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Melting and Evaporation
Phenomena During Electrical

A modeling method is presented for the evaluation of the eroded crater during electrical
discharge machining. The method is based on the propagation of the melting crater
when other effects such as evaporation can take place. Calculations are performed for a
point heat source on the surface of copper and steel electrodes. An experimental tech-
nique for the measurement of the amount of eroded material is described: the method
consists of extraction of the metal from the dielectric fluid by chemical reactions and
measurement of the resulting color intensity.

1 Introduction

Electrical discharge machining (EDM) of metals has become an
established method for machining, especially for complicated
geometries and high accuracy. The practical techniques of EDM
have developed considerably in recent years. However, in spite of
the progress made in the theory of EDM, many aspects of the pro-
cess are still unexplained. The process of the discharge between
two electrodes (tool and workpiece) immersed in a dielectric fluid
is very complicated and involves numerous phenomena, e.g., heat
conduction and phase changes (melting, evaporation, ionization,
excitation) of the electrodes and the dielectric fluid, electrical forc-
es, formation and collapse of gas bubbles and energy distribution
in the discharge channel. Several very simplified mathematical
models for the erosion mechanisms have been suggested, but a
generally accepted theory does not yet exist.

Electrical forces exerted by the electric field between the elec-
trodes can account for the erosion only for very short pulses—up
to 1076 s, [1-4).2 For longer pulses, the basic mechanism for metal
removal is that of melting and evaporation [5-14]. The discharge
channel is the energy source and the amount of eroded material is
determined by the isotherm of the melting temperature. The
mathematical models suggested [5-14] for this mechanism treat
the melting process by modification of the specific heat of the ma-
terial and not by sinks of latent heat. Evaporation is either ne-

1This paper is dedicated to the memory of Prof. Y. Winograd who was
killed in action during the Yom-Kippur War, October 1973, while defending
his country.

2 Numbers in brackets designate References at end of paper.
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glected or it is assumed that the surface temperature does not ex-
ceed the evaporation temperature. While these assumptions can be
justified for approximate calculations, a more accurate approach
must take into account the latent heat of evaporation, which is
much larger than that of melting. Moreover, other phenomena
such as ionization and excitation of the evaporated material can
occur, and the existing mathematical models cannot describe
them.

Problems of heat transfer with a change of phase are also en-
countered in other fields, such as solidification of castings, design
of shields for re-entry vehicles on the basis of aerodynamic abla-
tion, freezing of foodstuffs and sinks for energy storage. Boley [15]
and Muehlbauer and Sunderland [16] presented a thorough review
of the literature published until 1963, which was limited to a single
change of phase depending on a single space variable. Since 1963
several authors treated two- and three-dimensional problems, but
only a single change of phase. Several of these works are men-
tioned by Budhia and Kreith [17}, who solved the problem of melt-
ing in a wedge.

Sikarskie and Boley [18] solved the problem of heat transfer
with melting caused by a heat source which varies spatially along
the boundary surface. They have also suggested a method for
treating the initial propagation of the melting front, based on the
assumption that the problem can be regarded as one-dimensional
during the initial stages. Pedroso and Domoto [19] suggested a per-
turbation method for solidification problems. They simplified the
problem by transforming the variables such that the position of
the solidification front replaces time. Lazaridis [20] presented an
implicit numerical solution for the temperature field and the posi-
tion of the interface for a multidimensional solidification. He
treated, again, only a single phase-change.
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This present work is apparently the first attempt to develop a
method for treating a heat transfer problem with multiple phase
changes. The method can serve as a first approximation for evalu-
ating the propagation of the melting crater during electrical dis-
charge machining.

The model is applied here to calculate numerically the melting
isotherm resulting from a single spark of a point source on the
electrode surface when melting and evaporation take place. These
phenomena are first included accurately, by sinks of latent heats
distributed on the melting and evaporation isotherms (Section 2).
In Section 3 an approximate method is developed in which the
sinks due to melting and evaporation are “transferred” to the site
of the point source. The magnitudes of these sinks remain as in the
exact model, ie., the heats required to melt and evaporate the
propagating melting and evaporation shells. The results for copper
and steel electrodes show that the approximate model is sufficient-
ly accurate for practical calculations. This method is clearly sim-
pler than the exact one and enables a considerable reduction of nu-
merical computation and thus of computer time.

