are. The latter type of discharge is characterised 
by these authors as being a discharge with a very small cathode voltage 
drop as compared with the ether types; this is shown in Fig. 2. 3. 3. 

The difficulty to distinguish between an are and a type of discharge 
normally used in metal removing, and generally referred to as being 
a spark, may be illustrated by consiclering the obviously narrow 

13 



300 

200 

100 

10 .. 10 

u . 

-r i Al 

Fig. 2. 3. 3. Characteristic of gas discharges, ref. (44). Shownis the 
narrow transient region of the two main types of discharge 

transition region between a glow discharge and an are, while keeping 
in mind the definition of an are mentioned above. As a matter of fact, 
the characteristic of a condenser discharge which is often taken as the 
example of a spark discharge (Fig. 2. 3, 4.), also shows a low voltage 
drop. For this reason the authors mentioned above describe this type 
as an are, of which the stability is controlled by the electrical 
properties of the discharge circuit. 

3. COBINE (43) defines an are as being a discharge with a very 
high current density as compared with the normal and abnormal glow, 
Fig. 2. 3. 5. In some cases this high current density is obtained by 
thermionic emission from high melting materials. In the case of low 
melting materials the high current density is caused by high vapour 
density. In general, a mechanism of electron emission which is very 
düferent from that of a glow discharge. 

4. LOEB' s definition (74) of a spark, based on the TOWNSEND 
concepts, is "an unstable, irreversible and transient phenomenon 
sametimes marking the transition from one more or less stable 
condition of current between electrades in a gas to another more 
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Fig. 2. 3. 5. Characteristic cathode current densities, ref. (43) 

stable one under imposed conditions". So under certain conditions a 
spark may mark the transition from a glow discharge to an are. LOEB, 
however, supposes that the TOWNSEND mechanism -which will not be 
dealt with here- does not occur for the value of the product px d if this 
exceeds 267.N.m -1. 

5. Basedon his own experiments concerning the influence of the 
coefficient of secondary ionisation, JON ES ( 4 7) on the contrary supports 
the view that the development of a high pres sure spa rk can be explained 
quantitatively by a mechanism of the TOWNSEND type and that there 
is no reason for assuming a different mechanism. 

The condusion made from all these definitions and descriptions 
of the mechanisms of "spark" and "are" may be that the image of them 
is a very confused one. Within the scope of this thesis it is impossible 
to make a justifiable choice. 

2.3.1.3. Properties of arcs as referred to in literature 

Some of the most important properties of an are will be 
summarised: 

1. WEIZEL and ROMPE (51) consider an are to be a discharge 
generating a therma-plasma of high temperature (4,000 - 10,000üK) 
through thermionisation which is maintained by the JOULE heat. 
This therma-plasma is electrically quasi-neutra1, in thermal 
equilibrium, and it emits speetral lines of gas or vapour atoms. The 
tempera ture of the electrades is much lower ( 4,0000K for C-electrodes, 
3,000°K for W - electrodes), while b etween the electrade s and the 
plasma column there is an ionisation area where the burning spot is 
form e d by contraction of the column. T hese burning-spot-stabilised 
arcs have generally smallinte r-electrode spacings, whereas electrode
stabilised arcs (by heat conduction of the electrodes) have greater 
electrode distances and a shape of are like a chopped e llipsoid. 

In general the physical nature of the a re is determined by the 
border conditions (leng th, diameter, etc. ). The r a dius of the discharge 
channel is d ependent on current and powe r. Arcs of high powe r have a 
n egativ e voltage-curr e nt characte ristic , ref. (43). 
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2. VON ENGEL and STEENBECK (44) distinguish between: 
( 1) field ar es, caused by the evaporation of the cathode material and 
(2) thermo ar es caused by thermionic emis sion due to heating up of the 
cathode, a mechanism which is also responsible for the transitwn of 
an abnormal glow discharge into an are. The cathode voltage drop 
amounts to 5 to 20 V over a distance of the order of magnitude of 
10-3 mm or less. 

The voltage-current characteristic of an a. c. are shows a 
hysteresis due to temperature delays (Fig. 2. 3. 6.). After every 
current dead time the discharge across the gap must be reignited and 
this is introduced by space charges (importantfor this process), which 
also affect the building up of the discharge current as a function of 
time. The reiguition voltage increases asymptotically with time. 
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Fig. 2. 3. 6. Voltage-current characteristic of an a. c. are showing 
hysteresis due to temperature delays, ref. (44). 

3. COBINE (43) accepts the existence of two different shapes of 
ar es : a high-pres sure are with a high gas temperature (5 ,000-6,0000K) 
and a low-pressure type with a relatively low gas temperature (a few 
hundred degrees) but with a high electron temperature ( 40 ,000°K). 

In a. c. arcs the reignition voltage is dependent on the electrode 
material, the gap length and the circuit components (R and L), while 
electrode impurities are responsible for random variations in 
reiguition voltage. 

2.3.1.4. Properties of sparks as referred to in literature 

A summary of spark properties is given in the following: 

1. WEIZEL and ROMPE (51) distinguish between a quasi
stationary are and a real spark. The former is characterised as an 
are with current-voltage fluctuations of moderate amplitude and a 
frequency less than 10 5 c/s, because a time of t = 10-S s is required 
to establish an equipartition of energy between the electrous and 
atoms. Disturbances of higher temperature would cause a frequency 
between g a s and electron temperatures. 
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The building up and the behaviour of a spark with a duration 
< 10-7 s is characterised by the following steps : 

1. 1. The breakdown of the gap accompanied by the formation of a 
therma-plasma of moderate temperature (3,000°K). 

1. 2. The setting of a plasma with an electron temperature of T = 
50,000°K duringa time of t = 1o-8 s. 

1. 3. The flow of energy through the channel. The higher the pressure 
the smaller the discharge duration proved to be, and the langer 
the channel, the greater is the discharge duration. At the end of 
the flow of energy the plasma reaches its maximum temperature 
which the authors assume to be independent of the channel 
diameter. 

1. 4. Radiation of the plasma energy and equalisation of the electron 
and gas atom temperature. The initial difference might have been 
caused by the absence of equilibrium in the interaction between 
electrans and atoms as explained above. In this phase the dis charge 
channel shows strong expansion. 

1. 5. Deionisation of the discharge channel. 

2. GLASER and SAUTTER ( 48) consider a spark to be a condens er 
discharge. In their apinion the dimensions of the breakdown channel 
are coupled with the electron temperature which is of the order of 
50,000°K for a discharge having a pxd-value much greater than 1,335 
N. m - 1 • This temperature increases when the field strength increases 
and decreases with increasing channel width. The diameter of the spark 
fluctuates in accordance with the characteristic of the condenser 
discharge. It decreases with increasing inductivity in the circuit. 

The authors distinguish three phases during the discharge: 
2. 1. During the first stage a breakdown occurs followed by a discharge 

which at first is aperiodical, but which, because of decreasing 
spark resistance as are sult of the increasing channel diameter, 
changes into a periodica l dis charge. 

2. 2. In the second phase the spark resistance reaches a minimum and 
an almast constant burning voltage is established. 

2. 3. Finally, the energy can be dissipated by the channel medium at 
constant burning voltage. The ratio between the durations of these 
three phases depends on circuit inductivities. 

The spark resistance can be expressed as a function of the spark 
dimension, the tempe rature, bath of which are depende nt on the spark 
energy, and the spark radiation. At low temperatures this radiation 
consists of a line emission, at moderate temperatures of a 
recombination emis sion and a brems strahlung and at high 
temperatures of a quasi-black radiation. 

3. WEIZEL (45) describ es the building up of a plasma of low 
energy l evel during the breakdown, which will take up (inductivity 
dependent) energy during the discharge. After that, the energy will be 
emitted by radiation. 

4. The work of LOEB and MEEK (74) concerns the mechanism 
of the brea kdown of gaps. As already stated the TOWNSEND mechanism 
does not occur a t a pxd-value > 267 N. m - l , for which case MEEK has 
propos ed the stream er theory. In ac cordance with this me chanism the 
breakdown is introduced by a positive space charge stream er beginning 
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at the anode and growing to the cathode. This strearner is caused by 
ultraviolet radiation, originating frorn atorns excited by electron 
collisions. Not the total nurnber of ions is assurned to be essential, 
but their density, in order to secure a sufficient nurnber of photo
electrons. The deviation of this model frorn PASCHEN's law seems 
to be of a neglectable order. 

5. SPIWAK and STOLJAROWA (53) distinguish two stages in the 
building up of the plasma of an electrical irnpulse discharge. 

During the firsr stage a strong movement of directed electrans 
cornbined with electro-optical pheno·mena arises. These optica! 
phenomena are caused by positive charges in the axis of the dis charge. 

In the second phase the directed electron rnovernents are 
disturbed and a positive space charge is built up. 

Tagether with the results of previous experirnents the authors 
have concluded to a mechanism of plasma growth in which successively 
occurs: 
(1) the forming of afocussed gas jet accornpanied by a positive space 

charge (especially axially); 
(2) the developrnent of a relatively high potential drop near the anode 

as a result of the unequal rnobilities of electrans and ions which 
(3) will finally be distributed over the gap, forrning a stationary 

plasma. In this established situation sorne electro-optical effect 
may be present in the region close to the electrodes. 

The inforrnation gathered in these sections will find application 
in the arrangement of our experimental equipment, described in 2.3.2., 
as well as in the discussion of our model of the erosion process which 
will be given in 5. l. 

2.3.1.5. Material remaval 

In all the sourees of literature mentioned above, hardly any 
inforrnation is to be found about the rnechanis·m of electrode material 
rernoval, because this phenomenon was neglected as a disadvantageous 
additional one, except for those investigators who paid attention to the 
cathode sputtering and the are welding problerns. 

Probably the most extensive data are to be found in ref. (lo). 
Without entering into details, which will be discussed later (3. l. and 
5. 2.), some general erading properties must here be dealt with in 
order to be able to select the discharge forrn which is required for 
metal-working. Afterwards the electrical characteristics will be 
corn-pared with those which meet these requirements. 

Today, it is generally agreed that the electrode erosion of an 
are dis charge in a dielectric is of a purely therrnal nature, not allowing 
the form and the relief of one electrode to be printed on to the other. 
This is clearly dernonstrated by the hole drilled in a plane rnilling 
cutter, ref. (10). 

Another disadvantage of the are is the large measure ofprofound 
modification in the roetal structure of the electrodes, ref. (40). 
Probably the temperature on the electrode surface reaches too high a 
value during too long a time, for which reason this discharge form 
will receive no further consideration with respect to practical 
applicability. 

Characteristic of the erosion by means of a spark, caused by 
the discharge of a capacitance, is the dependenee of the inter-electrode 
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medium. For instance, in a fluid dielectric the ra te of erosion reaches 
a much higher value than in the presence of a gas. The rise of the 
ternperature of the electrodes is also slighter than in the case of an 
are, while the print accuracy of one electrode to the other, pos sibly 
caused by electro-optical effects, ref. (10), represents the value of 
this metal removal technique in practice. 

Therefore, it may be clear that the characteristics ofthe irnpulse 
generators used in the present experiments mustbe compared generally 
with those giving a spark, and particularly with those discharges which 
occur in capacitance circuits. In this way also commercially obtainable 
generators rnay be selected for their general applicability. 

2. 3. 2. Equiprnent for a frequency of 50 c/ s 

In behalf of experiments with a frequency of 50 c / s the voltage 
of the rnains is applied. For reasons of safety separating transfarmers 
are connected between rnains and auto-transfarmer, the latter rnaking 
it possible to vary the voltage across the gap (Fig. 2. 3. l.). 

So the symmetrical alternating voltage was a sinusoidal one . Let 
us consider the characteristics, Fig. 2. 3. 7.). 
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Fig. 2. 3. 7. Current and voltage characteristic 
of a sinusoidal spark i:mpulse 

At a certain voltage (dependent on the gap width) the dielectric 
in the gap breaks down followed by a voltage drop of a few dozen volts, 
reaching the burning voltage for that gap width. This burning voltage 
is 15 to 22 V, dependent on the electrodematerial, the inter-electrode 
spacing and the dielectric. Immediately after the breakdown the current 
reaches a value answering OHM's law regarding the gap resistance of 
that moment. 

Goropared with the characteristic of one half cycle of a c onden s er 
spark (Fig. 2.3.8.) there seern s to be no difference of any appreciable 
importance. Ho wever, in the case of the condens er discharge, some 
alternating half cycles (r e sponsible for the erosion of both the 
electrodes) can a rise with practica lly no current dead intervals, 
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Fig. 2. 3. 8. Current and voltage characteristic 
of a condenser discharge 

whereas the deionisation of the gap takes place after the dis charge. As 
shown by the high breakdown voltage in our circuit deionisation occurs 
after every half cycle, that is, it must occur after every half cycle, 
otherwise the discharge changes to a form with no current dead time 
(are). In our setup this changing to an are can occur in the case of too 
small a spark gap and it is accompanied by a characteristic as shown 
in Fig. 2.3.9. The changing magnitude of this spark gap depends on 
the electrode material. 
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Fig. 2. 3. 9. Characteristic of a sinusciclal are discharge 

A comparison of the voltage-current characteristics of condenser 
sparks and our sparks (Figs. 2. 3. 4. and 2. 3. 10.) does not show any 
obvious differences. The characteristics compared with the hysteresis 
curve of an a. c . are (Fig. 2. 3 . 6.) can lead to the assertien tha t there 
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is no duferenee either. A condenser spark may be understood also as 
an are, which would be in accordance with the conception of VON 
ENGELand STEENBECK (44). Their definition of an are as a discharge 
with a very small cathode drop holds here too (see Fig. 2. 3. 3.), just 
as the definition of COBINE (43) in view of the current density. 
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Fig. 2. 3. 10. Voltage-current characteristic 
of a sinusoidal spa rk impulse 

Withoutventuring a pronouncement on the nature of our discharge 
form and of that of a condens er, it is he re stated that there is no 
evident relative difference between these discharge farms, and probably 
between their me tal remaval mechanisms, preconceiving a dis charge 
characteristic corresponding to Fig. 2. 3. 7. 

The energy per impulse in this frequency range is from 200 mJ 
up to l ,500 mJ. 

2. 3. 3. The machine generator (up to 3,000 c/s) 

For frequencies up toabout 3,000 c/s a special machine generator 
has been built. This setup consists of a direct current motor (Heemaf, 
12 kW), independently excitedandcontrolled bymeans of transductors, 
Pinteh-Bamag manufacture. The number of revolutions of the motor 
is continuously adjustable between about 2.5 and 50 rev. s - 1 • A belt 
drive, having a gear ratio of 1 : 2, drives two series connected 
generators. The generators are of Thomson-Houston, capable to supply 
160 V and 15 A at 48 rev. s -1 • This machine generator delivers also a 
sinusoida1 current and voltage of which the frequency fluctuates 
somewhat with the load. 

Experiments have been carried out at frequencies of a bout 3,000 
c/s and around 1,500 c/s. 

The current-time, voltage-time and current-volta~e 
characteristics at these frequencies are the same as those at 50 cjs. 
Therefore, the farmer discussion about spark properties holds here 
too and needs no further consideration. 

The energy per impulse is from 5 mJ up to 40 mJ for a 
frequency of 1,500 c/s and from 3 mJ up to 30 mJ for 3,000 c/s. 
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2. 3. 4. Equipment for the higher frequencies 

Machine generators are not suitable for frequencies from some 
dozens of kc/ s up tosome hundreds of kc/ s, and special high frequency 
oscillators have to be built. For our research a series-fed Hartley 
oscillator having an output of about 3.5 kW was used supplying 
symmetrical sinusoirlal voltages (Fig. 2. 3. 11.). The frequency can be 
varied in the usual way. 

TBS/25 ·?1-
I 

.----, 
Q.62mH 1t 

4• I 1.8mm 
2.5~~~~ ~ 0.88mH 

I tn par. 164~H 
lil 8 t 

Ulmm 

BU2 

.. 
"' 2_8~o pF I 
JOk V in par. I 

~ 

u 

3.5 mH 11 .o'14m~t I 
coppertubt I 

-. 
e 
:::> 

J, x JOOOpF
1

jOkV in par. 

i 4• 3000pF:iokV In P>' ._____, .. I 11 

I Umm 

BU4 I 

x 

"' 

lil 81 
1,8mm 

BUl BUl ~~·~w.!!_!r ___ _j 

Fig. 2. 3. 11. Hartley oscillator for a frequency of 
about 50 kc/ s with the pulse former 

HF 
output 

The first experiments were performed at a frequency of about 
50,000 c/s. Therefore, an inductivitz of 0 . 88 mH consisting of 80 
litzendraht turns 10 x 80 x 0.04 mm together with a capacitance of 
10,000 pF is applied. The winding coupling the load circuit to the 
inductivity consists of a ring of copper tubing with an inner diameter 
of about 205 mm. 

As shown in preliminary experiments the discharge characteristic 
of these sinusoirlal puls es changes easily from aform with an interrupted 

Fig. 2. 3. 12. Photograph of a high frequency sinusoirlal are dis charge 
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current to one of an uninterrupted current (are), Fig. 2.3.12. For that 
reason the impulse form had to be changed. This was done (see Fig. 
2. 3. 11.) by connecting two ferroxcube core transfermers in parallel 
and saturating them by the oscillator. The secondary windingsof these 
transfermers are series connected with the electrodes, delivering pulse 
characteristics as shown in Fig. 2. 3. 13. The current dead intervals 
are clearlyvisible. The energy in the core transfermers is dissipated 
by means of cooling water. Evidently, this reduces the output to the 
electrode.s. 
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Fig. 2. 3. 13. The high frequency pulse as shaped by the pulse former 

The energy per impulse for this frequency is from 35.,..t~J up to 
115ft J. 

To avoid electro-magnetic interference in the neighbourhood the 
whole equipment was housed in a Faraday cage, Fig. 2. 3. 14. 

Fig. 2.3.14. Photograph of the Faraday cage with research equipment 
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2. 4. Measuring instruments and quantities 

2. 4. l. Mechanica! methods and quantities 

Theerosion of the electrodes, which is the essential mechanica! 
quantity, can be expressed in two ways: 
(1) as a material volume per unit of time, and 
(2) as an eroded volume converted per discharge. 

The latter dirneusion requires the experiments to be carried out 
with the help of impulse counters which are to be combined with logic 
circuits, see ref. ( 68). In view of the several frequencies applied this 
is an expensive matter. 

The first possibility (a volume measured per unit of time) is 
very simple and possesses an accuracy which, as shown by preliminary 
experiments, can compete with results obtained by using the complex 
apparatus just mentioned. Essential in this co·mpetition is the 
sensitivity of the spark gap regulating system for dead intervals, 
such as happens if short-circuits arise or if the ignition fails. In view 
of our control system and its limited accuracy (the overall dead time 
being estimated to be less than 2% of the duration of an experiment) 
the eroded volume is measured per unit of time. 

The volume is determined by measuring the weight of the 
electrades befare and after the experiments and conversion of this 
weight into volume by means of the specific weight. For this purpose 
a precision balance (Mettler, type B 5) is at our dispos al with a 
measuring range up to 1.962 N and a readability of 9. 81 10-7 N. 

The time is measured with a stop-watch (Jacquet). 
The spark gap control system consists of two micrometers 

(Shardlow) rnaving the chuckpods in the way already described (2.2.1.). 
The operator effects the control on the ground of the reading from a 
voltmeter, with which he measures an arbitrary voltage across the 
gap. Owing to the presence of the pre-loading springs the micrometers, 
readable up to 2...um and interpretab1e up to 1pm, show no hysteresis, 
and therefore are capable to measure the inter-electrode spacing. 
For this purpose an ohmmeter is used to define the zero -point at the 
moment of short-circuiting the electrodes. The ohmmeter is a Philips 
universa! ·measuring instrument, type B 817,000. An inaccuracy in the 
measurement of the gap greater than 1pm owing to the measuring 
instruments will nat occur. 

