Proceedings in
N MANUFACTURING
SyYsTEMS

Proceedings in Manufacturing Systems, Volume 13, Issue 2, 2018, 57-62

TOOL ELECTRODE WEAR AT OBTAINING EXTERNAL CYLINDRICAL SURFACES

BY ELECTRICAL DISCHARGE MACHINING

Laurentiu SLATINEANU, Ciprian MIRCESCU?, Margareta COTETA?,
Oana DODUN4", Gheorghe NAGIT?3, Adriana MUNTEANU®
' Professor, PhD, Department of Machine Manufacturing Technology, "Gheorghe Asachi" Technical University of lagi, Romania
2 PhD student, Department of Machine Manufacturing Technology, "Gheorghe Asachi" Technical University of lagi, Romania
9 Lecturer, PhD, Department of Machine Manufacturing Technology, "Gheorghe Asachi" Technical University of lagi, Romania
4 Professor, PhD, Department of Machine Manufacturing Technology, "Gheorghe Asachi" Technical University of lagi, Romania
% Professor, PhD, Department of Machine Manufacturing Technology, "Gheorghe Asachi" Technical University of lagi, Romania
9 Associate Professor, PhD, Department of Machine Tools, "Gheorghe Asachi" Technical University of lasi, Romania

Abstract: The electrical discharge machining is a method that could be applied to obtain cylindrical ex-
ternal surfaces, inclusively by using tube type tool electrodes. To diminish the shape errors due to the
presence of the metallic electroconductive particles detached from the two electrodes in the work zone, a
machining scheme based on the achieving of the vertical work movement by the workpiece from up to
down was preferred. An experimental research in accordance with the requirements of a full factorial ex-
periment with three independent variables at two variation levels was performed. As independent varia-
bles, the pulse on time, pulse off time and peak current were considered, while as process output parame-
ters the tool electrode massic and linear wear were determined. Empirical mathematical models were es-
tablished and they highlighted the stronger influence exerted by the peak current intensity. The correla-
tion coefficient was calculated also for the values obtained by the two distinct ways of evaluating the tool
electrode wear.
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1. INTRODUCTION

The electrical discharge machining is included in the
larger group of nonconventional machining technologies.
Essentially, the electrical discharge machining is based
on the material removal from the workpiece as a result of
the initiating and developing electrical discharges be-
tween the closest asperities existing on the active surface
of the tool electrode and on the surface to be machined of
the workpiece. Both electrodes (tool electrode and work-
piece) are connected in a direct current electrical circuit;
to increase the electrical discharges energy, in the dis-
charge circuit of the electric pulse generator, capacitors
of adequate capacities are included.

The electrical discharges determine the melting and
even the vaporizing of the asperities peaks found in con-
tact with the electrical discharge columns; such a materi-
al removal is intended to be high in the case of the work-
piece material, but small quantities of material are also
removed from the tool electrode and this leads to a pro-
cess of tool electrode wear [2, 6-8].
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As other nonconventional machining technologies,
the electrical discharge machining could be applied when
the mechanical properties of the workpiece material are
high enough and the so-called classical machining meth-
ods could not be applied or the shape of the surface to be
obtained could not be machined by classical machining
method or high difficulties could appear when such ma-
chining methods (classical methods) are applied.

If it is necessary to obtain external cylindrical surfac-
es of small diameters (lower than 10 mm) by electrical
discharge machining, essentially two machining schemes
could be applied:

a) Using the wire electrical discharge machining,
when a wire of small diameter (lower than 0.3 mm)
found in a winding process from a wire supply wheel to a
wire take up wheel is used; the rectilinear zone of the
wire found between the two wheels is used to practically
gradually separate a cylindrical part from a plate type
workpiece. This machining scheme is able to ensure
cylindrical surfaces of high accuracy and low roughness,
but it is characterized by a low machining rate and needs
a specialized electrical discharge machine or devices
adapted on the ram electrical discharge machines;

b) Using tool electrodes that have a cylindrical hole
and whose work movement could gradually detach a
cylindrical part from the workpiece.

One could mention that there are also other machin-
ing schemes by electrodischarge (for example, by using a
planetary motion of the tool electrode around the axis of
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the cylindrical surface to be obtained), but they could
need more complicate machine tools or machining devic-
es. As parameters of technological interest specific to the
electrical discharge machining, one could mention the
material removal rate, tool electrode wear, roughness and
the accuracy of the machined surface, thickness of the
layer affected by the machining process etc.