In order to develop these simple models which represent the
complicated process of the discharge, several assumptions need be
made. The first one is that of spherical symmetry. It is well known,
c.f., Soneys and Van Dyck [14] and Greene and Guerrero-Alvarez
[21], that the crater formed by a single spark is a symmetrical seg-
ment, which tends to a half-sphere with increasing pulse duration.
This is explained by the following reasons: the diameter of the dis-
charge channel is much smaller than that of the workpiece elec-
trode, heat conduction into the dielectric fluid is negligible com-
pared with that in the metallic electrode, and convection in the
vapor phase is not important until the collapse of the bubble which
contains the vapor. It is believed, e.g., Zolotych [8] and Crookall
and Heuvelman [22], that some evaporation of the dielectric fluid
takes place at the beginning of the discharge. The electric arc is
then established in this gap, while more vapor, mainly from the
electrodes, is accumulated in a bubble. The bubble collapses only
after termination of the discharge (for pulse durations up to 1000
us, investigated here). Convection in the vapor phase can be im-
portant only then; it is neglected in the present work. This as-
sumption is further justified by the results of Greene and Guer-
rero-Alvarez [21]. They compared machining in a dielectric fluid
and in a gas. In the former case, a single crater is created while in
the latter, secondary craters are formed around the central main
crater. This shows that the dielectric fluid prevents the spreading
of the energy and hinders convection.

A further assumption is that the properties are constant and
equal in all three phases. In most of the reported works on melting
or solidification the problem of the properties in the different
phases is avoided. For example, Sikarskie and Boley [18] consid-
ered instantaneous removal of the melted material and heating ap-
plied to the melting front. The same authors, and also Budhia and
Kreith [17], solved problems in which the whole liquid phase is at
the melting temperature. In order to accommodate the change in
the properties between the phases, sophisticated and complicated
numerical methods must be used, e.g., Lazaridis [20]. In the exist-
ing models for electrical discharge machining, evaporation and
melting are not included directly, as mentioned in the foregoing.

e—lN OTTIETIClafUre

For the former, it was assumed that the surface temperature does
not rise above that of evaporation; for the latter, constant and
equal properties are assumed for the solid and liquid phases, and
the specific heat capacity was modified by the latent heat to ac-
count for melting, Snoeys and Van Dyck [14]. Cobine and Burger
[23] even assumed that all the energy supplied is absorbed by
evaporation.

Observation of the behavior of the relevant physical properties
for metals, c.f., Smithells {24], shows that they do not change dras-
tically at the melting point. Some properties vary continuously
through this point while the discontinuous change in other proper-
ties is small. Since the variations of the properties between the
solid and liquid phases are quite moderate and due to the fact that
the crater is tiny, the assumption of constant properties seems rea-
sonable as a first approximation.

The properties of the vapor phase still remain a difficulty and a
limitation of the model. However, since the electric current pene-
trates through the vapor phase, most of the heat is applied at the
liquid-vapor front so that heating of the vapor and conduction in it
are not important, The dominant effects are melting and evapora-
tion, and only when the temperatures are much higher, ionization
and excitation in the gas phase become significant. Moreover, the
thermal resistance of the vapor phase is also compensated for by
solid particles in the crater which are torn from the electrode sur-
face during the first stages of the discharge, c.f., Zolotych [8].

The experimental part of the work included measurements of
the quantities removed from the electrodes during single dis-
charges. One of the main problems of measuring the amount of
material eroded during a single spark is that this amount is very
small. One method is based on measurement of the dimensions of
the crater [6, 12, 13], but the shape of the crater becomes irregular
with increasing pulse duration. Another method is based on aver-
aging the weight loss of the workpiece resulting from many sparks
[25-26]. In this way, however, every spark has a new configuration.
Determination of the erosion by radioactive tracers [27] gives rea-
sonable results but was found to be inconvenient.

The experimental method reported here (Section 4) for mea-
surement of the amount of eroded metals consists of chemical ex-
traction of the metal from the dielectric fluid and determination of
its quantity by the intensity of colored solutions in a spectro-pho-
tometer.

The experimental results for copper and steel electrodes are
compared with those of the theoretical model. Good agreement is
found for intermediate pulse duration; for longer and shorter puls-
es the theory can provide orders of magnitudes of material remov-
al. It is thus concluded that the simple model can serve as a first
approximation in spite of the assumptions and simplifications
which were being made.

2 Propagation of the Melting and Evaporation
Surfaces

The basic mechanism of metal removal during EDM is based on
melting and evaporation. The discharge channel is the heat source,
assumed here to be constant and concentrated at a point on the
surface of the electrode. The crater of eroded material is deter-
mined by the isotherm of the melting temperature, see Fig. 1.