2. 4. 2. Electrical methods and quantities 

The essential electrical data which have to be measured are the 
voltage across the gap, the current in the discharge circuit, the 
impulse duration and the impulse repetition frequency. As these data 
fully determine the electrical conditions in the gap, and as in this 
phase no interest is taken in the supply power (the arrangement is an 
experimental one), measurements are carried out only in the direct 
neighbourhood of the electrodes. 

In order to determine the energy in the spark gap one of the 
following three methods is commonly applied: 
( 1) the calorimetrie method, 
(2) the diagramrnatic integration of an oscilloscope image, and 
(3) the use of specially developed wattmeters,ref. (61). 

In our investigation the integration methad of the image on an 
oscilloscope of high stability is used, especially in view of the 
discharge characteristics (Figs. 2. 3. 7. and 2. 3. 13.). 
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Distinction must be made between the measuring instruments 
and techniques at low and at high frequencies. For the range up to 
about 3, 000 c/s the oscilloscope used was of the dual-beam type, 
nr. 502, as manufactured by the Tektronix Corporation. 

In order to determine the correct value across the gap it is 
necessary to measure this voltage near the electrode gap and with 
short leads to the oscilloscope, avoiding the creation of a large 
magnetic flux area and consequent inaccuracies by induced voltages. 

For measuring the discharge current it is important that the 
voltage drop across a known resistance is strictly proportional to the 
discharge current. Errors may be caused by increased temperature 
of the ·measuring resistance, and by too great componentsof non-ohmie 
behaviour in it, the latter errors holding especially at increased 
currents and frequencies, ref. (30). 

In behalf of our current and voltage measurements a special 
panel was constructed containing a measuring resistance which 
consisted of a ·manganin winding of l ohm and an ammeter (Hartmann 
und B raun). The spark potential is measured at the output terminals 
of the panel and the voltage corresponding with the current is measured 
across the calibrated resistance mentioned above. The leads to the 
electrades were kept short so that the induced voltage could be 
neglected. 

A current of 10 A at most with a frequency of 3, 000 c/ s does 
not affect the current measurements within the limits of accuracy. As 
the temperature coefficient of manganin resistances is a bout l 0-5 1/0K, 
the change of resistance will be about 1% because the average operating 
temperature is 773- 973 °K. 

Parallel to the oscilloscope across the output terminals a second 
voltmeter (A vameter, A. V .0. 7) is connected. This voltmeter acts on 
the principle of an integrator and so it records immediately and with 
a high sensitivity alterations in the breakdown and burning voltages 
across the inter-electrode spacing, which are linearly dependent on 
the gap length, refs. (10, 30, 32). The voltage, measured in this way 
and rapidly altering with the spark gap, cannot be used for quantitative 
calculations but represents an excellent base for spark gap controL 

Bath the impulse repetition frequency and the impulse duration 
can, with an inaccuracy within 6 o/o (4. l.), be measured from the 
characteristics shownon the oscilloscope. For reasans which are dealt 
with in 3. 2. 2. the impulse duration is not taken into consideration; it 
is, however, i·mplicitly included in the planimetration of the surface 
enclosed by the current curve and the current zero line. This 
planimetration is carried out for the sake of impulse energy 
calcula ti ons. 

The impulse energy is defined as: E =/Ub. I. dt. However, in 
accordance with the voltage characteristic, Ub may be considered to 
be constant during the spark duration, so that the impulse energy is 
detertnined by multiplying the above mentioned measured area by the 
constant burning voltage (Fig. 2. 3. 7 .). 

Inviewofthe change in energy with the change of inter-electrode 
spacing, our experiments were carried out for five minutes with a 
constant gap length ( controlled by the Avometer ). At an arbitrarily 
chosen ·moment during this time a photograph of the oscilloscope 
image, representative of the spark current and voltage of that 
experiment, was made by means of a camera loaded with a high speed 
film (Polaroid camera, type 2620, Polaroid land picture roU, type 
47, 3,000 ASA), seeFig. 2.4.1. 
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Fig. 2. 4. 1. Photograph of the research equipment 
for medium frequencies 

In order to determine the energy an Ott-planimeter, type 31, 
was applied. 

For experiments in the higher frequency range the measuring 
instruments and techniques have to be changed: 

For instance, the current measurements carried out by means 
of measuring the voltage drop across a known resistance would meet 
practical difficulties, owing to the requirement of earthing one 
electrode. For that r e ason a special measuring c oil was built (see 
Fig. 2. 4. 2 .). A voltage induced in the secondary winding of the coil 
by the dis ch a rge curr ent was r e corded by an oscilloscope. 

The voltage drop across the gap was measured immediately at 
the electrades via a capacitive attenuator. The appliance used comprised 
a dual beam oscilloscope as manufactured by Solartron, type C.D.1400R 
with two pre-amplifiers, type C.X. 1441 and one time-base, type C.X. 
1443. 

For a direct measure·ment of a n arbitra ry voltage across the 
gap used a s a b a sis for spark gap control, the Avomete r no longer 

HF output 
~l ec1rodK 

Fig . 2. 4. 2. Circuit d iagram of the meas u r ing inst ruments for 50 k c/s 
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meets the requirements. Hence a special diode detector is applied 
tagether with a Philips type P 817,000 universa! measuring instrument 
connected in parallel with the oscilloscope across the electrodes. 

All the electrical parameters as the impulse energy, the 
frequency and the impulse duration are measured in the way as already 
des cribed. Especially in this frequency range the measuring leads 
we re kept as short as pos sible to avoid induced voltages. For the 
same reason the measuring components such as the coil, the attenuator 
and the diode detector had to be mounted in a metal housing. 

3. FACTORS INFLUENCING THEEROSION AND ADIMENSIONAL 
ANALYSIS OF THEIR MUTUAL RELATION 

3. 1. The factors influencing the erosion 

3. l. l. Introduetion 

In order to judge about the factors probably influencing the 
erosion one has to know more about the subject under discussion, that 
is, a rough model of the mechanism of erosion has to be built up, 
based on data and ideas to be found in literature. Several conceptions 
exist concerning the mechanism of metal remaval by electric sparks : 

l. Some investigators hold the v iew that the erosion is caused 
byevents of a purely mechanica l nature. 

WILLIAMS (25) obtains a very satisfactory correlation between 
a major component of the erosion and electric field farces. These 
farces were said to arise because of high electric field gradients and 
field farces on the positive ions of the metal crystal lattice at a point 
on the surface of the materiaL 

In co-operation with SMITH (26) he has c ollect ed data which 
supply some confirmatien of this electric field force hypothesis and 
lead to a formula of the removed erater volume as a function of the 
discharge duration, the current pulse magnitude and the ultimate 
tensile strength of the electrode materiaL 

Later on, tagether with FELDMAN (27), he suggested the 
possibility of sputtering of a large number of atoms owing to phonons 
whos e energy is situa ted within the narrow resonant absorption peak 
of the e lectrode atoms and whi rh phonons we re said to be produced by 
a bombardment of the e lectrode surface by ions. This model prediets 
dependency of erosion on 
(1) the weight of the atoms of the dielectric, 
(2) the number of atoms arriving per unit of time on the surface of the 

electrodes, and 
(3) the atomie weight of the cathode and anode materials. 

2. HINNÜBER and RÜDIGER (28) are of the apinion that as a 
result of short-time local heat impacts heat stresses of enormous 
magnitudes cause tearing off of monocrystals or groups of crystals 
from the electrode surface. Melting, boiling and sputtering phenomena 
distart the model to a great extent. 

3. MANDELSHT AM and RAISKII (55) identify theerosion with the 
destructive action due to the kinetic energy of a high speed jet of high 
t emperature metal vapour. 
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4. RUDORFF (56) suggested the involvement of asciilating 
mechanica! forces, similar to those 1n cavitation, resulting in 
exceeding the material strength. 

5. DIVERS (29) compared the spark-erosion process with the 
creation of moon craters by meteorites : "Sparks, the equivalent of 
meteorites, move from electrode to electrode at high speed. The 
electrical energy content of this fast moving mass is brought to an 
immediate halt, a high pressure is produced and an explosion takes 
place blowing the metal out of the dish. The splitting action of the 
pulse is so great that all elements in the gap and the electrode show 
an atomie spectrum." 

6. LASARENKO (7), however, believed the metal removal 
mechanism consîsted of an electrolytic action sustained by electro
dynamic forces. 

Much greater is the group of investigators who assume a 
mechanism of an electro-thermic nature, leadin~ for which is the 
modeldescribed forthefirsttimeby SOLOTYCH (10). He distinguishes 
two stages in the erosion proces s, viz. during the first stage a 
weakening of the binding of a certain material quantity on the electrode 
surface takes place owing to the high temperature caused by the impact 
of charged particles on a localised surface area. After this so-called 
quasi-static stage the immediately following dynamic phase occurs, 
during which the softened material quantity is elevated and removed 
from the electrode surface by a combination of forces (see 5.2.). This 
model has been supported by the author on the ground of experimental 
data obtained by high speed photography (see 5. 2.). 

Several experimental results sustain the supposition of a 
mechanis·m of an electro-thermic nature : "electro" because of the 
removing energy which is supplied in the form of electrical energy; 
"thermic" in view of, for instance, the ·microscopie visible remnants 
of melting phenomena on the electrode surfaces, refs. (10, 32, 33, 40), 
the spherical shape of the removed metal "chips", refs. (32, 33) and 
Fig. 4. 4. 5., indicating the preceding fluid state, and finally, the 
change in microscopie structure of the electrode material in the direct 
neighbourhood of the crater. 

After camparing all the above mentioned metal remova1 
hypotheses it was decided to set up our experiments starting from an 
electro-thermic model of erosion. This implies almost automatically 
a consideration of the physical propertie s of electrode materials and 
of electrical factors important to the process. 

3.1. 2. The physical properties of the electrode material 

A mechanism of erosion of a thermic nature once accepted, it is 
evident that much attention has to be paid to thermo-physical materia l 
d a ta, although in some litera ture different data are considered. 

So in ref. (26) the authors, in accordance with their mode l, 
deduced from experimental curves a dependency of the eroded erater 
volume as a function of the ultimate tensile strength of the electrode 
materiaL This model, however, had to be dismiss ed. 

The predietien of ref. (27) with a d ependency of erosion on the 
atomie weight of the electrode materials has also been neglected by us 
owing to the image that only the energy gained by the charged particle s 
crossing the . gap accounts for the heat develop:ment. 
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The conceptions of the mechanism of erosion, mentioned in 
3.1.1., will not bediscussed indetail here; even if someoftheassumed 
phenomena may occur, their effect is probably of minor importance. 

In ref. (24) it is stated tha t for the case of graphitised tool 
electrades there is a relationship between the wear of the graphitised 
material and the bending strength of the workpiece materiaL 

VEROMAN (22) deals with experimental results in accordance 
with which in the machining of plastic tungsten-carbide (containing a 
high degree of Co) the erosion depends on plastic properties. 

Finally, GANSER (32) es tablishes a dependency of theerosion on 
the VICKERS hardne ssof the electrode materiaL The reliability in these 
results, however, is too indistinct to pay more attention to them. 

Thus the m a terial properties to be conside red are restr ict e d to 
the thermo-physical properties, while the influence of the electrical 
material data is dealt with in 3. 1. 3. 

3.1.2.1. The specific heat 

Some investigators in their d e ductions of the eroded volume as 
a function of materia l properties, consider the specific hea t as a n 
independent variable. 

So in ref. (21) the authors distinguish between specific heat 
ranges from ambient temperature up to melting point, from melting 
to boiling point, and from boiling point up to the temperature of the 
spark channeL 

In ref. ( 46) the average spe c ific heat in the solid and liquid 
state s has been t a ken into account, when aiming a t an energy b a l a nce 
of the proce s s. 

A single dependency, however, between the electrode erosion 
and the specific heat of the material cannot be found in literature, 
which is in accordance with the experience formulated by SOLOTYCH 
( ll ). In his hypothesis there is no linear conneetion between the 
erosion a nd any particular single thermo-physical m a ter ial datum. 

M a ny investiga tors, on the contrary, conce rning the m e tal volume 
removed, p a y atte ntion to the influe n ce of the hea t c a p acity per unit 
volume, consisting of the product of the specific heat and the specific 
mass. This is also more in accordance with the fact that the m e tal 
remava l is measured per unit volume. Therefore the heat capacity 
will be considered in our investigation. Later on (3.2.) a nother reason 
for the c hoic e in favour o f the heat capacity will b e expla ine d. 

3. l. 2. 2. T he specific m a ss 

No indication exists in literature about a single relationship 
between the eroded volume and the spe cific mass of the electrode 
materia l; assuming, however , an erosion model of a thermic n a ture 
there is no g round e ither to suppos e suc h a r e lation. A s already 
m e ntione d in the p re c e ding section s e v e r a l a utho r s, deriving 
the ore tically r e l a tions b e tween th e e rosion and the mat er i a l data , 
t a k e i n to account the h eat cap acity p er unit volume including the 
specific mass: 

KOVÁCS (22) in his investigation of the depende n c y on time and 
on powe r of the a mount of erosion starts from an a s sume d e quation 
containing the h e at c a pacity. 

SOLOTYC H (11) r e f e rs to the erosion a s a functio n o f the h ea t 
qua nti ty n ece ss a ry fo r a lteration of the pha s e of the e roded u n it m a ss, 
this h eat quantity b e ing a funct io n of the heat capacity . 
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PALATNIK (69) defines the resistance toerosion of the electrodes 
by the relationship between several factors also including the heat 
capacity. 

JONES (46) çletermines by means of an energy balance the 
conneetion between several material data and the removed metal 
volume, resulting in a relationship with the heat capacity as one of the 
variables. 

There are several more authors who consider the heat capacity 
to be an important factor in spark erosion. 

Proceeding from the results of these other investigators which 
have been more or less proved by themselves, and consiclering the 
fact that every temperature alteration in a metal quantity of a given 
volume is determined by the heat capacity of the material, the 
assumption that this physical material constant must be taken into 
account in our investigation may be justified. 

3.1.2.3. The heat conduction coefficient 

As has been shown by the experimental results of several authors 
there seems to exist a direct relation between the metal volume 
removed and the heat conduction coefficient of the electrode materiaL 

SOLOTYCH (10), like GANSER (32), shows an increasing amount 
of erosion of the cathode at decreasing heat conductivity of the materiaL 

Without giving any data, OBRIG (33) points out the influence of 
the heat conductivity on the amount of erosion, as does KIPS (31) in 
his thesis. 

Later on, SOLOTYCH (11) supposes the eroded volume to be a 
function of the specific heat flow through the electrode surface which 
ir.. its turn is dependent on the heat conduction coefficient. 

PALATNIK (69) in his definition already referred to concerning 
the resistance to eroswn of the electrodes, also takes this conductivity 
into account. 

The same can be found in JONES' deduction, ref. (46),of the 
volume of eroded metal per spark in termsof the physical constants of 
the electrode materials. 

From this review of the literature sourees it may be concluded 
that when investigating the erosion phenomena starting from a model 
of thermic nature, the heat conductivity must be included in the 
considerations. 

For a time we follow the model of the mechanism of erosion, as 
was first stated by SOLOTYCH (10) and developed by others including 
ZINGERMAN (20); it will be dealt with in detail in 5. 2. It is assumed 
that the impact area of the impulse on the electrode surface acts as a 
plane heat souree, heating, ·melting and probably evaporating a certain 
material volume leaving a "crater" on the surface. These erater 
volumes are calculable theoretically by means of the formulas developed 
in the theory of momentary and continuously active plane finite heat 
sourc:es. As in these formulas the material constants "heat capacity 
per unit volume" and "thermal diffusivity" occur we preferred them 
for our considerations. The thermal diffusivity is the quotient of the 
heat conduction coefficient and the heat capacity per unit volume. This 
metal datum is included in the assumed basic equation of KOV ÁCS (22). 

Another reason why the thermal diffusivity was chosen as an 
important factor instead of the heat conductivity will be explained in 
detail in 3. 2. 

It must here be noted that secondary material properties such 
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as the electrode porosity, can cause changes in the physical constauts 
{thermal conductivity, heat capacity) ref. { 15); ignoring them may 
therefore introduce slight deviations in the results. 

3. l. 2. 4. The melting temperature 

About the influence of the melting temperature on the rate of 
me tal remaval there seems to be a high degree of clearnes s. Several 
investigators have shown experimentally a direct correlation between 
the eroded volume and the melting point of the material or recognise 
such correlation in their theoretica! derivations of the erosion. 

In ref. {10) the author shows a decrease of the erosion with an 
increase of the melting point of the electrode; furthermore, he 
deter·mines the relative electrode erosion D < 100% for Tc~ Ta and 
D ~ 100% for Tc< Ta. In ref. {11) this experience is generalised by 
the same author in such a way that he states the erosion to be the 
quotient of the supplied energy in the impact area and the heat quantity 
required for the change of phase of a unit volume of electrode mate rial. 
This heat quantity is clearly a function of the m e lting temperature of 
the metal. 

The derivations of an energy balance for the process in ref. {21) 
and ref. {46) also contain this metal datum. In a further consideration, 
ref. {46), it is neglected as a first approximation in comparison with 
the value of the boiling point. 

GANSER {32) in his investigations of a range of materials finds 
the same erosion dependency on the melting point as SOLOTYCH and 
also as the authors of ref. {73). 

BARASH {38) holds the view -which he does not prove- that due 
to a spark only a fraction of the erater volume evaporates and the 
remainder melts. This includes erosion dependency on the melting 
temperature. 

In his derivation of the depth of the molten zone during the 
erosion, ZINGERMAN {20) in this expression also includes the melting 
temperature. 

Consiclering these experimental results as wellas the assumptions 
of other investigators in accordance with which the melting temperature 
of the electrode material really affects the amount of erosion, we 
concluded to consider this material constant to be an influencing factor. 

3.1.2.5. The heat of fusion 

As mentioned in the previous section, we used for some time the 
model of the mechanism of erosion of SOLOTYCH. In view of the 
material property constauts required for weakening the binding of a 
certain quantity of metal, including the melting proces s, it may be 
obvious that the heat of fus ion must also be considered an important 
factor. This is in accordance with s everal literature sourees : 

Especially in those reports, refs. {21, 46), in which it is tried 
to draw up an energybalance for the erosion process, the authors have 
recognised the influence of this metal datum, although JONES {46) in 
a simplifying assumption estimates the h eat of fusion to be one tenth 
of the heat of evaporation and therefor e negligible. 

SOLOTYCH {11) in his heat quantity -already r eferred to
requir e d for change of phase, define s this heat quantity to be a function 
of the latent h eat of fusion. 
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In his derivation of the depth of the molten metal zone 
ZINGERMAN (20) also takes into account, at least partly, the effect of 
the heat of fusion. 

Without supporting their assertions with experimental results 
several other investigators assume dependency of the amount of 
erosion on the constants related to the melting of materiaL For these 
reasans our above-stated supposition about the influence of the heat of 
fusion may be consideration justified. 

3.1.2.6. The boiling temperature 

It is difficult to make some suggestions concerning the real 
con tribution of the evaporating proces s on the mechanism of erosion, 
especially because any attempt in that direction hardly seems to be 
verifiable experimentally. Several estimations have been made, a 
selection from which will be dealt with here: 

In 2.3.1. are mentioned some quantitative data about temperatures 
occurring in sparks and arcs. As noted in that section the data referred 
to mainly conr.ern the plasma between the electrodes. The temperature 
on the electrode surface is estimated to be of the order of magnitude of 
4, 000 °K which, anyhow, is still well above the boiling point of the 
majority of metals. 

In ref. ( 16) temperatures in the vapour phase during spark 
machining are determined by speetral analysis; values between 6; 000 
and 10, 000 °K have been measured. Fr om this report, however, it is 
not clear whether the given data concern the temperature on the 
electrode surfaces or in the space between them. 

PALATNIK ( 69) takes into account the boiling point of the electrode 
material in his relationship of the resistance toerosion of the electrades 
already mentioned: f1 = c x k x TS . 

According to SOLOTYCH ( 11), however, this approximation only 
holds in about 50% of the cases investigated. 