Since the tool electrode wear is able to affect the ac-
curacy of the machined surfaces, over the years the re-
searchers developed theoretical and experimental inves-
tigations concerning the evolution of the tool electrode
wear, to find possibilities of minimization of the conse-
quences of such an unwanted process.

Thus, Flafio et al. took into consideration the influ-
ence exerted by the tool electrode wear and gap width on
the dimensions of the final workpiece [3]. They proposed
a methodology involving the use of some easy-to-put in
practice indicators concerning the tool electrode wear
and work gap. They developed also an experimental
investigation and appreciated that the experimental re-
sults confirmed their considerations.

Wang et al. approached the influence exerted by the
tool electrode wear on some of the machining process
characteristics in the case of micro electrical discharge
machining [11]. They notice that when using a tool elec-
trode whose diameter higher than 500 pm, the relative
tool electrode wear ratio could be affected by a down-
ward trend, while when the tool electrode diameter is
lower than 500 pm, there are difficulties in removing
debris and the tool electrode wear increases.

Uhlmann and Domingos took into consideration the
possibility to automatically dress the graphite electrode
when using the electrical discharge machining [10]. They
achieved a full factorial analysis prior to the integration
of the dressing technology and thus they determined the
optimal values of the electrical parameters. The applica-
tion of this technology was investigated in the case of
obtaining seal slots in turbine components.

Mathai et al. studied the tool electrode end wear and
the wear ratio in the case of planetary electrical discharge
machining of test samples made of the titanium alloy Ti-
6Al-4V [5]. They considered that the pulse on time and
the tool electrode polarity are the most important factors
that influence the tool electrode wear process.

Klocke et al. noticed that the use of the graphite tool
electrodes could ensure a high material removal rate and
a low tool wear [4]. They experimentally examined the
behavior of some kinds of graphite, determining their
optimal conditions for developing the electrical discharge
machining process. They appreciated that the discharge
current is the main influence factor able to affect both the
material removal rate and the tool electrode wear.

The objective of the research presented in this paper
was to obtain adequate information concerning the evolu-
tion of the wearing process when a certain electrical
discharge machining scheme is applied and which could
be the factors able to affect the tool electrode wearing
process.

2. SELECTED MACHINING SCHEME

The approached problem was initially to establish a
way of detaching a cylindrical test piece with a diameter

of about 6 mm from a part made of a metallic material
characterized by a high heat resistance. The idea was to
use a tube type tool electrode attached to the work head
of the ram electrical discharge machine so that as a con-
sequence of using the common up to down vertical work
movement, the desired cylindrical test piece is separated
from the workpiece placed in a vice on the machine tool
table (Fig. 1,a). After applying such a machining scheme
of electrical discharge machining, one noticed high shape
errors from the cylindricity of the machined surface.

These machining errors could be justified by the spu-
rious electrical discharges generated by means of the
electroconductive metallic particles detached by the
electrical discharges from the two electrodes. The elec-
troconductive metallic particles are difficulty removed
from the machining zone and the spurious electrical
discharges develop along trajectories including the tool
electrode, the electroconductive particles and the work-
piece. One could mention that additional vibration mo-
tions of low frequency and amplitude are usually applied
during the electrical discharge machining process to
facilitate the removal of the used dielectric liquid found
in the machining zone (usually immersed in the dielectric
liquid).

To diminish the shape errors generated by the above-
presented machining scheme, the idea of placing the tube
type tool electrode in a vice found on the machine tool
table and the workpiece on the machine tool work head
was tested (Fig. 1,b). One noticed a significant diminish-

o

Fig. 1. Machining schemes applied to obtain cylindrical test
pieces from a plate type workpiece on a ram electrical dis-
charge machining: a — vertical work movement from up to
down achieved by tool electrode; b — vertical work move-

ment from up to down achieved by the workpiece [6].
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ing of the shape errors in this case, due to the easy re-
moval of the electroconductive particles detached from
the two electrodes just under the action of their gravity
force. In this way, the electroconductive particles remain
for a shorter period in the machining zone and are able to
generate fewer spurious electrical discharges.