¢ = special heat

k = heat conductivity

¢ = length scale

L = latent heat

M = melting parameter

qm, qv = heat sinks due to latent heats of
melting and evaporation, respectively

@ = point heat source

-r = radius, dimensionless

R = radius

t = time
t* = time scale
T = temperature

less
« = heat diffusivity
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V = evaporation parameter
wum, wy = temperatures due to heat sinks
of melting and evaporation, dimension-

5() = Dirac delta function

# = temperature, dimensionless

7 = time, dimensionless

p = density

Y = temperature due to a point heat
source, dimensionless

Subseripts:

M = melting

V = evaporation
0 = Initial time
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Fig.

The melling crater

As mentioned in the foregoing, it is assumed that the physical
properties are constant and equal for the phases. The temperature
field in the metal can be described then by the following Fourier
equation:

aT = - -
pe—= kv2T = Q5(R) — qu(Ruy; t) — qu(Ry; t) (1)
where @ is the intensity of the heat source and ga and gy are the
instantaneous heat sinks due to melting and evaporation taking
place at Ry and Ry

4

o 4

Rag t) =—npL Ry (2a)
am (R t) 5 "Ll R

o 4 d

Ry; t) = =mnpLv—Ry? (2b)
gv(Ey; t) g meLv By

Other phenomena like ionization and excitation can be described
by adding appropriate terms on the right-hand side of equation
(1).

The initial condition is taken as a uniform temperature T, just
before application of the source:

T=Tgatt=0 (3)

It is assumed that the heat loss from the surface of the electrode is
negligible (see Fig. 1); thus, because of symmetry, the problem re-
duces to a spherical one-dimensional one. The other boundary
condition is:

(4)

which states that the dimensions of the crater are much smaller
compared with the electrode.

Equation (1) for the temperature is linear, therefore, the solu-
tion can be composed of three terms, written in the following di-
mensionless form (cf., Carslaw and Jaeger [28], p. 293):

T finite as R —

0(r, 7) = ¥(r, ) — Mwyp(r, 7; rm) — Vwy(r, 7, rv) (5)
where the functions ¥, wy, and wy denote the temperature fields
resulting from a point source at r = 0 and from heat sinks (due to
melting and evaporation) distributed on the propagating fronts
ra(r) and ry(r), respectively. ,

The dimensionless variables 6, r, and r are defined by:

T-—To' R t

[ . ®)
Ty —To £ t*
where the length and time scales are:
£2
f=— L @
Ak (T pm— To) 4o

It is noted that the length scale is chosen as the radius of the
melting crater at the steady state.

The dimensionless parameters M and V which represent the rel-
ative importance of melting and evaporation, are defined as fol-
lows:

M Ly oy 4 Lv
T 8x2e(Ty ~To)  372c(Tw — To)

The functions v, wy, and wy are given by Carslaw and Jaeger
[28]:

(8)
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1 r
(r, 7) = —erfc —= 9
Vir, 1) = ~erfe == (9)
T ’ 3 ’
wat(r, 7 rag) = j‘ 1/3 d/d+" ras dr {e—[r—rM(T'))z/(T*T') +
0 drrpy(r)  (r— 1)i/2

.._e—[r+rM(r')]7/(r~f’)} (10)

.and a similar expression for wy, obtained by replacing the sub-
script M by V in equation (10).

From (5), (9), and (10) it is seen that the temperature at any
time 7 depends on the history of the melting and evaporation
propagation from the start (= = 0) to this time r. In order to evalu-
ate the increase with time of the radii ras and rv, it is necessary to
solve two equations which follow from (5) with § = s and 6 = fy:

O = [Wrar, 7) — Mwng(rag, 7 ra0) = Vwylry, 7,0v)] = 0
(11a)

Ov = [¥lrv, 7) = Muwp(ry, 7 ra) — Voylry, 7 rv)] = 0
(11b)

Equatiqns (11) were solved numerically for ras(r) and ry(r). The
computer program performs the numerical quadrature of the inte-
grals which appear in (10), when ry (") and ry(+) for 0 < 7 < r
are known from the previous steps and rp(0) = ry{(0) = 0. The sys-
tem of two simultaneous nonlinear equations (11) for ra(r) and
ry{r) is solved by iteratively minimizing the sum of the squared
left hand sides of equations (11a) and (11b). The method of solu-
tion can be applied to any metal; the solution in the dimensionless
form depends on the metal properties (via M and V), thus, a com-
plete universal sclution cannot be obtained.

Results for the propagation of the melting and evaporation
fronts for copper and steel are shown in Figs. 2 and 3. Obviously,
Ry and Ry tend asymptotically to constant values as time be-
comes very large. Then a steady state is reached where all the heat
from the source is conducted into the solid.