Intheir derivations of the energybalance for the erosion process 
the authors of refs. (21 ,46) start from the point of view that the remaval 
mechanism is basedon an evaporating process. JONES (46), for 
instance, states that the equilibrium temperature at which the important 
energy processes occur at the electrode, is the boiling point of the 
electrode materiaL For several material combinations in ref. (21), 
however, the evaporating process had to be replaced by a melting 
process to satisfy the experimental results. 

In a more or less arbitrary way SOLOTYCH (10) supposes the 
evaporation of the dispersed metal quantity from the electrode surface 
to be about 25 o/o. 

In his investigation of the erosion of zinc cathocles as a result 
of aperiodical discharges of condensers, B UNGE (57) deals especially 
with the evaporating nature of the removing mechanism, although he 
does not reject the possibility of another mechanism. The circumstances 
among which his experiments are performed are quite differing, 
however, from those occurring in spark machining, for which reason 
his results probably do not hold in our case. 

Fr om this literature survey it may be concluded that it is justified 
to assume that the erosion processis essentially, at least partly, an 
evaporating process at atmospheric pressure. According to our image, 
see 5. 2., the temperature can indeed reach values high enough to 
evaparate all kinds of metals in the inter-electrode spacing and even 
on the electrode surface; evaporation sets in but befare it can increase, 
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the weakened metal quantity is removed from the erater by forces of 
different origin as will be discussed later. Though evaporation takes 
place as can be shown by speetral analysis, ref. ( 16), it should be 
considered a secondary process with which the spark-erosion process 
is always attended, but which does not contribute to the metal removing. 
Therefore, no further regard has been paid to the boiling point at 
atmospheric pres sure. 

3.1.2.7. The heat of evaporation 

It is obvious that the investigators referred to in the preceding 
section in consiclering the evaporating process also paid attention to 
the heat of evaporation. Therefore there is no reason to include a 
survey of their descriptions. 

If the eva po rating proces s is considered to be of no importance 
for the metal removal, a restrietion must be made for the case that 
due to a vacuum above the electrode surface caused by the discharge, 
evaporation at very low pressures can occur, as stated by SOLOTYCH 
and others, ref. ( 1 0). However, at low pressures the boiling temperature 
and the heat of evaporation of the e l ectrode material a lso change. The 
possibility of these low pressures above the electrode surface as a 
re sult of the discharge will be dealt with in 5. 2. tagether with the 
removing forces referred to above. At this moment the heat of 
eva po ration at atmospheric pres sure is considered to be of no influence 
on the amount of erosion. 

3.1.2.8. An interim model of erosion of thermic nature 

In summansmg the preceding sections, it can be remarked that 
we followed a model of erosion corresponding to that of SOLOTYCH 
( 10) : 

Resulting from the impact of charged particles on the electrode 
surface, a plane finite heat souree arises on this surface, which is 
active for the duration of the impulse. A certain me tal volume may be 
melted by means of heat conduction from this souree to the inner 
material, while at the same time, some electrode material may be 
evaporated from the area of the heat source. 

The heat conduction is described by the formula of FOURIER, 
ref. ( 66) : 

dT 
dt 

2 
= À x VT. 

A special salution of this differential equation for the case of a 
momentary active point heat souree in an infinite, homogeneaus medium 
is : 

_ Q [ -(x-x' )2 - (y-y')2 - (z-z')2J 
T - 8. c . (7T. A. t)3/ 2 • exp. 4. À. t ' 

where x ', y' a nd z ' are the coordinates of the point where a t t = 0 an 
amount of heat Q is produced. Integrated to time and surface area the 
salution for a "continuous" (during the impulse) active plane finite heat 
souree may be found from: 

t 2 7T r0 2 

T =JIJ 4 .7T.A1~~t ')3/2 . exp . [ -(r 

0 0 0 
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When making T equal to the melting point of the material, the 
coordinates of the melting boundary (and hence of the erater) may be 
calculated (5 .2.). Actually, a corrected value of the melting temperature 
must be used, whereby the heat of fusion must be taken into account. 

From the formulas the most important thermo-physical 
properties of material can be read: the heat capacity, the thermal 
diffusivity, the melting temperature and the heat of fusion. 

The ejecting action of molten metal from the erater is assumed 
to be more rapid than the action of evaporation; so the boiling 
temperature as well as the heat of evaporation have been neglected. 

3. 1. 3. Electrical factors 

3.1.3.1. The electric energy 

The spark-erosion process is, as has been noted, a technique in 
which a direct use is made of the electric energy in metal removal. 
Therefore, consiclering and discussing the factors influencing the 
erosion process, it is inevitable to pay attention to the electric energy 
used in the process. Our assumption that the energy contents of an 
impulse constitutes one of the ·most essential factors affecting the 
amount of erosion is supported by several investigators. 

On the ground of the experience of several authors, in accordance 
with which the total amount of erosion is proportional to the number of 
dis charges, refs. (8, 10, 11, 30, 32, 33), we shall deal with the energy 
as per impulse. However, this experience means that the rules of a 
single discharge can b e transmitted to the whole operation. 

Concerning the relation between the amount of erosion and the 
energy of an impulse LASARENKO (8) and SOLOTYCH (10) report this 
to be V = kc. E, in which kc is a constant factor. 

In ref. (11) the author, making assumptions about the impulse 
repetition frequency, states the metal volume removed per unit time 
to be proportional to the average power supplied to the spark gap. 

The derivations of an energy balance for the erosion process in 
refs. (21, 46) re sult in a direct relation between the energy input per 
impulse and the amount of erosion per impulse. 

STUTE, GANSERand OBRIG (30, 32 and 33) intheir investi~ations 
collect experimental data to prove the empirie formula V i = k1 (E- k2) 
for a large range of energy levels per impulse (k1 and k2 are constant 
factors). 

Thes e reports may justify our above formulated assumption. 
In view of the a ttention which is paid in literature to the 

ti 
parameters constituting the electric energy (E = / Ub (t) . I(t) . dt), 

0 

it seems to be interesting to consider them one by one in behalf of the 
information on the influence of seconda ryfactors on the e rosionprocess 
given by such considerations. 

3. l. 3. l. l. The voltage across the gap 

Three factors are determinative for the magnitude of the 
breakdown voltage a s wellas for what is known as the burning voltage, 
immediately a fter the breakdown has t aken place: 
(1) the lengthof the inter-electrode gap, 
(2) the e l ectrical properties of the dielectric medium in the spac ing, 
(3) the electrical properties of the electrode mate riaL 
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As it is hardly possible to find in literature any information 
about a relationship between the amount of erosion and the magnitude 
of the breakdown voltage the latter will not be considered. 

It is true that in the calculations of the energy capacity per 
impulse in refs. (30 ,32 and 33) the breakdown voltage is used ; however 
only for reasans of conversion of the gap length which is decisive for 
the energy level but difficult to determine. 

SOLOTYCH (10) finds arelation between the breakdown voltage 
and the relative cathode erosion when using a relaxation circuit. In 
this case the breakdown voltage fixes the maximum energy capacity 
per impulse. 

It is only worth paying attention to this voltage when the impulse 
duration decreases to values which are comparable with the time 
required for breakdown of a fluid dielectric {about l0-8 s). 

For the construction of an electric circuit it is of practical 
importance to know the principlesof the breakdown of insulating liquids, 
and its dominant factors, see refs. (35, 60). At this moment, however, 
the breakdown voltage is no longer considered to be an important factor 
influencing the amount of erosion; it will be discussed in 5. l. 

The burning voltage which is established immediately after the 
breakdown, must be taken up in the above mentioned formula of the 
energy. lts relation to the inter-electrode gap length has been noheed 
by several investigators in different ways : 

For a relaxation circuit STUTE (30) derives proportionality 
between the average burning voltage a nd the gap length, which is also 
used in refs. (32, 33). 

KOVÁCS (22) as wellas the authors of ref. (54), on the contrary, 
assert that the burning voltage is independent of the electrode di stance, 
which they prove with experimental results. 

In refs. (49, 59) the authors determine experimentally a 
relationship between what they call the mean voltage across the 
electroc,ies and the inter-electrode distance. According to their results 
the voltage only increa ses with increasing distances when the gap is 
wider than 100 J,lm, whereas at shorter distances it is constant. In ref. 
(49) is shown a change of the burning voltage at varying gap length. 

From this survey, which does not lay claim to completene ss, 
tagether with the results of our preliminary experiments we have come 
to the condusion that every change intheinter-electrode spacing eaus es 
a corresponding a lteration in the magnitude of the burning voltage , for 
which reason the gap length is considered to b e a non-independent 
influencing factor. 

As regards a relationship between the magnitude of the burning 
voltage and the nature of the dielectric fluid the following facts are to 
be found in literature : · 

ZINGERMAN ( 19) shows a relationship, based on experimental 
results, between the diameter of the discharge column and the form 
and magnitude of the burning voltage. The samereport contains values 
of parameters determinative for the propagation of the column in 
several dielectric media which lead to the assumption that the diameter 
of the discharge channel alters with varying dielectrics in the gap. 
Combined the supposition in accordance with which the burning voltage 
depends on the nature of the dielectric may b e justified. 

Later on, tagether with KAPLAN (59), the author states 
independency of the discharge voltage of the medium, probably due to 
the discharge for·m: a short-pulsed are. 
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In refs. ( 13 ,24) relations are given between the amount of erosion 
and some dielectric properties such as the degree of contamination, the 
viscosity and the specific resistance, factors affecting only the 
magnitude of the breakdown voltage and, therefore, for the relaxation 
circuit used the energy input per impulse. No information is given on 
their influence on the magnitude of the burning voltage. 

MIKUSCH (34), investigating the influence of several diele ctrics, 
considers some properties of these media such as "the absorption 
capacity" for metal and graphite particles and the inter-action between 
these and the charged particles resulting in a "current restricting" 
effect. He mentions especially the disadvantageous properties of water, 
which are due to its relatively high e lectrical conductivity, although 
his experience is not in accordance with the results of VEROMAN (24). 
The informations of the latter author, however, are rather equivocal. 

In refs. (32, 33) the authors deal with the influence of the 
dielectric on the voltage cantrolling the gap length and so on the roetal 
quantities removed. A relation between the nature and the state of the 
dielectric and the magnitude of the burning voltage can be derived from 
their relations, referred to above, between the gap length, the 
breakdown voltage and the burning voltage, which theyfound empirically. 

The model of the mechanism of erosion as devised by LASARENKO 
(7) implies that the gap resistance alters with alterations of the physical 
properties of the dielectric medium, resulting in varying magnitudes 
of the burning voltage. 

From this survey and, furthe r, from experimental results 
concerning the nature of the dielectric (4. 4.), we assume variations 
in the burning voltage caused by alterations in the dielectric. Hence, 
the properties of the dielectric do not act as independent variabies in 
our considerations. It is noted he re that for maximum efficiency of the 
electric circuit maximum burning voltage should be aimed at. 

Finally, the iniluence of the ele ctrical properties of the electrode 
material on the burning voltage has to be considered. 

In refs. (49, 58) attention is drawn to dependencyofthe discharge 
voltage on the e lectrode material, although the differences are s mall 
and sametimes lay within the limits of accuracy of measurement. 

In ref. (59) the same authors state for a short-pulsed are 
dependency of the voltage on the electrode material, especially on 
that of the cathode. 

STEKOLNIKOW (l 0) has also found such relationship. 
In r ef. (21) the authors a ssume an influence of the specific 

electrical resis t a nce of the electrode material on the amount of 
erosion. This, ho wever, would suppose a JOULE-LENZ -effect which 
does not apply here. 

Other information is s carcely to be found in literature . 
In accordance with these data and our experience from preliminary 

experiments we assume a s a first approximation that variations in the 
burning voltage a re caused by changes in the electrode mate riaL 

3. l. 3. l. 2. T he current in the discharge circuit 

The current in the discharge circuit is determined by the 
resistance inserted in the circuit and by the resistance of the gap. In 
general during the t ime of discharge the latter may be neglected with 
re spect to the farmer. 

GANSER ( 32) has determined a spark resistance not exceeding 
0. 6 ..0. during the greater part of the discharge time. 
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Ignorance of the spark resistance with regard to the circuit 
resistance is in accordance with the experience described in the 
literature, ref. (5 8). 

Neither have the factors mentioned in the preceding sectien any 
significant influence on the current: 

In ref. (59) the authors estimate that the current amplitude 
varies between no more than 2 to 4 o/o, when using various media between 
the electrades, when using various electrode materials, when changing 
the polarity of the electrades and the distance between them. 

The current restricting effect mentioned by MIKUSCH (34) does 
nat exceed this value. 

Summarising it is concluded that the amplitude of the current in 
the circuit is define d only by the power of the supplying genera tor and 
the resistance in the circuit whereas the amplitude is as sumed to be 
independent of the circumstances in the inter -electrode spacing. 

It is noted here that secondary effects of the voltage and the 
current on the amount of erosion, such as stated in refs. (14, 26) with 
regard to the current, is regarded in our investigation as being of 
minor importance. 

3. 1. 3. 1. 3. The impulse duration 

Several conceptions have been developed in the literature 
regarding the influence of the impulse duration on the amount of 
erosion. 

Almast all the publica tions of SOLOTYCH (10, 11 , 12, 13) 
emphasise the influence of the impulse durati on on the amount of 
erosion. The author finds an optimum duration which shifts towards 
langer pulses for higher energy contents per impulse and to smaller 
values for electrode materials with high thermal conductivities. 

This experience, which implies non-linearity in the re lation 
between theerosion and the energy per impulse, would be most cle arly 
m a rked in cas e s in which one of the e lectrade s is of ferroma gnetic 
m a terial, as expla ined in ref. (62). 

An optimum in the impulse duration is also found in the inverse 
process of metal deposits by means of electro-erosion, ref. {8). 

In the theoretica! calculations regarding the volume of molten 
metal during electrical erosion in refs. (10, 11, 20) the pulse duration 
is taken into a c count , justas in the deriv ation of JONES {46) about the 
eroded volume. 

Results of m ateria l remaval t e sts, eva lua ted numerica lly by 
KOV ÁCS {22) yie ld the following relation of t:he e rosion: 

-3/2 [ -r~ ] 
V = k 1. ti . exp 4.A. ti 

whe re k1 is a constant factor dependent on the m a t e rial of the 
electrades a nd the energy supplie d. This relation should g ive a correct 
v a lue for the depe nde n ee on the pulse duration. 

The a uthor s in r e f. (26) exp e rime nta lly prove tha t 

3/ 2 V.= k
1
.t .. I 

1 1 

whe re k1 is a constant f a ctor depending on the electrode materia L 
WILLIAMS (25) finds a linearity between the e rate r volume and 

the puls e duration . 
G ANS E R (32 ), who finds the s a m e relation between the amountof 
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erosion and the pulse duration, also takes into account the influence 
of this duration on the effect of the inter-action of the heat sourees on 
both electrades. 

The condusion from this survey is that the effect of the pulse 
duration on the amount of erosion must be recognised, an effect which 
will be clearest at great energy contents per impulse, ref. (11). 
However, as at low energies it is small, and will be even smaller at 
very low energies (as may be concluded from extrapolation - see ref. 
(11)), we have as a first approximation neglected it in view of the 
range of energy supplied in our investigations. This is furthermore 
justified by the rules governing the dimensional analysis, as will be 
discussed in 3. 2. 2. 

3.1.3.2. The impulse repetition frequency 

From several literature sourees information may be abstracted 
about the influence of the repetition frequency on the removed metal 
quantity. At this moment, however, it must al ready be noticed that 
most of the data which are cited have been acquired with pulse 
generators of the relaxation type (Fig. 2. l. 1.). The frequency of this 
generator type is liable to numerous influences such as the gap 
length, the breakdown strength of the dielectric, etc. Therefore, 
mentioning the frequency in these cases is only of interest if all the 
parameters are included. 

OBRIG (33) proves experimentally arelation between the eroded 
volume per impulse and the repetition frequency with the pulse energy 
as parameter. Furthermore he states V = f.Vi, as did SOLOTYCH (13). 

STUTE (30) doubts this formulation on the ground of the different 
circumstances in the gap at every impulse. This doubt, however, is 
not shared by other investigators, nor is it in accordance with the 
relation V= k1. N. E, where kl is a constant factor, which relation is, 
after all, recognised by STUTE. 

These above indications are the only ones about fundamental 
influence of the frequency on the rate of e rosion. All other publications 
concerning this quantity deal with the influence of the frequency on the 
surface finish of the electrades and on the stability of the spark 
process. 

For instance, in refs. (13,24,29,50) it is recommended to apply 
high repetition frequencies with low energy contents per pulse for 
high-finished surfaces. 

For the stability of the spark process the freque ncy must be 
limited within a range of certain values, now determined by the flow 
rate of the dielectric coolant, ref. (29), now by the breakdown strength 
of the dielectric. The reverse value of this frequency limit is equal to 
the time necessary for the dielectric to reeover its breakdown strength, 
ref. (33 ). 

In our investigation we have taken into account the repetition 
frequency as an important factor, especially basedon the assumption 
m ade by OBRIG: V = f. Vi. 

3. 2. Dimensional analysis 

3. 2. l. Introduetion 

Dimensional analysis is a purely a l gebraic the ory of functions, 
ref. (64). lts application to a practical problem, such as the spark
erosion process, is based on the hypothesis that the solution of this 
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problem is expressible by ·means of a dimensionally homogeneaus 
equation in terms of specified variables. This hypothesis is justified 
by the fact that the fundamental equations of physics are dimensionally 
homogeneaus and that relationships that are deducible from these 
equations are consequently dimensionally homogeneous. However, it 
may not be logically assumed a priori that the unknown equation is 
dimensionally homogeneous, unless it is known that the equation 
contains all the variables that would appear in an analytica! derivation 
of the equation. 

Therefore, the first step in dimensional analysis of a problem 
is to decide what variables enter the problem. If variables are 
introduced that do not really affect the phenomenon, too many terms 
may appear in the final equation, ref. (63). If variables are omitted 
that logically may influence the phenomenon, the calculations may 
reach an impasse or lead to an incomplete or erroneous result. 

To answer the question which variabie affects a phenomenon, a 
first model of the physics of the erosive phenomena must be made. 
For this reason the preceding sections and especially section 3.1.2.8. 
were necessary. 

Ha ving specified a complete set of variables affecting the problem, 
the following calculation rules may be taken from the theory of 
dimensional analysis : 

If the equation which has to be derived is dimensionally 
homogeneaus, it can be reduced to a relationship among a complete 
set of dimensionless products (theorem of BUCKINGHAM), ref. (64). 

A set of dimensionless products of given variables is called to 
be complete if each product in the set is independent of the others, and 
every other dimensionless product of the variables is a product of 
powers of dimensionless products in the set. A product of variables is 
called to be dimensionless if the sum of the exponents of every figuring 
physical dimension is zero. 

To find the number and the form of the dimensionless products 
in the complete set as sistance has to be called in of the theory of 
determinants. It is proved that the number of dimensionless products 
in a complete set is equal to the total number of variables minus the 
rank of their dimensional matrix. The variables with their physical 
dimensions (see 3. 2. 2. and ref. (64)) constitute the dimensional 
matrix. Owing to the requirement that the sum of the exponents of 
every figuring physical dimension must become zero, one obtains a 
set of linear homogeneaus algebraic equations, the solutions of which 
represent the dimensionless products and are easy to calculate. 

The relationship among these dimensionless products, mentione d 
in the theorem of B UCKINGHAM, has to be determined experimentally, 
5. 1. 1. Moreover, the existence of an experimental relationship gives 
an indication of the correctness - more or less - of the initia! 
assumptions. Hence, careful application of dimensional analysis opens 
the possibility of experimental iteration of an improved model. 

3. 2. 2. The application of dime nsional analysis in the spark-e rosion 
process 

In the preceding section (3. l.) the variables have been collected 
which are to be considered in our investigation and the r e ason is given 
why they have been dealt with. 