It is expected that many groups of factors could exert

influence on the tool electrode wear. Thus, one could
take into consideration the shape and the dimensions of
the surface to be obtained, the machining scheme, the
tool electrode shape, the chemical composition of the
workpiece and tool electrode materials, the type and the
characteristics of the dielectric liquid, the way of dielec-
tric liquid circulation, the pulse characteristics etc. [6].

In order to develop an experimental investigation, one
took into consideration only three process input factors:
the pulse time ,, the pulse off time #, and the pulse peak
current intensity /,. In accordance with the results ob-
tained previously by other researchers, one noticed that
the influence exerted by the pulse on time and pulse off
time on the material removal rate presents usually maxi-
mums. On the other hand, when the peak current intensi-
ty increases, it is expected an increase of the material
removal rate.

One knows that distinct polarities are considered in
order to ensure the most convenient values of the output
parameters. In such conditions, one could consider that
the remarks valid in the case of the material removal rate
could remain valid at least in a certain extent also in the
case of the tool electrode wear, since the material remov-
al develops also in such a situation.

The tool electrode massic wear W, could be deter-
mined as the difference between the tool electrode mass
before and after each experiment:

Wy = m; —myg, (D
where m; is the initial mass of the tool electrode and my is
the final mass of the tool electrode.

A similar relation could be written when evaluating
the linear tool electrode wear:

W=l -1, 2)
l; being the initial length of the tube type tool electrode
and /y— its final length.

3. EXPERIMENTAL CONDITIONS

In order to develop an experimental research aiming
to highlight the influence exerted by the electrical dis-
charge machining process input factors on the tool elec-
trode wear, a Sodick AD3L type electrical discharge
machine was used.

Segments of tubes made of copper and that had an ex-
ternal diameter d., = 6.2 mm, an internal diameter
din=5 mm and a length / = 45 mm were taken into con-
sideration as tool electrodes. These tool electrodes were
positioned and clamped in chucks placed in a vice found
on the machine tool table.

The test pieces were parallelipipedic parts made of
the hardened high speed steel HSS 18-1-1-0 (chemical

composition: 0.659 % carbon, 17.7 % tungsten, 4.04
chromium, 1.19 % vanadium, 1.28 % molybdenum,
0.158 % nickel). The test pieces were positioned and
clamped in an Erowa type device, usually used for
clamping the tool electrodes.

The tool electrodes were weighted before and after
each experiment by means of a type Partner Radwag
AS20 analytical balance. Their lengths were also meas-
ured by means of a digital caliper.

To ensure the possibility of processing the experi-
mental results and a certain accuracy of this action, one
proposed and applied the requirements specific to a full
factorial programmed experiment with three independent
variables at two levels of variation. As the independent
variables (process input factors), the pulse on time ¢,
[us], pulse off time 7, [us] and the value of the peak cur-
rent [, [A] were considered.

One opted only for two levels of process input factor
variation considering that for the investigated experi-
mental interval, the output parameter (output variable,
tool electrode wear) will have a monotone variation
when changing the values of the process input factors. As
proper values of the process input factors, the followings
were used: &, min = 110 us, #) maxr = 140 Ys, &5 min = 30 s,
th max =40 us, L min=15.3 A, I, nax=19.2 A.

The initial values of the process input parameters
were established by considering the recommendations
formulated by the software of the electrical discharge
machine; the other values of these process input parame-
ters were established taking into consideration a differ-
ence of about 25 % in comparison with the values rec-
ommended by the machine tool software.

For each experiment, a depth of penetration of 9.5
mm was considered, by taking into consideration the
workpiece thickness (10 mm). The duration of each ex-
periment was inscribed in the column no. 11 from
Table 1.

The values of the process input factors and output pa-
rameters were included in the columns nos. 2, 3 and 4
from table 1, while the results of distinct measurements
were mentioned in the columns nos. 5, 6, 8 and 9. Three
measurements were made in the case of each experiment
and only the average value was inscribed in the columns
no. 7 and 10 from the Table 1.

There are various ways of evaluating the tool elec-
trode wear. For example, such a way could take into
consideration the quantity of material removed from tool
electrode as a consequence of the electrical discharges. In
other situations, the diminishing of certain tool electrode
dimensions (also as a consequence of the electrical dis-
charges) could be used as an indicator of the tool elec-
trode wear.