The asymptotic radius of the melting isotherm for copper is
smaller than that of steel, because the product kT is larger for
copper (see equations (8), (7), and (9)). For short times, the domi-
nant phenomenon is that of evaporation which requires the largest
part of the energy. The latent heat of evaporation is bigger for
steel than for copper; therefore, the melting radius of steel is
smaller for short times. Moreover, this phenomenon also causes

10? T l
melting radius - exact

melting radius -approximation

evaporation radius - exact

evaporation radius- approximation
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Fig. 2 Propagation of melting and evaporation radii ry and ry with time
for copper—continuous point source of 2000 W
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the melting and evaporation radii of steel to be closer to one an-
other than for copper (see Fig. 2 and 3).

3 Approximate Method for Calculation of Metal
Removal

The method described in the foregoing for calculation of the
propagation of the melting isotherm is an exact method. Its appli-
cation to the problem of a point source requires a considerable
amount of numerical work and of computer time. For more com-

plex problems the exact method may become cumbersome and a’

significant increase of numerical computation will be needed.
Therefore, an approximate model is suggested, which simplifies
the evaluation of the melting crater while taking into account all
the phenomena involved. The approximation is made by “transfer-
ring” the sinks of melting and evaporation to the site of the point
source. The magnitudes ga and gv of these sinks remain, however,
as in the exact model, equations (2a) and (2b). Other effects such
as ionization and excitation can be included in the model by the
addition of similar terms.

The temperature field is, again, expressed by equation (5), but
in the approximate model wys is the temperature field resulting
from a time dependent heat source at the origin [28]:

rd

d 5 1 ~r2/(r=1)
0. dt

(T - T/)3/2 (12)

wp = M
and similarly for wy.

The results of the approximate model for copper and steel are
shown in Figs. 2 and 3 and compared with those of the exact meth-
od. It can be seen that the approximations are very good, justifying
the adoption of this model.

The total erosion of the electrode is found by calculating the vol-
ume of the melting crater; in the case of a point source the crater is
a half-sphere. The total mass of copper and steel removed by melt-
ing and evaporation are plotted in Figs. 4 and 5 versus pulse dura-
tion for several source powers. The results show that during short
pulses copper is eroded more than steel (for the same power sup-
ply) and vice versa for long pulses. The reason is that at the begin-
ning of the pulse melting and evaporation consume most of the en-

ergy. As time increases, a steady state is approached where melting .

and evaporation tend to stop and the energy is conducted into the
solid. The latent heats of steel are higher than those of copper;
therefore melting and evaporation are more rapid in the latter
metal. Since the heat conductivity (or rather 2T) of copper is
higher than for steel, the asymptotic eroded crater is smaller in
copper, as explained in the foregoing. These conclusions are also

10 T T
Rum ——— melting radius-exact

— — — melting radius- approximation
e —— gvaporation radius- exact
—— — gvaporation radius - approximation

10%-

10 | 1

10 10* 10%  tusec

Fig. 3 Propagation of the melting and evaporation radii ry and ry with
time for steel-—continuous point source of 2000 W
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Fig. 4 Total mass of copper eroded by a point source, as a function of the
pulse duration

confirmed by the experimental results, see Fig. 6.

4 Experimental Technique and Resulis

A single spark is discharged between two electrodes in a cup
filled with a dielectric fluid (kerosene), see Fig. 7. The eroded
metal is extracted from the dielectric fluid by chemical reaction
and the amount is measured by the intensity of colored solutions
in a spectro-photometer.

The experimental rig is described in detail in a previous article
[27). The upper electrode is a rod {diameter 6 mm) tapered to a
cone and the lower one is a disk (diameter 12 mm, thickness 3
mm). The gap spacing between them is 10 um and is measured by
a micrometer (accuracy 1 um). The point of contact between the
electrodes is determined by the closing of an electrical circuit
through an ohm-meter. The pulse generator is capable of produc-
ing a rectangular pulse of duration above 20 us. Experiments were

approximate method of this work

4000 W

x  experimental resuils
100V, 50A, Steel Cothode

pegr

10%

Total Erosion

Loy 1 ]
10 10* 10
Pulse Duration

3

t psec

Fig. 5 Total mass of steel eroded by a point source as a function of the
pulse duration

MBER 1975 / 579



Totai

erosion -
97 - -
- - // -
e e+ e,
1ol P —
/’//
- pd e U ANO AR
5 /// }
/; = St Cathode
~——-==Cu Cathode
—— — St Anode }
l
io 50 00 500 1000

Pulss duration (p sec)

Fig. 8 Total erosion of copper and steel electrodes: 100 V, 50 A

carried out with pulses of 20-1000 us, pulse voltage of 100 V and
current of 50 A, The shape of the pulse is observed in a Tektronix
memory oscilloscope. The pulse duration is measured from the
moment of breakdown, after the “ignition delay.”