Summarising the y a r e : 
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V 

c 

A 

T 
a,c 

E 

f 

= roetal removal rate in 

= heat capacity in 

= thermal diffusivity in 

= heat of fusion in 

= melting temperature 1n 

= energy per impulse in 

= impulse repetition frequency in 

3 -1 
m. s 

-1 0 -1 -2 
kg.m . K . s 

2 -1 
·m .s 

2 -2 ·m. s 

2 -2 
kg. m . s 

-1 
s 

We as sume the existence of a function F so that 

F(V, c,).., A, T, E, f)=O 

The dimensional matrix of these variables is : 

V c À A T E f 
a,c 

Temperature T 0 -1 0 0 1 0 0 
Length 1 3 -1 2 2 0 2 0 
Time t -1 -2 -1 -2 0 -2 -1 
Mass M 0 1 0 0 0 1 0 

Each column contains the exponents of the fundamental dimensions 
of the corresponding variables. 

The number of variables is seven, the rank of their dimensional 
matrix is four, so that the number of dimensionless products in a 
co·mplete set is three. According to the calculation methods of the 
dimensional analysis these products are determined as: 

f3/2 
0 2 = E. , 

c. T . ~ 3/2 
a,c 

It is easily checked that these products are independent of each 
other. 

Our research programme has been especially tuned to the 
investigation into the relationship among these products according 
B UCKINGHAM' s theorem. Therefore, the several variables have to be 
changed in order to vary the three products. For this reason the 
electrode materials already mentioned (2. 2. 2.) are applied, the 
physical properties of which are tabula t ed in Table 1. It is noted that 
the properties of these selected materials vary over a wide range. By 
requiring a degree of purity of at least 99.5% from the supplying firms 
no great error will be made when abstracting the values of these 
properties of pure metals from ref. (65). 

As a first approximation the values at 300 °K are applied in the 
dimensional ana lysis, a lthough it is r ecognise d that in doing so additional 
inaccuracies are introduced. As in our model of erosion (5. 2.) a 
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heat capacity c therm al diffusivity ,.>. melting 
heat of 

material kg.s-2.m-1.oK-1 m2.s-1 temperature 
fusion A 

at 300 °K )oK at 300 °K ) oK 
T m2.s-2 at ( at ( ox 

c 1.54 x 106 - 0.16 x 10- 4 - 3,950 -

Sn 
( 500) ( 570) 

59.6 x 103 
1.72 x 106 1.89 x 106 o .38 x 10-4 0.11 x 10-4 SOS 

Pb 
( 700) ( 770) 

1.47 x 106 1.55 x 106 o .24 x 10-4 0.11 x 10-4 600 232 x 103 

Zn 
( 700) ( 770) 

2.77 x 106 3.00 x 106 0.40 x 10-4 0.19x10-4 692 112 . 4 x 103 

Al 
( 930) ( 970) 

x 103 2.52 x 106 2.84 x 106 0.88 x 10-4 0.40 x 10-4 932 401 

Ag 
(1,500) 

1.72 x 10-4 2. 48 x 106 3.06 x 106 - 1,234 105 x 103 

Cu 
(1,500) (1,400) 

x 103 
3.44 x 106 3.78 x 106 1.15 x 10-4 0.83 x 10-4 1,356 207 

Fe 
(1 ,500) (1,700) 

3.65 x 106 6.12 x 106 0.19x 10-4 0.06 x 10-4 1,803 280 x 103 

Ti 
(2,000) (1,000) 

2.39 x 106 2.33 x 106 0.07 x 10-4 0 .06 x 10-4 1,998 326 x 103 

Mo 
(2,800) (2,200) 

2.61 x 106 5.48x 106 0.56 x 10-4 o .13 x 10-4 2,898 289 x 103 

Ta 
(2,000) (2,100) 

2.52 x 106 2.53 x 106 0 .22 x 10-4 0 .33 x 10-4 3,273 174 x 103 

w (2,000) (2,600) 
2.61 x 106 2.83 x 106 o .s1 x 10- 4 0.43 x 10- 4 3,643 193 x 103 

Table 1 - The thermo-physical properties of several materials, ref. (65) 

melting boundary moves into the material from a plane finite heat 
source, those values of heat capacity and ther·mal diffusivity have to be 
applied that belon~ to temperatures near the melting point. As may be 
seen from ref. (65 ), for several ·materials there is equivocality 
concerning these latter values. 

The energy E and the impulse repetition frequency f are altered 
in the manner already described (2.3.) whereas the eroded volume V is 
varied owing to alterations in the several parameters. 

In the preceding sectien (3.1. 2.) it is stated that the specific 
heat, the specific mass and the heat conduction coefficient are introduced 
in the combinations of heat ca pa city and thermal diffusivity respectively. 
Regarding the requirement of the theory of dimensional analysis to 
select the appropriate variables affecting the investigated phenomenon, 
this simplification may be justified. If we had included the above 
mentioned variables in our considerations, the number of dimensionless 
products in the complete set would have increased, and accordingly 
complica ted the development of the relationship. 

The same holds with regard to the impulse duration. The latter 
would have given rise to a fourth dimensionless product: 

41 



without affecting the other products in the set as already calculated. 
It will be obvious that the omission of the boiling temperature, 

the heat of evaporation and in particular the pulse duration, bears the 
character of a first approximation of the problem, an as sumption which 
may have to be corrected later on. 

4. RESULTS OF MEASUREMENTS AND ATTENDANT PHENOMENA 

4. l. Experimental data for the dimensional analysis and their accuracy 

As has been shown in the preceding section the major part of our 
experimental programme was directed towards the gatbering of 
measured values in behalf of the development of the dimensional 
analysis leading to a relationship among the variables affecting the 
erosion process. 

These values maybe tabulated according to the several electrode 
materials, with corresponding values of the eroded volume V, the 
energy per impulse E and the impulse repetition frequency f. ':') In 
these tables no attention is paid to the kind of material of the opposite 
electrode, nor whether the current in the gap flows either in one 
direction or in both. This is fully in accordance with our assumptions 
that, as stated in 3. l. 3., the influence of these parameters on the 
process can, for the time being, be leftout of consideration as regards 
dimensional analysis. Special attention will be paid to these facts in 
4. 2. and 4. 3. respectively. 

Except for the combination of electrodes of the same material 
all material combinations have been random ones as far as they are 
rnachinabie by electro-erosion. 

As a matter of fact, several combinations cannot be machined 
especially at low frequencies and high current-amplitudes. Examples 
of such combinations are iron-iron, titanium-titanium, some 
combinations of zinc with, for instanee, titanium and aluminium and 
up to 3,000 c/ s every combination with lead and tin. In experiments 
with these combinations either 
{l) the discharge characteristics immediately change to the are form, 

independently of the gap length, or 
{2) the metal quantity eroded during the first few sparks bridges the 

spark gap so that the two electrodes are welded together, or 
{3) the carbon particles in the dielectric are deposited on either of the 

electrodes, an avalanching process which disturbs the metal 
removing proces s. 

An explanation of these secondary effects has notbeen found. The 
phenomena are practically related to those starting troubles of 
machining operations which are mentioned in literature. We have paid 
no further attention to them. 

Once the material combinations had been made, spark-erosion 
experiments we re performed at the various frequencies in order to be 
able to compare results. The maximum attainable current amplitudes 
applied we re about 15 A at up to 3,000 c/ s {restricted arbitrarily) and 

~') About 750 sets of values of V, E and f are available, which may be 
obtained from the author upon request. 
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about 4 A with the high frequency oscillator (restricted by the power 
limit of the oscillator itself). The characteristic current farms have 
already been shown (Figs. 2.3.7. and 2.3.13.). In this range of 
attainable current amplitudes five equidistant values were selected, 
covering the range regularly. 

With the various combinations of electrode materials and these 
five current amplitudes the total number of about 750 measured values 
were gatheredat 50 , 1500, 3000 and 50000 c / s, including the 
unidirectional current measurements (see 2. 3. 1. 1. and 4 . 3 .). 

The following data hold with respect to the degree of accuracy 
and the reproducibility of the measurements : 

1. The measured erosion V: _
8 

1.1. The weighed value can be read with an accuracy of 49xl 0 N. '~ ) 
1.2. As a re sult of dust particles, but especially of carbon 

particles from the dielectric Huid which are deposited on the electrode 
surfaces , the systematic and the accide ntal inaccuracy may be 
(-49 + 49)x 1o-7 N. 

-1.3 . The inaccuracy due to the time lost befare a stable process 
was established during the experimental operation and lost during 
periods of short circuiting may be e stimated at + 3 o/o of the m e asured 
value. -

1 . 4. Finally, the errors caused by the instability of the process 
and the imperfections in the spark gap control system , are the most 
difficult to estimate. However , it seems reliable to assume this error 
tobe + 15to20o/o oftheerodedvolume. Athigherenergies theinstability 
of the process is greater, while, owing to these high energies, the 
deviations in the measured erosion are also greater. 

Summarising, the maximum estimated inaccuracies are : 

for eroded weights of over 98 x l o-6 N: - 5 o/o + 20 o/o of the eroded weights; 
for eroded weights between 49 and 98 x 1 Ü- 6 N : - 7. 5 o/o + 25 o/o of the 
eroded weights; -
for eroded weights lower than 49 x l 0-6 N : - 12. 5 o/o + 30 o/o of the eroded 
weights. -

Assuming + 20 o/o, + 25 o/o and + 30 o/o to be the values limiting the 
99. 94 o/o probability area of the respective GAUSS-distribution - the 
latter value corresponds to a reduced normal deviate of 3. 40 - the 
standard deviations may be calculated to be 6 o/o, 7. 5 o/o and 9 o/o 
respectively. So for 95 o/o (reduced normal deviate 1. 96) of the 
measurements the inaccuracies are: 

for eroded weights of over 98 x 1 o-6 N: - 5 o/o + 12 o/o of the eroded weights; 
for eroded weights between 49 and 98 x 1 o-=-6 N: - 7. 5 o/o + 15 o/o of the 
eroded weights; 
for eroded weights lower than 49x 10-6 N:- 12. 5o/o+ 18o/o ofthe eroded 
weights. 

These relative great inaccuracies find their expression in 
defective reproducibility of the eroded volumes as is shown by the 
expe r iments. 

~' ) 1 kgf = g N. = 9. 81 N 
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2. The measured energy E: 
As the energy is calculated from measurements of the voltage 

and the current as function of time the total error arises from 
inaccuracies in bath these quantities. 

2. 1. The measured voltage Db: 
2. l. l . Fluctuations in the figure on the oscilloscope screen are 

introduced owing to the instability of the proce ss and the imperfections 
in the gap control system. The resulting inaccuracy in the polaroid 
photograph may be estimated at + 7.5 o/o. 

2. l. 2. The inaccuracy of the oscilloscope itself may be fixed at 
+ 3 o/o. 

2. l. 3. The deviation of the dimensions on the photograph with 
relation to the oscilloscope image owing to deviation in the distance 
between the oscilloscope and the polaroid camera and the re sulting 
measuring inaccuracy, may be estimated at - 2 o/o + 2 o/o. 

2. 1. 4. Finally, the error resulting from inaccurate measuring 
on the photograph may be assumed to be + 7.5 o/o. 

Summarising, measuring the burning voltage across the spark 
gap, the maximum error that can occur amounts to - 2 o/o + 20 o/o. 

Assuming the same probability area as for the measured weight 
of erosion, the standard deviation of the voltage measurements is 6 o/o. 
-Hence, for 95 o/o of the measurements the inaccuracy is - 2 o/o + 12 o/o. 

2. 2. The planimetered surface of the current versus time 
characteristic Ixti: 

2. 2. l. The inaccuracy of the oscilloscope has already been 
mentioned, viz. + 3 o/o. 

2. 2. 2. The- error caused by fluctuations in the oscilloscope 
image is smaller than in the one of the burning voltage and here 
assumed to be + 2 to 3 o/o. 

2. 2. 3. The error due to the defective l : l magnification in the 
photograph is e stimated to be - 4 o/o + 8 o/o. 

2. 2. 4. The inaccuracy resulting from deviaLons in the ·measuring 
resistance owing to temperature effects (among other things) is 
estimated at + l o/o + 2 o/o. 

2. 2. 5. Finally, the error resulting from inaccurate measuring 
on the photograph is greater than the one made in measuring the burning 
voltage, and assumed to be + 12.5 o/o. 

So the maxi·mum error -in the current-time measurement has been 
estimated to be- 3o/o + 27. 5%. For the 99.94% probability area the 
standard deviation is -8 o/o. Thus, for 95 o/o of the measurements the 
inaccuracy is - 3 o/o ~ 16 o/o. 

Summarising, the energy per impulse which is calculated by 
multiplying the burning voltage with the current-time surface shows 
an inaccuracy which consistsof the added single inaccuracies. Hence, 
every amount of energy has a 95 o/o chance to be accurate within - 5 o/o 
+ 28 %, a relatively high percentage. 
- From this survey it may be obvious that a reproducible 
establishmentof acertainamount of energy is hardlypossible in behalf 
of an ope r a tion. 

3. The impulse repetition frequency f: 
3. l. For the frequency, the inaccurac y of the os cillo s cape is+ 2 o/o. 
3. 2. The error due to the defective 1 : 1 magnification in the 

photograph is estimated to be - 2 o/o + 2 o/o. 
3. 3 . The error resulting from inaccurately measuring on the 

photograph may be assumed to be + 2 o/o . 
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Summarising, the max imum inaccuracy may be estimated to be 
- 2 o/o + 6 o/o. The standard deviation is calculated to be 1. 75, and thus 
95 o/o of these measurements have an inaccuracy of - 2 o/o ..:!:_ 3 .5 o/o. 

From the foregoing considerations concerning the accuracy of 
measurements it ·maybe evident what kinds of defects attend the methods 
of measuring and their equipment. 

4. 2. The correlation between the erosion and the combinations of 
electrode materials 

In the de scription of the construction of our model of erosion and 
the considerations concerning the variables influencing the process 
dealt with in the preceding chapter, it was stated that the influence of the 
material of the opposite electrode finds its expression in the energy 
qua nturn liberated per spark. This was an as sumption which had to be 
checked experimentally, also in view of the experience of other 
investigators, refs. (32, 73), who recommend special tool-workpiece 
material combinations for optimum erosion ratio. 

The experimental data for this purpose may be deduced from 
those results which have been recorded in behalf of the development of 
the dimensional analysis. To show the results afthese experiments most 
clearly, for some of the materials measured the value s are shown 
diagrammatically in Figs. 4. 2. 1. to 4. 2 . 5. for electrical symmetry 
across the electrodes, and in Figs . 4. 3. 1. to 4. 3 . 4. for electrical 
asymmetry (see 2. 3. 1. 1.). Only those materials are shown on which 
the influence of the oppo site electrode material is greate st. 
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Fig. 4. 2. 1. The ra te ofmetal remaval of Zn as a function of the energy 
per impulse as affected by the opposite electrode mate rial. 
Impulse repetition frequency 3, 000 c / s; electrical 
symmetry across the electrodes. Opposite material: 

Cue, Ti+, Al A, W /, Zn Ï. 
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Fig. 4. 2. 2. The ra te of me tal remaval of Ti as a function of the energy 
per impulse as affected by the opposite electrode mate rial. 
Impulse repetition frequency 3, 000 c/ s; electrical 
symmetry across th~ electrodes. Opposite material: 
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Fig. 4. 2. 3. The ra te of me tal remaval of Fe as a function of the energy 
per impulse as affected by the opposite electrode mate rial. 
Impulse repetition frequency 3, 000 c / s; electrical 
symmetry across the electrodes. Opposite material : 
Cu Ä, Al+. 
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Fig. 4. 2. 5 . The r a te of metal removal of W a s a function of the energy 
per impulse as a ffe cted by the opposite electrode mate r ial. 
Impulse r epe tition frequency 3, 000 c / s; e l ectrical 
symmetry: ac ros s the e lectrode s . Opposite materia l : 
C u F, W Î, A g V' , Zn ~, T i + . 
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From the discharge characteristics at electrical symmetry across 
the spark gap it may be concluded, within the limits of accuracy of 
measurement, that there is no difference in the energy levels oî the 
two impulses during one period; a difference mighthave been correlated 
with the electrical polarity of the electrode materials. In view of the 
inaccuracies of measurement, mentioned above, it is, forsome material 
combinations, difficult to distinguish between inaccuracies of 
measurement and particular process characteristics. 

In Figs.4. 2. l. to 4. 2. 5. the rate of metal removal V of one 
material has been plotted against the energyper impulse E at 3,000 c / s 
as affected by the opposite electrode mate rial. This fits the dimensional 
analysis because it means that for one material and one frequency the 
product Q3 becomes constant, and so the above mentioned diagrams 
represent the relationship between Ql and Q2 for the specific Q3. 

The graphof zinc (Fig. 4. 2. 1.) justifies our assumption that the 
ra te of roetal removal is independent of the opposite electrode mate rial, 
as mayalso beseen from the graphs for iron and titanium (Figs. 4.2.2. 
and 4. 2. 3.), although the latter show greater scatter. This scatter 
may be caused by instahilities of the me tal removing proces s, 
characteristic of these materials. The instahilities, the origin of which 
is not clear, find their expression in higher requirements on the spark 
gap control system. 

From the graphs for copper and tungsten (Figs. 4.2.4. and 4.2.5.) 
the different behaviour of the opposite electrode material zinc, titanium 
and iron is remarkable. The deviation in the case of zinc ·maybe caused 
by its relatively low melting point and resulting inter-electrode action 
of the hot spots on the electrode surfaces. This phenomenon will be 
considered in 5. l. It may be neglected with materials ha ving higher 
melting temperatures. Finally, as regards the anomalous behaviour 
of iron and titanium, the latter has a rather great scatter of the 
measuring points owing to the above-mentioned process instability. The 
anomaly with iron corresponds to the practical experience in the 
workshop (see a lso Fig. 4. 3. 4.). 

4. 3. The erosion and the electric conditions in the gap 

In section 2. 3. l. 1. it has been stated that electrical asymmetry 
across the spark gap must yield asymmetrical erosion of the electrades. 
Assuming that the erosion process is the result of electron and ion 
e ffects, it is interesting to separate these effects and to find the 
correlation between the erosion and each of them. For that purpose 
rectifiers in the path of current are inserted. Their effect is a 
unidirectional current in the gap, for electrons as well as for positive 
ions but in opposite directions . 

The experiments have been performed at the various frequencies. 
To verify the results of the preceding section, materials of the same 
kind have not been applied exclusively. With due observance of the 
criterion for spark discharge , as mentioned in 2.3., which determines 
the application of the v a rious c ombinations as well as their polarity, 
the same experiments have been carried out for both polarities of each 
combination. 

As it is impossible to determine the virtual zero line from the 
burning voltages on the screen, it is difficult to carry out the 
measurement of the energy, especially that of the burning voltage. Hence 
the zero line had to be determined a t a fix e d level on the oscilloscope 
screen, by which additional errors were introduced. 
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per impulse as affected by the opposite electrode materiaL 
Impulse repetition frequency 2, 350 c/ s; ele ctrical 
asymmetry across the electrodes. Opposite material: 
Cue, Mo ®, Fe+, Al6. 

I V 
1000 

Ratt o 
met al 
remeva I t 

0 

J 

10 0 

0 

0 

I 

V 
/ 

•{ 

/ 

5 

I 

V( 

10 

/ 
+ 

0 (mJ] 1 00 
- Energy per impulse E 

Fig. 4. 3. 2. The rate of roetal remaval of Zn as a function ofthe energy 
per impulse as affected by the opposite electrode materiaL 
Impulse repetition fr equency 2, 350 c / s ; ele ctrical 
asymmetry across the electrodes. Opposite material: 
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Fig. 4. 3. 4. The ra te of me tal remaval of Fe as a function of the energy 
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Impulse repetition frequency 2, 350 c/s; electrical 
asymmetry across the electrodes. Opposite material : 
Cu+ , Ta e, FeA. 
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material E Va I Vc E va I Vc E va I Vc 
combinations mJ ro-3 mm3 s-1 m] 10-3 mmj . s-1 m] 10-3 mm3 s-1 

Mo+ - zn- 0 . 03 0 11.45 0.06 0 . 109 16.60 0.10 0. 163 31.25 
(57 kc/s) 
zn+- Mo- 0.04 3.662 0. 109 0. os 3.351 0 . 163 0.12 5.299 0. 381 

Ag+ - w- 3.28 o. 190 0. 276 13. 0 0. 095 1. 155 34.7 0. 127 2.240 
~ 350 c/s) 

-Ag- 2. 76 0.035 0.476 10. 2 0 . 086 1. 367 21.9 0 . 052 2,605 

Cu+- Mo- 7.38 0.075 0.353 22.0 - 0. 037 1. 303 40.4 -0.335 2. 117 
(1, 500 c/s) 
Mo+-cu- 5.70 0 0.447 22.5 - 0. 098 1. 186 30.0 -0.262 1. 955 

Cu+- Fe- 250 - 0. 075 1. 770 860 - 0 . 186 6 . 030 1300 - 0. 521 11 . 26 
(50 c/s) 
Fe+- Cu- not available 

I I 

Table 2. Rate of erosion for some material combinations with unidirectional current. Negative 
values correspond with increased electrode weight by pre ei pi tation. 