Sometimes, relative values are considered as more
adequate to estimate the evolution of the tool electrode
wear. For example, one could take into consideration the
ratio of the tool electrode wear to the quantity of material
removed from the workpiece or the ratio of the tool elec-
trode massic or linear wear to the experiment duration.
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Table 1
Experimental conditions and results
Co- Values Values of the process output parameters
lumn of the process input Tool electrode massic wear Tool electrode linear wear Machi-
no. 1 factors ning
process
Pulse | Pulse [ Peak Tool Tool Dimi- Length | Length Dimi- dull;?it:lon’
on of cur- elec- elec- nishing of tool of tool nishing
time time rent, trode trode of the elec- elec- of tool
tp, PS th, NS IL A mass mass tool trode trode elec-
before after elec- before after trode
expe- expe- trode exepe- expe- length,
riment, | riment, mass riment, riment, Wi, mm
mi, g ms g W, g li, mm I, mm
Co- 2 3 4 5 6 7 8 9 10 11
lumn
no. 1
1 110 30 15.3 4.5310 4.5262 0.0048 44.89 44.80 0.09 66
2 140 40 15.3 4.7050 4.6988 0.0061 45.45 45.39 0.06 110.44
3 140 30 19.3 4.6234 4.6190 0.0044 46.27 46.15 0.12 49.54
4 110 40 19.3 4.6473 4.6360 0.0113 45.07 44.96 0.12 36.31
5 110 30 19.3 4.5246 4.5133 0.0113 44.81 44.69 0.12 27.26
6 110 40 15.3 4.6982 4.6933 0.0050 45.40 45.33 0.07 59.26
7 140 30 15.3 4.6174 4.6102 0.0072 46.11 46.04 0.07 112.02
8 140 40 19.3 4.6360 4.6283 0.0077 46.91 44.81 2.10 47.19

4. ANALYSIS OF THE EXPERIMENTAL
RESULTS

The experimental results presented in Table 1 were
mathematically processed by means of a specialized
software based on the method of least squares [1]. The
software allows association to the experimental results of
five types of empirical mathematical models (polynomial
of first and second degree, power, exponential and hy-
perbolic type functions.

The selection of the adequate empirical mathematical
mode could be made by considering the so-called
Gauss’s criterion. This criterion takes into consideration
the sum of the squares of the differences of the function
values estimated by means of the proposed empirical
mathematical model and the experimental results. The
lower the sum is, the adequate is a certain empirical
mathematical model.

However, in the machine manufacturing process, fre-
quently the power type empirical models are preferred,
due to the fact that they offer a direct image about the

influence exerted by the independent variables on the
dependent variable, the last being represented in this case
by the process output parameters.

By means of the above mentioned software, the fol-
lowing mathematical models were determined,;
¢ In the case of tool electrode massic wear:

W, = 0.0008723t;°'748tg'377lz}'52°, 3)
in this case the Gauss’s criterion having the value
S¢=4.700901-10°5;

e In the case of the tool electrode linear wear, the ex-
amination of the values included in the column no. 10
from table 1 showed that the value corresponding to
the last experiment (no. 8) is very different from the
other values of the set: for this reason, one removed
this value when determining the empirical mathemat-
ical model and used only the other 7 values. In this
way, the following power type empirical mathemati-
cal model was determined:
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Fig. 2. Influence exerted by the pulse on time #, and peak current intensity Z, on the tool electrode massic wear
(pulse off time »= 35 ps).
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Fig. 3. Influence exerted by the pulse on time tp and peak current intensity /, on the tool electrode linear wear
(pulse off time t»= 35 ps).

Wl — 0'0418t£0.630t;0.5281p}.998’ (4)

for which the Gauss’s criterion has the value
S6=5.697642-107°.

On the base of the mathematical relations (3) and (4),
the graphical representations from Figs. 2 and 3 were
elaborated; one took into consideration the factors that
have the maximum influence on the tool electrode wear,
namely the pulse on time ¢, and the peak current intensity
1, respectively.

The analysis of the mathematical relations (3) and (4)
shows that the maximum influence is exerted on both the
tool electrode massic and linear wear by the peak current
intensity, since in the both relations the exponent at-
tached to the /, size has the maximum value compared
with the values of the exponents attached to the pulse on
time #, and pulse off time #,. On the second place, in the
both mathematical relations, the pulse on time #, could be
considered, if the absolute values of the exponents are
evaluated.

One notices also that if the increase of peak current
intensity determines an increase of the tool electrode
massic and linear wear, the increase of the pulse of time
has as a result a diminishing of the tool electrode wear,
since the exponents attached to the size #, have a negative
value in the both cases.