The sparks reported here were made between copper and steel.
Experiments were carried out first with a conical copper electrode
and then with a conical steel electrode. Several experiments were
conducted for every pulse duration (20, 50, 100, 200, 400, and 800
us) and then the polarity was changed for the same configuration.

After each pulse a solution of 10 cm® HNOs (1:3) is added to the
kerosene and dissolves all the eroded metal. The solution is sepa-
rated and a biquinoline solution is added and reacts with the cop-
per to form a pink colored solution. This solution is separated and
the color intensity is measured in the Spectronic 20 spectro-pho-
tometer. The amount of copper is determined from a calibration
curve. Now, to the other phase which contains the steel, more
HNOj; is added (to pH = 1) and 10cm? of 1.5 potassium-thio-cya-
nate. The latter reacts with the steel and forms a yellow solution.
The color intensity is measured, again in the spectro-photometer,
and the amount of steel is also determined from a calibration
curve.

The experimental results for total erosion of the disk-shaped
electrode during a single spark are shown in Fig. 6. It is seen that
copper is eroded more than steel at short times (short pulses) and
steel is eroded more than copper for long times (long pulse dura-
tions), in agreement with the theoretical predictions. Fig. 6 also
shows the effect of polarity: erosion is higher when the disk-shaped
electrode (the workpiece) is the cathode. This known phenomenon
cannot be explained by the melting and evaporation mechanism.

Figs. 4 and 5 include a comparison between the experimental
and theoretical results for copper and steel. For each pulse dura-
tion, several measurements of single sparks were conducted. The
experimental results presented in Figs. 4 and 5 include the aver-
ages of these measurements together with the range of variation
for each case. The spectro-photometer used for measuring the
amounts of the removed metals, is very sensitive. The error in--
volved in measuring amounts of steel and copper did not exceed
0.5 ugr, in the range of the experiments discussed here. It is noted

pulse
generator le ——dielectric fluid
o i
electrodes
7&1:4'

|

Fig. 7 Schematic arrangement of the EDM circuit
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that when the chemical procedure is complicated and takes time,
the color of the solution can change if it is exposed to the light. For
steel and copper, however, the chemical method is simple and
takes only minutes, so there was no such problem. The main rea-
son for the variation in the experimental results is probably the
complicated nature of the process of EDM. For example, tiny par-
ticles are torn from the electrode surface by electric forces at the
beginning of the pulse, e.g., Williams [1-4]. The size and location
of such particles depend on the metallurgical condition of the elec-
trode surfaces; since these cannot be exactly reproduced, one can-
not expect all the discharges to be exactly the same.

As mentioned in the foregoing, the actual process occurring dur-
ing the discharge is very complicated. The analytical model pre-
sented in this work is a simplified procedure to describe the domi-
nant phenomena of the process, namely melting and evaporation.
A more exact model should take into account the energy distribu-
tion in the channel, reactions and phase changes in the dielectric
fluid, electrical forces, convection in the gas phase, and more com-
plex geometries. Therefore, the theoretical results of this simpli-
fied model can hardly be expected to match the experimental find-
ings exactly.

However, it can be seen from Figs. 4 and 5 that for intermediate
pulse durations this simple model yields reasonable estimates of
total erosion. The agreement between the results indicates that
evaporation and melting of the metals are indeed the dominant ef-
fects for intermediate pulse durations. For very short pulses elec-
trical forces are considered to be more important [1—4].

For long pulses, a steady state is approached whereby evapora-
tion and melting tend to stop; in this range the experimental re-
sults show that the asymptotic constant value of eroded mass is
much lower and is reached much sooner than the theoretical pre-
dictions. This can be explained by several reasons: (a) the dis-
charge channel has a finite width causing a heat source distributed
on a finite area rather than a point source; (b) ionization and exci-
tation of the evaporated metal and the dielectric fluid take place,
requiring energy thus decreasing the energy available for melting;
(¢) a certain part of the eroded material fuses back in the crater
after completion of the pulse. The model suggested in this work
can be extended to describe the first two effects. In order to over-
come the difficulty of the third one and to prevent fusion, flushing
of the dielectric fluid between the electrodes may help. It is noted
that flushing of the dielectric fluid is being considered for control
of the voltage across the gap between the electrodes [19].
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