From the results of the measurements which are also used in 
behalf of the development of the dimensional analysis, some V -E- graphs 
for two frequencies and the most remarkable material combinations 
have been drawn up (see Figs. 4. 3. 1. to 4. 3. 4.). 

Figs. 4. 3. 1. to 4. 3. 3. show remaval ra te s of capper, zinc and 
aluminium, which also support our assumption of independenee of the 
rate of erosion on the opposite electrode mate rial. It is remarkable 
that the graph for capper reveals that iron is "in step with" the other 
materials, endorsing in its turn our assertion in the preceding section, 
in which only a tendency to anomalous behaviour of iron was found to 
exist. The image is confused by Fig. 4. 3. 4. where a total deviation 
of the iron curve is shown. 

All the experiments with unidirectional current showunequivocally 
a dominative erosion of the cathode, which leads to the as sumption that 
the erosion is caused especially by the impact of ions. 

In Table 2 the results of experiments with a number of random 
material combinations are shown. In combinations with materials with 
lower melting temperatures, such as zinc and aluminium, inter
electrode action of the hot spots may cause erosion of these materials 
if they are the anodes. In almast all the other cases no erosion of the 
anode has been measured within the limitsof accuracy of measurement. 
In some cases, even an increase of the anode-electrode weight could 
be measured, which was due to precipitation of graphite from the 
dielectric fluid. 

4. 4. The sparking voltage as a function of the gap-length and the 
properties of the dielectric fluids. 

In the preceding section 3.1.3. we have seen how the influence of 
the dielectric fluid and the spark gap-length on the erosion process 
have been stuclied in determining the amount of energy generated in 
the inter-electrode spacing during one impulse. 

Regarding the influence of the nature of the dielectric as wellas 
of the gap length on the efficiency of the discharge circuit experiments 
have been performed to determine the relation between the burning 
voltage and the spark gap length when different dielectric media are 
used; for a given amount of energy per impulse the burning voltage 
should reach maximum value at minimum current amplitude. 

Petroleum, aethanol, chloroform, glycerine, transfarmer oil 
and deionised water have been investigated. Except for the last one, 
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the choice of these fluids had been suggested by the experimental 
results concerning the electrical breakdown strength as described in 
ref. (35). Deionised water was chosen in view of the practical results 
with this fluid insome industries. All these media we re used as received 
from the suppliers. 

The relationship was determined at 3, 000 c / s for two values of 
the current amplitude : about 2. 9 and 9. 5 A. The electrode material 
combination copper-copper was used. In the experiments corresponding 
values of the gap length and the burning voltage were measured. The 
useful range of voltages lies between the idle running voltage of the 
generator and the value at which either the discharge becomes unstable 
or its characteristic changes to the are form, according to Fig. 2. 3. 9. 
This range varies for the various dielectrics used. For instance, for 
the higher current amplitude it is quite narrow m the case of glycerine, 
which is probably due to the high degree of viscosity of this fluid. 
During the experimental operation the dielectric fluid was not filtered, 
nor was it allowed to flow, whereas it was regularly renewed. Especially 
the deionised water had to be renewed often owing to the relatively 
rapid loss of its "dielectricity". The spark gap was measured in a 
way and with the inaccuracy as described in 2. 4. 1. 

The re sults of the measurements are shown diagra·mmatically in 
Figs. 4.4.1. and 4.4.2. Every measuring point represents the average 
of three readings and five repeated experiments. 

In both diagrams the relatively high values of the burning voltage 
with deionised water ,especially at gap lengths around 0.1 mm attract 
the attention. For instanee at 9. 5 A and a gap lengthof 0. 1 mm the 
ratio of the energy generated in the gap when deionised water or 

20+---+----- -+---- -----w--------f-
Burning 1.-'b 
voltage f 

[V 

10+---+------+------r-------r-

0.05 0,10 (mm] 0.15 

-Length of the !.park gap d. 

Fig. 4. 4. 1. The burning voltage for different dielectrics as a function 
of the inter-electrode distance at a current amplitude of 
about 2. 9 A. Deionised water EJ--· -a , petroleum • -----•~ 
aethanol A ---A, chloroform /- -f, transfarmer oil 
+--+. 
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Fig. 4. 4. 2. The burning voltage for different dielectrics as a function 
of the inter-electrode distance at a current amplitude of 
about 9.5 A. Deionised water Gl-e ,,etroleum •---- e, 
aethanol ,6 ----A, chloroform /-- , transfarmer oil 
+- - +, glycerine 0---0 . 

petroleum is used reaches a value of a bout 1.5. Obviously the re si stance 
of the inter-electrode spacing containing this medium is great during 
the impulse duration of a spark. 

The relatively great gap spacings nee es sary for stabie operation 
with transferroer oil as a dielectric medium arealso r emarkable. 
Therefore, this fluid is rejected, not only, however, for this reason 
but also on account of its relatively high degree of viscosity, which is 
disadvantageous with respect to the necessity of an unimpeded flow in 
the gap. 

At 2.9 A it is impossible to gather measuringpoints of glycerine 
as a diele ctr ic, probably owing to the high viscosity, which is anothe r 
reason to ignore this medium for practical a pplication in spite of its 
relatively high burning voltage a t higher currents. 

There are only small difference s between aethanol, petroleum and 
chloroform, although, for practical application petroleum has to be 
preferred owing to its lower volatility compared with the other media. 

It is noted he re that the characteristics of Figs. 4.4.1. and 4.4.2. 
represent the voltage drop inside the discharge plasma as shown in 
Fig. 4. 4. 3 . So the voltage drop acros s very small gap spacings - in 
reality the sum of cathode and anode voltage drop is measured in these 
cases - differs only slightly for the various media. 

Finally, it is noted that the gap length in the figures does not 
correspond with the inter-electrode spacing present during the discharge 
(Fig. 4. 4. 4.). At the moment of measuring of the gap length many 
polluting particles from the dielectric are to be found in the spacing, 
which sugge st a shorter length, which is due to the e l ectrical 
conductivi ty of thes e particles. As has been shown by mi c ros c opie 
investiga tions (Fig . 4 . 4. 5.) the particles (which have an a verage 
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diameter of about 20 J,Jm, dependentofthe energy, ref. (33)) are indeed 
partly covered with an undefinable tarry film; in gener al, however, 
they may be electrically conducting, contradictory to the results of 
SOLOTYCH (10). 

There is no ground to assume during the discharge the presence 
of these particles in the discharge channel. They would evaparate 
immediately owing to the high temperature s in the discharge plasma. 
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5. DISCUSSION OF THE RESULTS OF OUR EXPERIMENTS AND 
THE RELATIVE LITERATURE DATA 

5. 1. The electra-erosion as a function of a set of variables 

5. 1. 1. An empirie formula 

In chapter 3, on the basis of the data mentioned in literature, we 
discussed the variables affecting the spark-erosion process. After this 
discussion we assumed 7 variables, descrihing the process in outline. 

In order to find a relationship among them the mathematica! 
methad of dimensional analysis was applied {3. 2.). With this methad 
threeindependentdimensionlessproducts 01,02 and 03, consisting of 
products of the above variables and descrihing theerosion process, 
we re determined. Every set ofmeasured values of V, E and f, tagether 
with the values of the properties of the electrode material used in that 
specific experiment, produced a set of products. 

Now the relationship a ·mong the 7 variables can be deduced from 
the relationship a ·mong the three dimensional products, which is to be 
determined experimenta lly. 

As mentioned in 4. 1., approximately 750 sets of products are 
available. The relation to be found among them can be graphically 
represented as a surface in the space with the coordinates ln01-ln02-
lnQ3, see also ref. {77). 

Owing to the great nurnber of experimental data and the scatter 
in the observations {4. 1.), statistica! rnethods in the performance of 
the dime nsional analysis have been applied. For that purpose the 
electronic computer IBM-1620 was at our disposal. However, its 
standard programme for regression analysis, ST{epwise)R{egression) 
A(nalysis)P(rogramme), could not be applied in view of the differences 
in accuracy with which the three products had been deterrnined (4. 1.). 
As a result of these differences the three-dimensional surface could 
not be calculated in one step. Therefore, some interrnediate stages 
were r e quired. 

It must a priori be stated that in these stages so·me as sumptions 
will be made which are open to discussion. These assumptions are 
partly connected with the wide scatter of the measured vallies, partly 
with what was agreed upon with respect to our model of erosion in 
3. 1. 2. 8. and 5. 2., by which the salution of the a nalysis became a 
three-dimensional problem, whereas probably a rnulti-dimensional 
problem exists. Nevertheless, the assumptions rnay be regarcled as 
being justifiable to a fair degree . 

As a first stage, for some discrete values of 03 the relation 
between 01 and 02 has been determined, that is, for the various planes 
03 = constant the farm of the intersecting lines of those planes with 
the three-dimensional surface has been determined. For a number of 
constant 03-values the relation between ln01 and ln02 is estimated to 
be linear . In viewofthe relatively wide s catter in the measured v a lue s 
this estima tion s eems acceptable. 

Mathematically formulated, it is as sumed that 

where 
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lnO 1 = lnO 1 + ;9(ln02 - ln02), { 1) 

lnQT is the average of ln01 per 03-value, 
t1 is the gradient per 03-va lue, 

Iï1Q2 is the average of ln02 per 03-value . 



The statistica! independent quantities lnO 
1 

and ;3 have been 
determined for l2values of 03, covering equidistantly the range of all 
the ln03 values up to 3, 000 c/s. 

-- -- l1n01 
lnO 1 has been calculated from ln0

1 
= n (2) 

where n 1s the number of values of Q 1 per 0
3 

-value. 

The gradient /3 has been calculated from: 

13 = Q + V 1 + g2 
' 

where Q - Syy - Sxx 
- 2Sxy 

and 
n 

Sxx = z(ln0 2 
--2 

- ln0
2

) , 

n 
Syy = z(ln0 1 

--2 
- lnQ 

1
) , 

(3) 

(4) 

(5) 

Sxy = ~(ln0 2 - ln0 2 )(lnQ 1 - ln0 1), see refs. (75,76). 

Every Q
3

-value yields at least 15 corresponding values of 0
1 

and 0
2

. 

In the second stage the relation between Q3 and lnO 1 on the one 
side and between 03 and;8on the other has been determined. Graphically 
these relations are represented in Figs. 5.1.1. and 5.1.2. From these 
graphs we may assume that ïi1Q1 is a linear function of ln03, whereas 
/3may be regarcled as independent of lnQ3. In view of the scatter this 
assumption seems quite reasonable. 
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Fig. 5. l. l. Relation between ln0 1 and the dimensionless product 0
3 (See text) 

From these preliminary stages we assumed the relation among 
0 1, 0

2 
and 0

3 
to be of the form: 

(6) 
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where 
1 12 

(3 =TI f!.Jis the average of all J3 -values per Q
3 

-value, 

l 1~ . - .--
lnQ2 =TI ~lnQ2 1s the average of all lnQ

2 
-values per Q

3 
-value, 

...<.~is equal to the relation between lnQ 
1 

per Q
3 

-value and 0
3

. 

Fr om the point of view of mathematical statistics this assumption 
is not correct because the various values of lnQ 1 per Q3-value are 
not determined at a lnQ2-va lue which is constantfor a ll Q3-values. As 
a matter of fa ct , lnQ2 varies with the twelve Q3-values, probably owing 
to the fact that the problem under discussion is a multi-dimensional 
one. 

To determine the relation b etween lnQ} per Q3-value and Q3 
itself, regression analysis of lnQl on lnQ3 has been performed by 
means of the IBM programme STRAF, resulting in the rel ation: 

_/U = 3. 78 + l. 55 lnQ
3

. 

The gradient/3 has been found to be l. 26 and lnQ2 to be 0. 73. 
The r e l ation among the three products 01, Qz and Q3 expressed 

by formula (6) may now be converted to: 
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lnQ 1 = A +~(lnQ 2 - lnQ
2

), 

lnQ
1 

= 3. 78 + l. 55 lnQ
3 

+ l. 26(lnQ
2

- 0, 73) and 

lnQ 1 = ln 17.53 + l. 55 lnQ
3 

+ l. 26 lnQ
2

. 

Thus Q
1 

= 17.5 3 a/· 55 
Q

2
l. 2 6 (7) 



Substitution in (7) of the s e veral dim e nsionle ss products yields: 

v. f5 I 4. A-3 I 4 .À- 314 = 

= l 7 . 5 3 . A l. 5 5. f l. 5 5 . A- l. 5 5 . E l. 2 6 . f l. 8 9 . c- l. 2 6 . T - l. 2 6 . À- l . 8 9. 

The resulting empirie formula may be established a s: 

V= 17 . 53 .f2.19.El.26.À0.4l.c-l.2 6 .T-l.26.A-0,80. (8 ) 

This result suggests that the relation between the variables may 
be represented by: 

(9) 
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Fig. 5. 1. 4. Relationship between the ra te of erosion as measured (Vm) 
and as calculated according to formula (8) (V c) 

By verifying the relation betweenQ1 11 measured 11 experimentally 
and Q1 calculated according to formula (7), formula (8) has been 
checked for measuring-points up to 3, 000 c/s. 

For this purpose a number of 27 sets of Q 1, Q2 and Q3 values 
selected at random were applied. If formula (8) is correct, the 
correlation between Q1 measured and Q1 calculated, graphically 
represented, must produce a line through the origin with a gradient of 
1, see Fig. 5.1.3. Regression analysis of lnQ1m on lnQ1c by means of 
STRAP results in a 0. 83 gradient with a 0. 17 scatter for a confidence 
interval of 95 o/o. The correlation coefficient amounts to 0. 90 - a 
relatively fair result. 

A similar verifying operation on the experimental results at 50 
kc/s (which, by the way, were notused todetermine the empiricformula) 
was performed on the basis of the ·measured values Vm and values of 
V c calculated from formula (8). 

In Fig. 5. l. 4., showing the relation between Vm and V c fora 
number of 27 random experimental data, the line does not cross the 
origin. This implies a value of the coefficient different from 17 .53,which 
may be deduced from a different impulse duration, or rather from a 
different product of impulse duration and impulse frequency (Q4 as 
mentioned in 3. 2. 2.). Regression analysis of lnVm on lnV c by means 
of STRAP yields forthese experiments a 0.84 gradient with a 0.27 scatter 
fora con:fidence interval of 95% and a correlation coefficient of 0.78. 

60 



A gradient of about 0. 84 in the Figs. 5. 1. 3. and 5. 1. 4. instead 
of the value 1 (if the empirie formula had been fully correct) may be 
regarded as an accidental deviabon. N evertheles s the empirie formula 
(8) cannot claim completenes s, although, for the time being it is correct 
to a fair degree for technica! applicabon. 

As has already been pointed out above the derivation of this 
formula for the rate of metal remaval does not fullv meet the 
requirements of mathematica! exactness. Other intermediate stages 
inthemethodofregressionanalysis- they will not be discussed here
we re applied. Their results, however, did not contribute to a more 
correct formula. In view of the fair correlation between the calculated 
and measured values of Ql and V respectively - for this particular 
case the ultimate goal of the statistica! operabon- the influence of the 
above inexacbtude may be regarded as of minor importance. 

Although formula (8) is notcomplete (which is particularly shown 
Ly the differenc e in the coefficient of 17. 53 at different Q4-values) 
some indications for industrial application as well as for further 
investigations may be mentioned. 

Primarily, it is noted that, when starting our investigation, the 
great number of variables mentioned in 1. 2. scarcely allowed us to 
apply the rules of statistica! experimental design. Additional to the 
disadvantage of the great number of variables no prediebon concerning 
the exponential degree of the equabon for the rate of metal remaval 
could be made a priori. 

As foregoing it is more or less proved that the three dimensionless 
products, probably extended with one or two other products consisting 
of additional important variables, describe the erosion process, a 
recommendation for experimental design of continued investigation 
may be given. 

In view of the extended range of Q-values (in Fig. 5. 1. 3. seven 
decades) it is only useful to consider the lnQ-values instead of the 
Q-values themselves. As for our purpose the exponent 2 or more than 
2 of a logarithm term as wellas the product of two different logarithm 
terms is of no practical interest, a considerabon of only lnQ-va lues 
imolies a linearity of the single terms in the relation among the several 
lnQ-values. A relabonship containing powers or productsof logarithm 
terms cannot be reduced to a traetabie relation among the original 
variables. 

Notwithstanding that a linear relationship is now assumed a priori 
we recommend to take measuring points covering equidistantly the 
possible range of the several lnQ-values in order to obtain ar1 
unequivocal value of the scatter around the line arity. Moreover if, 
contradictory to our assumed linearity, a clear exponential relabon 
still would be obtained it can be reduced to linear relations for specific 
ranges of the several lnQ-values. The number of experiments required 
for the achievement of a reliable relationship is dependent on the 
range of attainable values of the various dimensionless products. 

Further, it is noted that the physical interpretation of the formula 
genera lly agrees with the results of other investigators while the 
formula may be explained qualitatively with our model of erosion 
(3. l. 2. 8. and 5. 2.): 

The higher the melting temperature of the material the lower the 
amount of erosion, refs. (10, 32, 73). 

The same relation holds concerning the influence of the heat 
capa city and the heat of fusion on the metal erosion, refs. (11, 46). 
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A positive exponent in the formula of the energy per impulse E 
as well as of the thermal diffusivity (; heat conductivity) Àendorses 
the results of ref. (11), although it is in contradietien with the results 
of ref. (69) with respe c t to the hea t conduc tivity. 

An important condusion from this formula is the advantage of the 
application of pul se generators with a high impulse repetition frequency. 
In applying these a high rate of erosion is accompanied with a high 
degree of surface finish (chapter 6 and ref. (50)), a phenomenon which 
will not be discussed in this thesis. 

The predietien of the advantages of applying high frequency 
generators fits in with the results of ref. (68). Obviously, with 
increasing frequencies the efficiency of the metal erosion process 
increases. This fact is probably due to decreasing heat loss e s, 
especially on the electrode surfaces, which can lead to the as sertion 
that the greater part of the molten me tal volume per impulse is ejected 
from the surface immediately after the spark. 

An interesting feature in the formula is that the exponent of the 
energv is greater than l, which, however, cannot, for the time being, 
be explained ; this experience differs from the majority of similar 
experience s found in the literature. 

If we pay attention to the value of the exponents (and their signs) 
of the various properties of materials in formula (8), we may find or 
compose an optimum tool material (with minimum erosion), see 
chapter 6. 

5. 1. 2. The energy in the gap and its distribution over the inter
- e le c trode spacing 

It is convenient to distinguish three stages during a spark 
discharge: 
(1) the breakdown of the dielectric in the gap, 
(2) the stage during which the e nergy is dissipated , and 
(3 ) the no-current stage. 

In this s ection the author will pay attention to the first two stages . 
Regarding stage two, special attention will be devoted to the distribution 
of the energy over the inter-electrode spacing. The mechanism proper 
of roetal removing will be dealt with in 5. 2. 