A contradiction could be noticed if one examines the
signs of the exponents attached to the pulse off time #;
one observes that the exponent has a positive value in the
case of the tool electrode massic wear and a negative
value in the case of tool electrode linear wear. This situa-

Zones affected
y the wear process

-

Initial length J;
Final length f

Fig. 4. Tube type tool electrode wear.

tion could be partially explained by the distinct evolution
of the tool electrode wear in the two situation. Thus, one
notice that when measuring the length of the tool elec-
trode after the experiment, one does not take into consid-
eration the existence of the tool electrode lateral wear,
which however affects the integrity of the tool electrode
and without being considered when measuring only the
length of the worn tool electrode (Fig. 2).

Another aspect that could be taken into consideration
when analyzing the two distinct ways of tool electrode
wear evaluation could be the possible correlation be-
tween the set of experimental results corresponding to
the measurement of the tool electrode massic and linear
wear. It is expected that since the same process (wear
process) is taken into consideration in the both situation,
certain correlation could exist.

In order to evaluate the correlation between two sets
of experimental results, usually the so-called Pearson’s
coefficient could be used [9]:

nYxy;, = 2% 2. ,
JnEx? (S x F yny’ - (S0

where 7 is the number of measurements included in each
of the two series of measured values x; and y;and i =1, 2,
s M.

One accepts that a good correlation exists when the
values of the Pearson’s coefficient are close to the values
+1 or —1. The higher the difference between these values
and the Pearson’s coefficient is, one could appreciate that
the lower the correlation is.

The values of the Pearson’s coefficient when consid-
ering the set of the experimental results corresponding to
the tool electrode massic and linear wear could be deter-
mined by means of the function COREL from the soft-
ware Excel; in this way, one could notice that 7, = 0.498.

Additionally, the values of the Pearson’s coefficient
were calculated taken into consideration the above men-
tioned process results (massic wear and linear wear) and
the experiments durations, included in the column no. 11
from Table 1. One noticed that this coefficient has the
value 7, = —0.446 when the values of the tool electrode
massic wear and the experiments durations are consid-
ered and r,= —0.858 when the values of the tool elec-
trode linear wear and the experiments durations were
taken into consideration. One could conclude that a good

T

xy
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Fig. 5. Machining scheme proposed to improve the tool
electrode behavior when consider its wear.

correlation exists between the tool electrode linear wear
and the machining processes durations.

One could consider that the proposed machining
scheme (based on the performing the work movements
by the workpiece from up to down to the tool electrode
placed on the machine tool table could contribute to the
increase of the machining accuracy by diminishing of the
period when the debris find in the machining zone. An-
other increase of the machining accuracy could be ob-
tained by the use of a rotating tool electrode with an
adequate rotation speed nrg (Fig. 5), to avoid the copying
of the tool electrode shape errors by the machined sur-
face. In this case, the both electrodes are connected in the
circuit of the pulse generator G and the workpiece will
achieve the linear work movement vye.

One appreciates that the presence of the zones where
there are some slots in the tube type tool electrode could
contribute to the diminishing of the number of the spuri-
ous electrical discharges and, in this way, to the increase
of the machining accuracy.

5. CONCLUSIONS

The electrical discharge machining is a machining
method that could be applied to obtain cylindrical exter-
nal surfaces using tube type tool electrodes. The perform-
ing of some preliminary experiments showed that a di-
minishing of the shape errors is possible by using a ma-
chining scheme in which the workpiece performs the
work vertical movement from up to down to the tube
type tool electrode placed on the machine tool table. To
investigate the evolution of the tool electrode wear pro-
cess in such a situation, a full factorial experiment with
three independent variables at two variation levels was
used. As process input factors, one considered the pulse
on time, the pulse of time and the peak current intensity.
The process output parameters were the tool electrode

massic wear and the linear wear, respectively. The exper-
imental results were mathematically processed by means
of a specialized software and power type empirical math-
ematical relations were determined. One noticed that the
maximum influence is exerted by the peak current inten-
sity and the second influence factor is the pulse on time.
To diminish the shape errors of the machined surface and
when there is a low tool electrode wear, a rotating tube
type tool electrode that have some slots could be used. In
the future, there is the intention to build and experiment
such a type of tool electrode and to extend the experi-
mental research.
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