(1) Concerning the breakdown of the diele c tric in the gap and its 
importance for the spark-erosion pro ces s it is important to distinguish 
fro m the sta rt hetween the point of vie w of an investigator who is 
interested in the mechanism of erosion and the resulting rate of 
removal, and of a designer of spark-erosion rnaebines wbo has to choose 
the economically optimum electrical parameters. 

The influence of the breakdown voltage on the amount of erosion 
has been discussed in 3. l. 3., r e sulting in our as sumption that this 
influence is negligible. This a ssumption may b e justified consicle ring 
the fact tha t the numbe r of the first charged particle s impacting on the 
e lectrode surface immediate ly the breakdown (i. e . the channel) h a s 
been established, is small, and that the individual energy of each 
p a rtiele is likewis e negligible. 

The special importance of the breakdown voltage when applying 
a relaxation circuit a s a generator, has a lso been discussed in 3. 1. 3 . 
In the following considerations, ho wever , this type of generator will 
be paid no a tte ntion to in view of its decreasing importance for practica l 
a pplication. 
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For the design of an impulse generator and the choice of its 
electrical characteristics, as well as for the choice of the dielectric 
fluid, a better understanding of the breakdown mechanism of these 
media and of its influencing factors is of great importance, as the 
mechanism defines the relation between the breakdown voltage and the 
gap spacing. 

For instance, a low open voltage across the gap will generally 
allow only relatively short maximum electrode distances. This, 
however , means that the chance of difference between the actual number 
of discharges across the gap per unit time and the theoretica! number 
(the oscillator frequency) increases. This implies inefficiency of the 
erosion process. In the investigations of POERSCHKE (68) special 
attention to this phenomenon has been paid. 

With higher open voltages the effect of this difference may for 
the greater part be neglected, so that impulse counters (a problem at 
high frequencies) can beomitted. Higheropenvoltages, however, have, 
arnong other things, an unfavourable effect on the price of the apparatus. 

An optimum value for the open voltage may be obtained by a 
proper choice or composition of the dielectric medium. Reference is 
made to (73), where extensive experiments have been described with 
several hydrocarbons and polar organic fluids. 

Several authors engaged inspark-erosion have paid much attention 
to the mechanism of breakdown of dielectrics, and their references to 
specialliterature sourees are manifold. The following refs. may be 
mentioned: (.7, 22, 32, 59, 67, 68, 73). 

(2) Concerning the phenomena taking place when the impulse 
energy is liberated in the discharge channel, many authors have made 
hypotheses or qualitatively calculated the energy transports and 
distributions in the gap spacing. 

As regards the energy in the inter -electrode spacing and its 
distribution to place a distinction must be made between electric 
and thermic energy. Furthermore, a detailed consideration of the 
phenomena in the cathode-fall and the anode-fall, as well as in the 
plasma between them, seéinls to produce a brightening image of the 
events taking place during spark-erosion. It may explain several 
anomalous phenomena such as the behaviour of iron, titanium and other 
materials as mentioned in 4. 1. The hypotheses referred to just now 
will be summarised he re, with special attention to the distribution of 
the energy over the various parts of the discharge channel. 

An interesting investigation concerning the various regions in a 
metal removing discharge may be found in ref. (67). Starting from the 
consideration that all the electrical energy of an impulse is eventually 
converted into heat, the author draws up a so-called BEUKEN -model 
of the gap and its surroundings. With this model a qualitative explanation 
of, for instanee, the existence of an optimum impulse duration, the 
correlation between this impulse duration and the amount of energy 
per impulse, and the inter-electrode heat action mentioned above, can 
be given. As stated by the same author, this model, however, is less 
suitable for quantitative calculations. 

(2). 1. It must be noted that any conception about the phenomena 
on the cathode surface and in its adjacent region is closely related to 
the assumed conception of the kind of discharge that occurs. In view 
of the relatively narrow transition area between a real glow discharge 
and an are, as discussed in 2. 3. 1., it is obvious that investigators 
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may differ in their op1n1ons about these phenomena. The Contradietory 
results of these investigators concerning the erosion of cathocles and 
anodes obviously point to different mechanisms of metal removing 
for several types of discharges from this transition region. 

SCHIERHOLT (67) in his thesis founds his considerations about 
the energy distribubon especially on the results and discharge 
characteristics of HOLM and FINKELNB URG. This implies a constant 
cathode voltage drop of about 13 V, independent of the total sparking 
voltage and the discharge current, but slightly dependent on the 
electrode materiaL This voltage drop would be necessary to maintain 
a temperature (by the impact of charged particles) sufficient for 
thermo-emission of electrous from the cathode spot. The energy gained 
in the cathode border by the ionic current is mainly applied to ensure 
this emission. The ionic current is assumed tobe 15 to 60% of the total 
current, and to decrease with increasing current density. 

The cathode to anode erosion ratio is explained by qualitative 
calculations of the electric energy distributions over both cathode-fall 
and anode-fall. Experimental deviations of these calculations are 
explained by arbitrary assumptions concerning energy densities. 

JONES (46) estimates theoretically the diameter of hot spots on 
the electrode surfaces from the latteral scatter of the electrous and 
positive ions. This scatter is due to diffusion and space charge effects, 
resulting in cathode spot radii of about 3 x lo-2 mm. These values are 
of the same order as those measured experi mentally, ref. ( 10 ). 

According to ref. (27) there seems to be some experimental 
confirmabon of resonant sputtering being responsible for the cathode 
erosion offerrous alloys. 

In ref. (59) it is stated that for short-pulsed arcs fluctuations in 
the resistance of the discharge channels are brought about by processes 
on the cathode. 

In ref. (73) the growth of specific layers on the cathode as well 
as the influence of atomie hydragen on the erosion of the same electrode 
is discussed. 

(2). 2. As regards the conditions on the anode surface and in its 
adjacent region SCHIERHOLT (67) distütguishes an anode drop -
dependent on the current density- which the author states to have checked 
by special inter-electrode voltage measurements. Assuming the 
presence of an electron current only in the anode-fall, the electric 
energy gained in it may be calculated exactly. According to the same 
author the anode voltage drop is a function of the rate of energy supply 
as well as of the gap length. 

In refs.(49, 58) the authors, however, show that the relation 
between variabons in the volume of the craters and the distance between 
the electrades is the same for the anode and the cathode; this, according 
to the authors, is evidence of the fact that the dis tribution of the energy 
between the electrades is independent of their distance, at least up to 
0.5 mm. 

According to ref. (26) the dependenee of erater area with respect 
to anode material, as found by the authors, is said to be an indication 
that the anode is not a significant souree of ions in the discharge 
unless the melting point is low. 

In ref. (15) the authors conclude from their speetral investigation 
that oxidation processes at the electrades greatly affect the erosive 
polarisation. 

The authors of ref. (23), using graphitised materials, have 
established self-restoration of the graphitised electrode by transfer of 
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material of the opposite electrode and by a redeposit of carbon from 
the dielectric fluid, producing a layer with greater mechanica! strength 
and erosive resistance. 

(2). 3. Finally, the plasma between cathode-fall and anode-fall 
has to be considered. In it a high temperature will certainly prevail. 

The authors of ref. (16) have, by speetral analysis, measured 
temperatures ranging from 7, 000 - 10, 000 OK employing sparking 
equipment used for the hardening of metals. 

DRABKINA ( 17) and, later on, DOLGOV ( 18) have calculated in a 
semi-quantitative way the diameter of the discharge channel (in the 
case of air as the inter-electrode medium: up to 8 mm) and the gas 
densityinit (inthedischargeaxisforthemedium air: 5x1o-3 kg.m-3), 
assuming a temperature at the periphery of the channel of 10 , 000 OK 
and intheaxisofabout40,000°K. In ref. (18)theauthorshave calculated 
the temperature and the gas density as functions of the radius of the 
channel, showing immediately outside of it a strong increase in the 
density. 

According to ref. (19) the calculations concerning the 
hydrodynamic nature of the propagation of the discharge column ho1d 
approximately. Furthermore, it is here prove d experimentally that 
the diameters of the craters agree with those of the discharge column; 
reduction of the latter dia·meters agrees in its turn with an increase 
of the resistance of the column as expressed by an increasing voltage. 

In ref. (59) ZINGERMAN and KAPLAN show fluctuations in the 
resistance of the column during operation, which may be explained by 
the mechanism of the very short are proposed by GERMER and 
HA WOR TH. 

In ref. (58) it is stated that at greater gap length (up to a few 
dozen mm) the phenomena occurring in the channel are modified 
considerably. This finds its expression in an 1ncreased energy loss 
(up to 70 %) , which is dissipated in heating the channel itself, in the 
formation of a shock wave, and in radiation. 

In ref. (21) this energy loss is estimated to be less than 10%, 
whereas it has been considered to be negligible by SOLOTYCH (10) and 
SCHIERHOLT (67). 

According to JONES (46) only 11% of the total spark energy is 
transferred to the two electrades, the remainder being dis sipated in 
gaseous collisions. 

SCHIERHOLT (67), on the basis of assumptions concerning the 
discharge characteristics as a lready mentioned, estimates a voltage 
drop in the plasma of about 2 to 3 V. As sta t e d by the same a uthor the 
electric ene rgy gained in the plasma is negligible compared with tha t 
of the cathode and anode -fall. 

Furthermore, he determines qualitatively a balance of the total 
energy in the gap including that energy flow, due to evaporating and 
condensing processes in the several regions. The author concludes 
tha t the energy which may b e stored in the discharge channel itself 
s eems to be seve r a l times smalle r than the supplied electric discharge 
e nergy. 

Finally, arbitrary estimations are given of the diameter of the 
discharge channel as well as of that of the gas bubble (caused by 
dissociation and e vaporation of the dielectric medium), both with 
reference to time. The calculations result in the assumptions according 
to which the diamete r of the current c onducting channel reaches a 
constant value, whereas the diameter of the bubble grows towards a 
maximum, i.e. the y are separa t e d. 
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From this survey of observed and assumed phenomena in the 
several regions of the spark gap, tagether with the most important 
conceptions concerning sparks and arcs as summarised in 2.3.1., it is 
justified to conclude that, although the electrical characteristics of the 
discharge used for metal remaval by several investigators do not differ 
greatly, the phenomena in the spark gap and closely related with them 
the mechanism of erosion of the electrades are quite different. 

Notwithstanding the inaccuracy of measurements in electra
erosive experiments (4.1.) it would seem that the rate of energy supply 
in the gap, i.e. the impulse duration tagether with the impulse farm, 
defines for the greater part the phenomena in the gap, the erosion of 
the electrades and the ratio of the amounts of erosion of cathodes and 
anodes. It does not only imply an optimum impulse duration for a 
given amount of energy, but also the near impossibility of comparison 
of the results of practically applied discharges with pulse durations 
of, for instance, 10 and 1, 500 .,A/sec. 

This condusion is based predominantly on the almast chaotically 
confused image of the electrical polarity of the tool and workpiece 
electrode required for a particular ratio of erosion. The 
recommendations in literature concerning this polarity are in favour 
of bath possibilities in a 50/50 ratio. 

As the results of our experiments show predominant erosion of 
the cathode (4. 3.), we can, in the case of unidirectional current, 
recommend for our applied discharge characteristics (including the 
specific shape of th·e discharge, the impulse energy and the impulse 
duration discussed in 2.3.) a polarity at which the workpiece electrode 
acts as the cathode. It is no use camparing these results with those of 
literature for the reasans discussed above. 

As regards the erosion of the electrodes, in the case ofthe range 
of energy quantities per impulse as applied in our experiments the 
amount of erosion of some electrode material may generally-as a first 
approximation- be assumed to be independent of the opposite electrode 
mate rial. 

The exception formed by the opposite material zinc, obviously 
due to interaction of the heat sourees on the two electrode surfaces, 
may be explained qualitatively by the BEUKEN-model, ref. (67). 

Regarding the experience with tin and lead at the higher frequency 
(a clearly expressed inter-electrode heat action at unidirectional 
current) it will, in view of this action, probably be necessary to classify 
the opposite electrode materials according to their thermal diffusivity 
and melting point. 

It is very difficult to check our a ssumptions about the influence 
of the opposite electrode material with the remaval results mentioned 
in literature, because of the defective accompanying information on the 
process parameters. 

Concerning the poor discharge stahilities (defined as- ref. (73) -
the ratio of the actual number of discharges across the gap to the 
possible number of discharges) of certain material combinations, it is 
interesting to refer to (73) in wh:ich a c orrelation is shown betwee n the 
electronic configuration of the tool (= cathode) materialand the discharge 
stability, which is probably a re sult of the chemisorption of gases. It 
seems that, if the "d" level in the configuration approaches completion 
(i.e. when transition is approached), stability approaches a maximum, 
then starts to fall rapidly after transition is reached. 

It must be noted that the arrangement of the tool materials 
a ccording to the ir dis ch arge stability a s listed in the same refere nc e , 
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resulting in bad to very bad discharge stahilities for tungsten and 
molybdenum, does not agree with our results, although, as also 
mentioned, stability is a matter of operator judgement, even though 
actual discharges per unit time may be counted. The disappointing 
results of ref. (73) obtained with iron and tin support the results of 
our experiments. 

Finally, some attention must be paid to the different behaviour 
of iron, which, in view of the experience in industry, cannot be attributed 
to process instabilities, whatever they may be. 

In ref. (26) the different behaviour has been explained as a re sult 
of skin effect; other information or suggestions from literature is 
hardly obtainable. 

In view, however, of the dependency of the specific heat on 
temperature, Fig. 5. l. 5. ref. (65), with a streng peak around the 
CURIE-point (+ l, 032 °K), it may be supposed that, owing to inter
electrode action, much of the energy per impulse is absorbed by the 
iron electrode, resulting in the ano·malous behaviour. 

From the theory of the mechanism of ferromagnetism and its 
transition at the CURIE-point it may be concluded that the energy 
absorbed during this transition is graphically represented in Fig. 5.1.5. 
by the surface enclosed by the curve of the heat capacity near the 
CURIE-point and about by the dotted line. By planimetration of this 
surface area and comparison with the unit area in the figure some idea 
may be obtained about the absorbed energy. For a unit weight of iron 
we ascertained an amount of energy of 8. 2 x 103 J. N:-1, a relative 
great value. 

The above supposition can be checked in experiments with 
electrades of austenitic material which has no CURIE-point. We have 
applied stainless steel ACI-type CF with 0.10% C, 18% Cr and 8% Ni. 
Although the discharge charaderistic changed rapidly in the arc-form 
at greater energies per impulse for the combination capper /steel, 
increased erosion of the capper electrode, especially at low energies, 
could be determined. 

The influence of the various dielectric fluids as shown by our 
experiments has been compared with those in literature. 
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Fig. 5.1.5. The specific heat of iron as a function of the temperature, 
ref. (65). 
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Several investigators have performed tests with a great variety 
of fluids, of which the most promising results are dealt with in ref. 
(73). Investigations with several hydrocarbons and polar organic fluids 
performed here have resulted in the condusion that the role of the 
dielectric is more important than was supposed. Good results regarding 
machining ra te and process stability have been achieved with glycerol, 
corresponding to a relatively high burning voltage as measured by us. 
The addition of water to several fluids tends to increase the machining 
rates as can also be expected from our experiments with deionised 
water yielding high burning voltages. 

Contradietory to these results are those of ref. (68) and ref. (34) 
where greater tool wear with lower removal rates are found. 

VEROMAN (24), again, has measured a re duetion of the tool wear 
with decreasing specHic resistance of the dielectric medium, applying 
water and solutions of salts. 

Differences in metal removal rates when applying several 
hydrocarbons are of a negligible order, ref. (34), not to mention their 
degree of viscosity which, as mentioned in 2.2.3. and 4.4., may offer 
practical difficulties. Nevertheless, our measurements concerning 
burning voltages show considerably lower values for transfarmer oil 
as compared with petroleum. 

Summarising, it may be concluded that the composition of the 
dielectric, adapted to the characteristics of the supplying impulse 
gen'erator, calls for further attention on the part of investigators; 
especially the polar organic fluids and deionised water seem interesting. 
Of course, "secondary requirements" such as filtration, static and 
dynamic corrosion, etc. must also be discussed before commercial 
application of the specific chemieals can be recommended. 

In the present section much attention has been given to the ideas 
of several investigators concerning thephenomena occurring during the 
breakdown of the dielectric in the gap and the time of dissipation of 
the energy. The results of our experiments, aiming at a different 
purpose, do not occa sion our discussing their views, although some 
points of contact may be recognisable. For a purposeful discussion 
specific directed experiments are required. 

5. 2. A model of the mechanism of erosion 

It has a lready been mentioned (section 3 . l. 3. l.) that we assume 
the total amount of erosion to be proportional to the number of discharges 
causing that erosion. H e nce, dealing with a model of the mechanism of 
erosion the consideration of the phenomena during a single spark may 
generally be regarded as representative of those during the whole 
operation. 

It s eems useful to divide the phenomena into two stages according 
to SOLOTYCH ( 1 0) : 
( 1) during the first sta ge, which may be regarded as qua si-statie, a 

certain meta1 volume is melted, while 
(2) in the subsequent dynamic stage the re a l removing ac tion t ake s 

place with an ejection (fully or partly) of the molten volume from 
the electrode surface. 

In the description of the stages this classification will be accounted 
for, and the overlapping of their durations will be discussed. 

( 1 ). In section 3. 1. 2. 8. an interim model h a s be en c onstructe d. 
L e t us now try to d e v e lop it furth e r. 

68 



After the breakdown of the dielectric in the gap according to 
whatever mechanism this may occur (as has been pointed out in 3.1.3.1.1. 
and 5.1.2. we as sume the breakdown to have nc influence on the amount 
of erosion) an electrically conducting channel between the electrades 
is established. Charged particles crossing the gap are braken suddenly 
when they strike the electrode surface, transferring their kinetic ene rgy 
as heat to the electrode surface. This brings about a heat souree of limited 
dimensions continuously acting on the surface during the impulse. 
According to our experience concerning a predominant erosion of the 
cathode, it is especially the positive ions that must be efficient in 
creating a powerful heat source. From this souree, heat is dis sipated 
by radiation and by conduction to the surrounding dielectric (gas or 
fluid), while the remaining heat will cause in the electrode a melting 
boundary moving into the inner material parts owing to heat conduction. 

As in spark-erosive metal removing one is interested in an 
optimum depth of the melting boundary at the end of the impuls e, it 
seems useful to make theoretica! calculations of this heat conduction 
problem with the aim of finding optimum impulse farms. 

In literature references maybe found dealing with heat conduction 
in general and with heat conduction in the case of spark-erosion in 
particular. 

Starting from a momentarily active point heat souree, SOLOTYCH 
(10) was the first to state for the erosion process a threefold integral 
(see section 3. l. 2. 8. and ref. (66)), descrihing the temperature in 
the inner electrode as a function of the coordinates and the time. 
Assuming a constant heat input into the electrades during an impulse 
of 140,usec and disregarding a melting process, the same author 
showed a fair correspondence, at the end of the duration, between the 
isotherm plane of T = 1370 °K and the erater profile found in a capper 
electrode. Unfortunately, no calculation methods were added, making 
the result less reliable. 

Later on, ref. (11), the author impraves the result assuming a 
heat input as function of time and place. In this report SOLOTYCH 
describes the one -dimensional case and calculates the coordinate of 
the moving melting boundary, assuming that this coordinate can be 
described by X =OCV[, where the factqr 0( is determined by including 
the occurrence of a melting process in~the considerations. 

"Starting from the FOURIER equation of heat conduction (3.1.2.8.) 
KOVACS arrives at a formula for the rate of metal remaval (see 
3. l. 3. 1. 3.). No data about moving melting boundaries are available, 
which is probably due to the fact that the author is mainly interested 
in the influence of the impulse duration. 

ZINGERMAN (20), especially on the basis of the report of 
LIGHTFOOT (70), determines for the one-dimensional case a relation 
from which the position of the melting boundary may be calculated at 
any time. The derivation, in which the occurrence of a ·melting process 
is taken into account, is started from a constant temperature of the 
surface of the body in contact with the souree instead of from a certain 
heat input into the surface. To determine the thickness of the layer 
of molten metal, the author concludes that insteadof the melting point 

temperature T a reduced melting point temperature T + k
1

. ~ 
a, c a, c c 1 

may be applied, where kl depends on the thermo-physical coefficients 
of the metal, and on the temperature of the source. If kl is assumed 
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to be 0. 5 the error lies within l 0 per cent., but if it is assumed that 
the position of the melting boundary is described by X =C( Jl't": k1 may 
be calculated more exactly, which will re sult in a smaller error. 

The same author- as those of ref. (73)- in calculating theoretically 
the erater depth, shows that the error made when assuming an infinite 
souree area insteadof a limited one is negligible, on the condition that 
the ratio of the souree radius and the erater depth as well as the ratio 
r 0 : 2 v.ct" is great enough. For instance, when the ratio r 0 : h is greater 
than 3. 5 and r 0 :~is greater than 3 this error is less than 4 per 
cent. (see ref. (20)). 

If it is assumed that the erater area and the heat souree area are 
equally sized (ref. (19)), the above-mentioned ratios may be calculated 
from literature data concerning r 0 , h, >.., and t. Basedon the data from 
refs. (10, 11, 20, 25, 49, 58) (measurements of our own have not been 
carried out) it maybe concluded that in calculating the heat conduction 
problem itmay be regarcled as one-dimensional,since in almost all cases 
the limiting values r 0 : h> 3.5 and r 0 : ~> 3 are exceeded. This is a 
very important and justified simplification without which the 
mathematica! salution would have been too complicated. 

Ifwe agre.e upon this simplifyingassumption it seems interesting 
to consider he re the heat conductionproblem occurring inspark-erosion 
in more detail. 

In general, we are interested in the temperature distribution at 
any given time and in the ra te of phase change or in the position of the 
moving boundary between the two phases as a function of time. The 
mathematica! problem which we wish to solve is the following: 

2 
~ d Tl 

= l--2-
dx 

2 
- X2~ T2 
- 2 

dx 

T 1 (X(t), t) = T 2 (X(t), t) 

k dT 1 (X(t), t) 
1 

dx 

T 1 (x, 0) = constant 

k dT 1(0,t) 
1 dx = -q(t) 

k dT 2 (0 , t) 
2 dx = - q(t) 

t ~0; x ~X(t) ( 10) 

t,. 0; ( 11) 

( 12) 

( 13) 

( 14) 

X(t) = 0 ( 15) 

X(t) > 0 ( 16) 

Index l refers to the solid state, index 2 to the molten state. 
Conditions ( l 0) and ( 11) are the usual heat conduction equations for one 
dimension (see section 3. l. 2. 8.). Conditions (12) and (13) are to be 
satisfied on the moving boundary. (14) is the initial condition while 
(15) and (16) are boundary conditions. 

In ref. (7 8 ) indications are given to solve the se equations by a 
finite difference technique. In the same refe rence an additional 
boundary condition is given, viz. 
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dT I (X I, t) 
dx = O, (I 7) 

as a consequence of the as sumption that the soiid me tal is bounded by 
two parallel planes at a distance Xl. If XI is not finite then (17) must 
be replaced by the condition 

lim dTI(XI,t) 
x 1 •oo dx =0. 

If we consider the problem after a finite lap se of time, then there 
is an X I such that ( 17) will hold for all x >X I· This implies that to 
solve the above problem for an infinite thicknes s and a fini te time, the 
above formulation (i.e. including (17)) is valid for XI sufficiently large, 
as in our case. 

Consiclering the x- t plane, X(t) will be some curve in this plane 
such as shown in Fig. 5. 2. l. where t 0 is the moment melting starts. 
The final goal is to determine the actual curve. 

~.) 

'· 

x, 

Fig. 5. 2. l. The position of the melting boundary as a function of the 
time 

This, however, is a very comprehensive matter; therefore, in the 
first instanee the direction of the curve in the vicinity of the coordinate 
(0, t 0 ) will be ascertained he re to verify the assumption of others, 
including SOLOTYCH: X =CXVt. This equation, which has been derived 
from X-ray cinematographic films (see ref. (II)), is applied in all the 
calculations concerning the heat conduction problem, refs. ( II, 20, 70, 
7 3). 

However, we suspect a different solution for the position of the 
melting boundary for different kinds of energy supply (see also 6). 
Qualitatively, this can be easily checked by the following consideration: 
Let us assume that the total metal volume has reached the melting 
temperature at the time t 0 , while the melting process itself has not 
yet taken place. From that moment, the continued energy supply to the 
metal surface will be used to establish a melting boundary which moves 
into the materiaL Mathematically formulated it is 

dX 1 / g. A.dt = q(t) or X = g. A q(t)dt. 

This means that, when q(t) has a finite value at the time t 0 (as already 
mentioned, only the immediate vicinity of this moment will be 
considered he re) dX will also be finite. 

dt 
Let us consider three arbitrary functions of the heat input: 
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( 1) 

(2) 

(3) 

q (t) 

q (t) 

q(t) 

= a constant k , 
c 

= k sin(wt) and 
c 1 

= kc n· 
With the assumption of a uniform melting temperature in the 

mate rial, the position of the melting boundary in the immedia te vicinity 
of the moment t at continued heat input will be 

0 

= k . t : g. A, 
c 

= k (1 - cos(wt) 
c 
w 

= 2k Vt: g. A. 
c 

g. A, and 

,r dX 
Therefore, as SOLOTYCH and others assume X =0( Yt then dt at t

0 

mustbe infinite, which on1y holds if the function of the heat input agrees 
with the assumed function (3) above. Now SOLOTYCH does assume an 
equation for the heat input according to (3) - probably to make his 
equation for the position of the melting boundary mathematically 
correct; however, this equation is not in accordance with the function 
of time of the energy supply shown in the oscilloscope figure (see 
ref. ( 11)). 

In reality, the assumed situation of a uniform temperature equal 
to the melting temperature in the whole metal does not occur. This 

means that ~~ < i~1, because the supplied energy will be partly used 

for heating the material to its melting temperature. Thus, the difference 
from the assumption of SOLOTYCH c.s. will become greater. 

On the basis of the method described in ref. (78) we have made 
some calculations starting from a temperature distribution at the 
moment t 0 according toT =Ta, c· exp(-kc. x), where kc is a constant 
factor, which may be determined from the boundary condition (15). 
As suming at t = t 0 a constant heat input in the souree we have 
numerically computed that for the moment t 0 +L1 t with At-0 the rate 

of phase change is formulated by ~~ = Ó vt, where Ó depends on the 

thermo-physical properties of the materiaL As a consequence, 

X= 
2
3

Ó.t
3

/
2

, which confirms our deviation from the results of others. 

As an example we have calculated the position of the melting 
boundary starting from the moment t 0 , using the following values of 
iron: 

kl 
-3 0 -1 

= 67. 2 kg. m. s . K 

k2 36 . 5 
-3 0 -1 

= kg.m. s . K 

cl1 
2 -2 0 -1 

= 466. 2 m . s . K · , 

cl2 756 :m 2 -2 0 -1 
= . s . K ' 

7880 kg.m 
-3 

g = ' 
T = 17 83 OK 

a,c ' 
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Fig. 5.2.2. The calculated position of the melting boundary as a function 
of the time 

A 

q(t) 

3 2 -2 = 279. 7 x 10 m . s , 

8 -2 -1 = 54. 6 x 10 J. m . s , 

(i.e. approximately the product of a burning voltage of 20 V and one 
half of a sinusoida1 current having a duration of 70.AJSec, an amplitude 
of 400 A, and producing a 1 mm dia. crater; see ref. {10)). It is assumed 
that the temperature distribution at t 0 is described by 

T = 1783.exp(- 53,500.x). 
The factor 53,500 is determined from the boundary condition 

k 1dT =-q(t =constant=-54.6xl0 J.m .s . I ) 8 -2 -1 

dx x= 0 

With the assumption T(x, t
0

) = T . exp(-k . x) it is k = 53,500 m -l. 
a,c c c 

The results of the calculation, using the IBM-1620 electronic 
computer, are represented in Fig. 5. 2. 2. This graph shows a 
progressive start, passing into a degressive function for the position 
of the boundary. 

In view of the assumptions on the basis of which these calculations 
have been performed, and of our above considerations, it will be clear 
that the real graph will show less progressivity. 

As has been mentioned the computation of the position of the 
melting boundary is a comprehensive operation, requiring an extensive 
computer programme. However, from the foregoing computations, 
performed as preliminary tests in the construction of the right 
programme, it may be concluded that in this way the optimum heat 
input function may be determined from which the optimum impulse 
form may be constructed. 
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(2) About the forces ejecting the material from the electrode 
surface there are only a few reierences paying attention to them. In 
chapter 3 the investigators are mentioned who assume an evaporation 
process, as are those who assume arbitrary erosive forces. Although 
many of these assumptions seem to lie beyond the limit of arbitrarines s, 
reference is here made to the proposal of WILLIAMS (25). 

According to his idea, just beneath the electrode surface there 
is an electric field gradient with a normal component on the surface. 
If, for instance, SOLOTYCH (10) found a erater radius of 0. 5 mm for 
a peak current of 400 A, then the peak current density is at least 510 
A.mm-2. Assuming a specific resistance for copper of 17 x 10-6 ohms. 
mm, the electric field gradient just beneath the electrode surface is 
8.7 x lo-3 V.mm-1. Inviewofits conductivity, copper maybe regarcled 
as fully ionised, especially in the liquid state, i.e. the number of 
positive charged elementary particles may be regarcled to be equal to 
the number of metal atoms. Thus, for monovalent copper ions the 
charge density is 13.6 coulombs per mm3. With a erater depthof 0.05 
mm (see ref. (10)) and hence a erater volume of about 0. 02 mm3 the 
above field acts on 0.27 coulomb. The maximum force on the erater 
volume thus is 0. 27 x 8. 7 x 10-3 V.mm-1. coulomb= 2. 35 N. 

It is obvious that, contradictory to the opinion of WILLIAMS, 
this force is not in excess of the breaking strength of the materiaL 
However, it may contribute to the ejection of the weakened material 
quantity. 

SOLOTYCH (10) assumed the presence of forces of electro
magnetic origin. When, according to his ideas, the diameter of the 
current-carrying channel is greater in the gap than at the electrodes 
(a barrel-shaped channel), at the electrode surfaces the current lines 
must make an angle > oo with the normal on the electrodes (except in 
the axis). Therefore, the forces resulting fro·m the magnetic field -
induced inside the channel - and the current have a normal component 
at and ju st beneath the electrode surfaces. 

However, these forces can only act on moving charged particles, 
in this case on the positive ions of the electrode metal. If we assume 
full ionisation of the liquid metal immediately after it is melted, it 
might be possible that ions, propelled by the electricfield in the liquid, 
contribute to the total current. This part of the current, however, may 
be regarcled as of a negligible order and, therefore, forces of electro
magnetic origin are also negligible. 

In view of our experience according to which the erosion of the 
catbode is far in excess of that of the anode (see 4.3.) and consiclering 
the fact that the forces as assumed by WILLIAMS and SOLOTYCH 
discussed above can only act on the anode, it is, moreover, proved 
that the influence of these forces on the amount of erosion is of ·minor 
importance. 

Another kind of electrastatic force is the one similar to the force 
between the plates of a condenser. During the impu1se this force per 
unit surface area may be calculated according to 

2 
~· ub 

F = -=-------:::::--

2d2 

and thus, assuming 

( 6 9)-1 -1 -1 f.o = 3 . 7T. 10 A.s. V • m , 
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Ub = 16 V and 

1 
F =-------r;-9 

36. TT. 10 

1 
2 

d = 0.04 mm, 

256 . 1010 
16 

it is 

-2 =0.7N.m . 

Notwithstanding the fact that the relative dielectric constant of the inter
electrodemediummaybegreaterthan 1 {forbenzolitis 2.28, ref. (65)), 
and to the fact that, owing to the surface roughnes s, the electric field 
strength may be concentrated locally resulting in field strengths 
several times greater than the value of 400 V.mm-1 mentioned above, 
this electrastatic removing forcemayalso be regarded to be negligible. 

So there must be another kind of meta1 removing forces. 
Based on the results of high-speed cinematography SOLOTYCH 

and co-writers (11, 71) have proposed a mechanism according to which 
by expansion of gases dissolved in the electrode material, the molten 
metal is ejected from the surface. 

In app1ying the technique of high-speed cinematography the authors 
have used several frame repetition frequencies {up to 500,000 per sec). 
The pictures obtained show that as a result of the energy supply the 
gas bubble expands, which expansion is continued after cessation of 
this supply owing to the inertia of the liquid around it. The continued 
expansion of the bubble (without energy supply) would cause a 
temperature drop and especially a pressure drop inside the bubble 
even below the atmospheric pressure. Therefore, the ejection would 
take place particularly at the end of the impulse and just after it. 

The authors of ref s. (11,71) do not inform us fully on the applied 
experimental arrangement. For instanee, we suppose that the ele c trades 
are not immersed in the dielectric medium but that only a drop of it is 
placed between the electrodes. In view of the high amount of energy 
supplied (2.5 J during 50.Aisec) the small quantity of the inter-electrode 
medium might be evaporated fully, thus creating circumstances 
different from those in spark-erosion machining. Furthermore, if the 
above -mentioned amount of energy is supplied to a g a p between 0.6 mm 
dia. e lectrades, too h i gh an e rosion of the ele c trades m a y be produced 
which is not in accordance with practical machining either (see 2.2.2.). 

On the basis of the pictures obtained, the authors calculate a 
pressure drop belowthe atmospheric, a nd thus they show an additional 
boiling-out of the molten meta l and eje c tion of metal by implosion of 
the ga s bubble. 

To verify the above described results we a lso carrie d out 
expe riments applying high speed cine matog r a phy on a singl e -pulse 
discha rge. Because of its simplicity of construction and its possibility 
to produce in a simple way a single discharge, the RCL version of 
the LASARENKO circuit was applied for this purpose. By a proper 
choice of the capacitance C a nd the inductivity L the form of the impulse 
as well as the impuls e duration c an be fixed. We applied one h a lf of a 
sinusoidal current, for which purpos e the a lready men tioned (see 
3.3.1.1.) silicon diode rectifiers were t a ken up in the dis ch a rge circuit. 

The a pplied puls e dura tions are 10 ms ec a nd 500 .,Use c with an 
amount of energy per impulse of about 1.5 J and 75 mJ respectively at 
an open volta ge of 350 V. The brass electrades, mounted in the rinsing 
tank (Fig. 2.2.1.), both had a diameter of 0. 8 mm and tapering points. 
The die lectric media, used without flow , were petroleum and deion ised 
wate r imme rs ing the electrades com pletely. The inte r-electrode 
distance was fixed a t 0. 02 m m in the w a y a s a lready des c r ibed 
(2. 4 . 1. ). 
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Fig. 5. 2. 3. The arrangement for high speed cinematography 

The pictures o"!)tained are silhouette-photographs. The light 
source, a Strobokind {Früngel), consisted of a gas discharge in argon 
with a continuously adjustable impulse repetition fr e quency up to about 
25,000 c/s. The camera, a Strobodrum {Früngel), consisted of a 
rotating drum with a piece of 35 mm film around its edge. The speed 
of the drum could be synchronised with the discharge frequency of the 
light souree by means of a motor with a continuously adjustable number 
of revolutions. The light souree was triggered by a voltage of 50 V 
from the relaxation circuit via an adjustable retarder. For this 
purpose a 5 ..11. resistance was taken up in the discharge circuit. 

With a retardation in the Strobokind of a few ....(.(sec the first 
photograph is taken about 2. 2 msec and 110..-tlsec respectively after 
the breakdown of the gap. The applied repetition frequencies of the 
light souree are 2, 000 els at an impulse duration in the relaxation 
circuit of 10 msec and 25,000 c/s at the duration of 500"llsec. A 
survey photograph of the arrangement may be found in Fig. 5. 2. 3. 

The results are represented in Figs. 5. 2. 4., 5. 2. 5. and 5. 2. 6. 
In Fig. 5. 2. 4. is shown the development of a discha rge of 10 msec in 
the dielectric petroleum. As a consequence of the rotation of the film, 
the spark-erosive discharge, which also acts as a light source, is 
represented by a light beam in the pictures (a), (b), (c) and (d). The 
differences in intensity of the discharge as a function of its time are 
clearly visible : picture (a) is taken 1 msec after the breakdown, 
picture (b) after 4 msec, (c ) a fter 9 ms ec, (d) after 10 msec (i. e . at 
theendof the discharge), picture {e) after 10.5 mse c , (f) a fter 16msec , 
(g) after 21.5 msec and (h) after 24msec . The intermediate photographs 
have been omitted. 

As shown by these pictures, we find an increase of the gas bubble 
during the discharge, but with a maximum immediately at the end of 
the current impulse, the l atter contradictory to the r e sults of 
SOLOTYCH. After the impulse, the diameter of the bubble is seen to 
decrease but there is no implosion. Although some meta l ejection may 
already b e seen in picture (b) the greater part of the erosion takes no 
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Fig. 5.2.4. A 10 msec discharge with an amount of energy per impulse 
of 1. 5 J in petroleum as a dielectric (2, 000 frames/sec). 
(a) 1 msec after the breakdown, (b) after 4 msec, (c) after 
9 msec, (d) after 10 msec, (e) after 10. 5 msec, (f) after 
16 msec, (g) after 21. 5 msec and (h) after 24 msec. 
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Fig. 5.2.5. A 10 msec discharge with an amount of energy per impulse 
of 1.5 J in deionised water as a dielectric (2,000 frames/ 
sec). Photographs between 9. 5 and 12.5 msec after the 
breakdown. 

doubt place at the end of the discharge and immediately thereafter 
(pictures (c ), (d) and (e)). From the l atte r pictur e s it may also be 
concluded that the ejecting particles do have a certain mass, i.e. they 
cannot be regarcled as vapour jets. 

The experience with petroleum as a dielectric is confirmed by 
pictures with deionised water, Fig. 5. 2. 5. Here too, a discharge of 
lOmsec has been applied. The illustration shows photographs shot 9.5 
msec up to 12.5 msec after the breakdown of the dielectric . The ar row 
indicates the sequence. M aximum bubble diameter oc curs at the end of 
the current pulse (the second picture from left) wherea s no implosion 
of the bubble is se en. The ejection of roetal is shown he re by the smal! 
lightbeams of moving hot me tal particles which also act as light sourees 
of decreasing intensity. Owing to the intransparancy of the bubble in 
the case of petroleum they are not visible in Fig. 5. 2. 4. As may also 
be seen from Fig. 5. 2. 5. the ejection of roetal p a rticles of certain 
dimensions mainly occur s at the end of the impulse. 

This latte r experience is most clearly shown in Fig. 5.2.6., where 
the discharge has a duration of 500,.Usec with petroleum as a dielectric. 
The photographs were shot 340Asec up to 7 BOAsec after the breakdown 
of the dielectric, (see the arrow). Notice the smaller dimension of the 
gas bubble and the moving e jected p articles a t the ena of and after the 
dis charge. 

It will be clear that from these pictures no details on the e r a t er 
formation can be obtained.lmproved methods like X -ray cinemato graphy 
as well as the application of laser light beams which out-radiate the 
discharge light, may supply more insight on this dynamic phase. 

Although these experiments are intended more or less as an 
introduetion to continued investigations, some information may be 
obtained from them. For instance , regarding the diameter of the gas 
bubble produced at the relatively high impulse energy levels (Figs. 
5. 2. 4. and 5. 2. 5.) it may be imaginable that at g r eate r electrode 
diameters the second andfollowing discharges during a spark-erosion 
operation, are pur e gas discharge s, owing to an insufficient flow of 
the dielectric in the gap. As a consequence the energy concentrating 
effect of the fluid is absent and thm; the efficiency of the erosive action 
will probably decrease. As may be s een from Fig. 5. 2. 6 . where a 
much smaller bubble a lready occurs, it may be expected tha t at even 
smaller energy l evels per impulse it will decr e ase further, thus 
reducing the above-mentioned inefficiency. So, increased energy 
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Fig. 5.2.6. A 500 Atsec discharge with an arnount of energy per irnpulse 
of 75 rnJ in petroleum as a dielectric (25,000 frames/sec). 
Photographs between 340..-" sec and 7 80 ,..usec after the 
breakdown. 

levels per impulse increase the rate of erosion according to the empirie 
forrnula (8) (see 5. 1.), but require special attention to the gap flow. 

Furtherrnore, as Figs. 5. 2. 4., 5. 2. 5. and 5. 2. 6. clearly show 
that the greater part of the molten roetal is rernoved as particles of 
certain dirnensions and not as vapour jets, a boiling out of material as 
proposed in ref. (71) is not rejected at all but regarcled as of minor 
importance, while the influence of implosions is considered to be 
negligible. 

Surnrnarising we conclude that in the second half of the irnpulse 
duration molten electrode material rnay evaparate or be ejected from 
the surface by farces of electrastatic origin. When at the end of the 
irnpulse the energy input in the discharge channel stops, the pressure 
(and also the ternperature) in the gas bubble above the electrode 
decreases. At this moment gases and evaporated petroleum absorbed 
by the electrode material rnay expand ejecting the rnain part of the 
molten material out of the crater. It is evident that by this mechanisrn 
not all the molten and weakened material will be removed as is shown 
in refs. (10, 33). Continued investigation with techniques as already 
rnentioned must imprave the model. 
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6. RECOMMENDATIONS FOR PRACTICAL APPLICATION AND 
CONTINUED INVESTIGATION 

The results of our investigations as well as the experience of the 
authors referred to, do not yet justify us in offering full recommendations 
to industry. On the one side our aim was to explain some fundamental 
phenomena accompanying theerosionprocess, ontheother, thenumber 
of influencing factors is very large, while the methods of measuring 
them turned out to be rather inaccurate and inco·mplete. For these 
reasans it was impossible to indicate more than tendencies in metal 
remaval techniques. 

An important recommendation maybe that both investigators and 
industry should apply pulses with a high repetition frequency. 

Generally, from the practical point of view the average power of 
commercially available supplying generators is constant within rather 
narrow boundaries. The latter are in particular fixed by the properties 
of the electronic components of the generator. The frequency, on the 
contrary, is variabie within wide limits. Thus, a limited power implies 
small amounts of energy per impulse at increased frequencies. Ho wever, 
as the e ·mpiric for·mula for the rate of erosion may also be written by 

V= 17.53.f.P5/4. Àl/2.c-5/4.T-5/4.A-3/4, 

where P = f x E is the average power, it is still an advantage to apply 
higher frequencies for the erosion. 

As already discussed (5.1.2.) it is hardly possible to make some 
suggestion or generally applicable recommendation concerning the 
electrical polarity of the tool and workpiece electrades. From the 
literature data and from the results of our own experiments we conclude 
that in view of the different kinds of pulses applied in spark-erosion 
machining no general recommendation can be made at all. 

For purposes of comparison it seems much more useful to classify 
the several applied pulses according to their type of generation (gap 
controlled generators and those with predetermined characteristics), 
and accordingtotheirpulseduration, forinstance 0 -10_..t~sec, 10-1000 
and 1000 - more."..U sec, see 5. 2. 

Generally, for gap controlled (for instanee relaxation) generators 
the tool electrode should be the cathode, whereas with the other types 
(called impulse generators to distinguish them from the relaxation 
type) a reverse poiarity is recommended, although the latter show 
·many random deviations from this rule, which a re for the time being 
not predictable. We recommend this reverse polarity only if use is 
made of generators having our specific pulse characteristics. 

Directly related to the electrical polarity and the tool-to
-workpiece remaval ratio are the combinations of the materials. The 
empirie formula shows us that the best tool material (with minimum 
we ar) to be obtained would be characterised by maximum in heat capacity, 
in heat of fusion a nd in melting temperatu:re, and by a minimum in 
therma l diffusivity. Unfortuna tely, s econdary effects confuse the image. 

Generally, special attention has to be paid to inter-electrode 
phenomena. This implies that, co·mpared with the workpiece material, 
for some combinations either the tool material should not differ much 
as rega rds the major thermal properties, or the differences snould 
compe ns a te each other, ref. (21). With iron and other ferromagnetic 
materia ls the energy absorption n ea r the CURIE-point has to be taken 
into account, 5 . l. 2. 
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In view of the foregoing graphite may be expected to be an 
excellent tool material as can be explained from its material properties 
(compare Table 1). No datum is available about its heat of fusion; 
however, the formula for the erosion applied on the values as far as 
these are known produces a low amount of metal removal, which is in 
accordance with practical experience, refs. (23, 73). 

Concerning the dielectric media experience is defective. 
Nevertheless, the application of deionised water seems to offer 
advantageous perspectives for practical machiriing, especially 
regarding its relatively high burning voltage, 4. 4: This results in a 
high amount of energy per impulse. 

We would once again emphasise that all these recommendations 
are based on more or less preliminary experiments which must be 
completed by specially directed ones in order to obtain more reliable 
data. 

It may be obvious that the most important recómmendations based 
on our knowledge ofthe erosion process , ref'er to further investigations 
of special phenomena. 

For further analysis of the constant factor 17.53 in the empirie 
formula it is primarily es sential to take the impulse duration into 
accounL This implies the introduetion of a fourth dimensionles s product, 
which may lead to an improved empirie formula. 

A study of this impulse duration may be divided into two parts 
with respect to their interesting aspects: One is toregard the duration 
as a quantity variabie within certain limits predicted by the electrical 
equipment. The influence of the variation of the impulse duration on 
the amountof erosion can be determined in the same way as described 
in this thesis for other variables. From such an investigation the 
optimum impulse duration as a function of the electrode material as 
well as of the amount of energy per impulse may be calculated from 
the improved formula. The other aspect is to ascertain the correlation 
between the impuls e form, i.e. the rate of energy supply during one 
impulse, and the meta l remaval ra te, r esulting pos sibly in an optimum 
impulse form. 

When including the impulse form in our considerations, we must 
introduce another dimensionless product. In this way of iteration we 
may hope for arriving at a sufficiently improved description of the 
mechanism of erosion for technica! application (see 3. 2.). 

In direct relation to this knowledge to be gained our 
recom·mendations of classifying the several dis charges according to 
their pulse duration, and perhaps eventotheir pulse form, mayobtain 
some confir·mation. 

Another essential goal for future investigation is increased 
accuracy of measurement, especially of the rate of metal remaval V, 
and the pulse energy E in view of the values discussed in 4. 1. 

Concerning the measurement of the r ate of erosion V it is 
recornmended to extend the dura tion of the single experiment to 15 or 
20 minutes, thus reducing the inaccuracies (in percentage) due to the 
precipitation of carbon particles and due to the time lost befare a 
stabie proce ss has been established (see 4.1.). To avoid the introdue tion 
of new inaccura cies these extended durations require immediately the 
application of a n automatic gap control system. Such an improved 
system y.rill also increase the stability of the proces s. Several authors, 
refs. (11, 14, 68, 73), show exarnples in this field a nd have stuclied the 
electrical r e f e rence parameters . 
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Concerning the measurement of the pulse energy special watt
meters adjusted to the characteristics of our applied pulses, should 
be developed as was done in ref. (61) by way of example. Increased 
accuracy of measurements based on our methods as described, is 
hardly to be expected. 

In this thesis no attention has been paid to the influence of the 
several electrical parameters on the surface finish and the surface 
dammage of the electrodes, except in a preliminary experiment in 
which the finish of a surface eroded by 2 A, 50 kc / s puls es was 
ascertained. A roughness of 50_.liin was measured bymeans of a Talysurf 
workshop roughness meter model 100. Apart from an optimum erosion 
ratio of tool and workpiece and a maximum remaval rate, industry is 
interested in optimum surface finish and in the degree of surface 
dammage (structural modification) to the electrode mate rial, especially 
in the field of application of spark-erosion in the manufacture of pres s 
and die tools. 

Closely related to these phenomena are the chemie al reactions 
on the electrode surface during and after the discharge. Several authors 
have paid attention tothese physical-chemical reactï"ons on the electrode 
surfaces, refs. (33 , 73). Their descriptions show that a proper 
inve stigation of these phenomena require s experiments di re cted 
exclusively towards the purpose. 

Another important factor, influencing particularly these secondary 
chemica! effects and, generally, the efficiency of the eroding operation 
is the choice of the mixture of fluids acting as a dielectric medium. 
Much attention to it has been paid in ref. (73), where it is shown that 
the most advantageous properties may be expected from fluids quite 
different from hydrocarbons. It would seem intere sting to verify these 
results and to find optimum media for every special operation. 

Finally, attention should be paid to the development of high- speed 
cinematography of the metal removing spark discharge. It is true that 
no direct advantage for practical application of these investigations 
may be expected. However, in this way erater formation can be stuclied 
(especially when applying X-ray film techniques), and also the time 
dependency of this real erosive action in relation to the moment of 
maximum energy input in the spark. This may contribute to the physical 
explanation of the spark-erosion process. 
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SUMMARY 

The main subject of the work underlying the present thesis was 
to find a correlation between the rate of metal removal and a number 
of process variables: the energy per impulse, the impulse repetition 
frequency and some physical properties -as heat capacity, thermal 
diffusivity, heat of fusion, and melting temperature - of the electrode 
materials. 

When starting the investigation only a rudimentary physical model 
of the mechanism of the processof spark-erosion was at our disposal. 
Therefore, in order to follow a steady course in the investigation and 
thus obtaining a method of working, the procedure of the dimensional 
analysis has been applied. 

The special experimental arrangement built up for the purpose is 
described. Much attention is paid to the electrical circuit é!,pPlied. It 
consists of a generator, a current limiting resistance and the spark 
gap. The impulse repetition frequencies are 50 c/ s (from the ma ins), 
l ,500 and 3,000 c/s (from a machine generator) and 50,000 c/ s (generated 
by a high frequency oscillator). Up to 3,000 c/s the applied pulses are 
sinusoidal, at 50 kc/ s their sinusoidal shape is deformed by means of 
ferroxcub coils in order to avoid are phenomena. The pulse 
characteristics thus obtained are compared with those literature data 
which are related to types of discharges generally referred to as spark 
and are discharges, and in particular to the characteristic s of a 
condenser discharge. The energy per impulse is measured from 
photographs of the current and the voltage curves shown on an 
oscilloscope screen. From the same pictures the impulse repetition 
frequency is determined (chapter 2). 

Next the variables determining the rate of metal removal are 
discussed. In our model of erosion we assumed that during the time of 
discharge there is a n insta ntaneous heat souree on the electrode surfa ce. 
As a re sult of heat conduction a certain volume of the metal is melted. 
Applying the theory concerning the heat conduction, it is found that the 
most important material constants for the erosion process are: the 
heat capacity, the coefficient of thermal diffusivity, the melting 
temperature and the heat of fusion. The influence of the proces s of 
evaporation is left out of consideration. Our choice of the enumerated 
f actors- which are important for the description of the spark-erosion 
pro ce ss- is a lso basedon the views of other investigators (chapter 3). 

By means of the ·ma thema tic al method of dimensional analysis the 
number of 7 variables as indicated above is reduced to 3 dimensionless 
quantities descrihing the process. This makes it possible to derive an 
empirie formula for the rate of metal re·moval as a function of the 7 
variables. The empirie formula is based on the results of a large 
number of experiments (about 750) with s everal pure m e tals. The 
experimental d ata are elaborated according to statistica! methods 
using an IBM 1620 compute r (chapter 5 ). 

For some materials such as zinc and iron, anomalous erosion 
characteristics are ascertained based on the s a me experimental 
results. Anexplanationofthese anomaliesis given, especially referring 
to the data in the literature concerning the distribution of energy over 
the several parts of the discharge channel (chapter 5). 

Furthermore, the results of inve stigations o f s e veral die l ectric 
m edia are discussed, although, they are intended more or l e ss as a n 
introduetion for continued research (cha pter 5). 
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Finally, using the theory of heat conduction, some calculations 
concerning the erater formation are performed, while additional 
information about this is derived from the results of high- speed 
cinematography of the discharge (chapter 5). 

Recommendations for industrial a pplication ofthe spark-erosion 
process as well as for a continuabon of the research based on the 
results considered in the investigation conclude this thesis (chapter 6). 
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SAMENVATTING 

Het belangrijkste onderwerp van dit proefschrift is het onderzoek 
naar de relatie tussen de verspaningssnelheid en een aantal proces
beheersende variabelen: de energie per impuls, de impulsherhalings
frekwentie en enige materiaalkonstanten, zoals de warmtecapaciteit, 
de temperatuurgeleidingscoëfficiënt, de smelttemperatuur en de smelt
warmte. 

Aan het begin van het onderzoek stond slechts een zeer rudimentair 
fysisch model van het vonkerosie proces ter beschikking. Daarom werd 
vOordehandhavingvandelijn in hetonderzoek en dus tot hetverkrijgen 
van een methode gebruik gemaakt van de werkwijze van de dimensie
analyse. 

Voor het onderzoek is een speciale proefopstelling gebouwd. Veel 
aandacht is daarbij geschonken aan het elektrische circuit. Dit bestaat 
uit een generator, een stroombegrenzende serieweer stand en het vonk
kanaal. Toegepast wordt 50 Hz (uit het lichtnet), 1500 en 3000 Hz (op
gewekt àoor een machinegenerator) en 50.000 Hz (uit een hoogfrekwent 
oscillator). Tot 3000 Hz hebben de pulsen een sinusvormig verloop, 
bij 50 kHz is de sinusvorm door middel van spo e len gewijzigd om het 
gevaar van boogvorming te verminderen. Aan de hand van gegevens uit 
de literatuur worden de door ons verkregen pulskarakteristieken ver
geleken met die welke in het algemeen vonk- en boogontladingen genoemd 
worden en vooral met die van een kondensatorontlading. De energie 
per impuls wordt gemeten aan de hand van foto-opnamen van het 
oscilloscoopbeeld van stroom en spanning . Uit deze opnamen wordt 
ook de impulsherhalingsfrekwentie bepaald (hoofdstuk 2). 

Vervolgens worden de variabelen besproken welke de verspa
ningssnelheid kunnen bepalen. Daarbij wordt uitgegaan van een ver
spaningsmodel volgens welk tijdens de ontlading op het elektrode
oppervlak een momentane warmtebron bestaat welke door geleiding 
een bepaa ld metaal-volume doet smelten. Het is plausibel dat relevante 
materiaalkonstanten zijn: de warmtecapaciteit, de temperatuurgelei
dingscoëfficiënt, de smelttemperatuur en de smeltwarmte. De invloed 
van het verdampingsproce s wordt niet in beschouwing genomen. De 
keuze der konstanten wordt vergeleken met de meningen in de Htera
tuur over de invloed van deze konstanten (hoofdstuk 3). 

M e t behulp van de methode van de dimensie-analyse wordt voor 
de beschrijving van het vonkerosieproces van 7 var iabelen ove rgegaan 
op 3 dimensieloze produkten. Daarna kan uit de gegevens van een groot 
aantal proeven (+ 750) met verschillende zuivere metalen langs statis
tische weg, met gebruikmaking van een IBM 1620 rekenmachine, een 
formule voor de verspaningssnelheid als eenfunctie van bovengenoemde 
variabelen worden afgeleid (hoofdstuk 5). 

Uit dezelfde serie proefresultaten worden anomale verspanings
karakteristieken afgeleid voor enkele materialen, zoals zink en ijzer. 
E en verklaring voor dit gedrag wordt gegeven mede aan de hand v a n 
gegevens uit de literatuur aangaande de energieverdeling over de ver
schillende delen van het vonkkanaal (hoofdstuk 5). 

Verder worden de resultaten besproken van experimenten m e t 
verschille nde dielektrika (min of meer bedoeld als inleiding voor een 
nader onde rzoek (hoofdstuk 5). 

Tenslotte wordt , uitgaande van d e warmtegeleidingstheorie, een 
bere kening opgezet van de kratervorming, t e rwijl aanvullende inlich-
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tingen hierover worden afgeleid uit de resultaten van zeer snelle film
opnamen van de ontlading (hoofdstuk 5). 

Aanbevelingen voor de industriële toepassing van het vonkerosie
proces zowel als voor een voortzetting van het onderzoek, op basis 
van de resultaten zoals in dit onderzoek verkregen, sluiten het proef
schrift af (hoofdstuk 6). 
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STELLINGEN 

l. De term vonkerosie duidt voor technici niet ondubbelzinnig het
zelfde begrip aan. 

2. De toepassing van de methodiek der dimensie-analyse bij de bestu
dering van het mechanisme van puntlassen biedt gunstige pers
pectieven. 

3. De ontwikkeling van hydraulische excitatoren vormt in het geheel 
van de bestudering van de stabiliteit van gereedschapswerktuigen 
een zinvol onderdeel. 

(VAN DER WOLF, A.C.H., C. DEBEER:Eenhydraulische 
excitator voor het dynamische onderzoek van gereedschap§
werK.tuigen, Metaalbewerking, 3-I (1965), Nr. 5). 

4. Het is wenselijk bij de opstelling van ijkdiagrammen ten behoeve 
van de GOTTWEIN -methode van temperatuurmeting aan draai
beitels gebruik te maken van zeer snelle warmtebronnen. 

5. Een onderzoeknaar de mogelijke toepassing van dynamometrische 
methoden voor de positionering van gereedschapswerktuigenis 
niet zonder perspectief. 

6. De toepassing van spaanbrekers, op de juiste wijze gemonteerd, 
beïnvloedt niet op significante wijze de gebruiksduur van hard
metalen draaibeitels. 

7. Vonkhydraulische vervorming biedt duidelijke voordelen ten op
zichte van conventioneel dieptrekken bij de vervaardiging van 
grote metalen voorwerpen zowel in kleine series als bij enkel
voudige produktie. 

8. De gebruiksduur van hardmetalen beitels wordt waarschijnlijk in 
belangrijke mate bepaald door de slijtage die typerend is voor de 
aanloop van het draaiproces. 

9. Door gebruik te maken van de bekende stijfheid van constructie 
bij een vlakslijp-machine is het mogelijk een aanzienlijke winst in 
de bewerkingstijd te boeken in vergelijking tot de methode waarbij 
men slechts de gebruikelijke bewerkingavoorschriften opvolgt. 

10. Het lijkt een gebiedende eis te zoeken naar concretiseringen in 
het technisch-wetenschappelijke onderwijs zowel als in het be-
drijfsleven van de stelling van GUARDINI : " ...... der Mensch 
müsste vor allem ein ursprüngliches Verhältnis zur Macht .... 
und damit zur Technik haben". 

(GUARDINI, R.: Die Macht, Würzburg 1955, pag. 1 06). 

11. Gezien de toenemende behoefte aan een snelle en doeltreffende 
communicatie onder technici lijkt het zinvol te streven naar de 
invoering in het voor-àcademische onderwijs van een symbolen
taal van een zo eenvoudig mogelijke opbouw. 

12. De kinetische kunst manifesteert een antropomorfe opvatting van 
de machine. 

(WEMBER, P.: Bewegte Bereiche der Kunst, Krefeld 1963). 

13. De mening volgens welke bij de verdeling van de kosten van onder
houd en restauratie van molens de economische waarde voor de 
eigenaar in rekening dient te worden gebracht is juist, wanneer 
men deze economische waarde aan nihil gelijk stelt. 

14. De problematiek van de industrialisatie in zeer vele "ontwikke
lingslanden" is niet zozeer gelegen in het moeizaam overnemen 
van industrieel-technische kennis dan wel in de barre noodzaak 
dit niveau van technisch kennen binnen de duur van een mensen
generatie te integreren in een volkomen daarop niet voorbereid 
cultuurpatroon. 

15. De afleiding volgens welke de springhoogte van gelijkvormige 
dieren van verschillende grootte onafhankelijk is van de schaal
factor berust op een onjuiste interpretatie van wat de wet van 
BORELLI wordt genoemd. 

(THOMSON, D. W.: On growth and form, Cambridge 1963, 
pag. 36). 

· Stellingen behorende bij het proefschrift van C. J. L. CLAESSENS. 
Dinsdag 9 november 1965. 


