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Abstract. In electro discharge machining (EDM or spark erosion) the roughness of the machined surface
plays a very important role in the applicability of the process. This paper deals with a comparative study
of the electro discharge machining of tool steels based on the roughness characteristics of the machined
surfaces. Another aim of the research is to investigate which tool materials (electrode material, copper,
or graphite) are most effective to achieve the best possible surface microgeometry. Based on the data of
the performed cutting experiments and the subsequent measurements, conclusions will be drawn
regarding the machinability of the tested tool steels and the applicability of the electrode materials used.
Keywords: electrical discharge machining; copper, graphite electrodes; functional roughness
parameters.

1. INTRODUCTION

Thanks to the development of the materials to be machined, industry has started
to work with materials of increasing hardness and strength, which would be
extremely difficult or impossible to machine with traditional methods. This has led
to the development of various non-traditional machining processes, one of the most
important of which is electro discharge machining or spark erosion [1]. This process,
which is suitable for machining electrically conductive, high hardness materials,
allows the formation of spatial surfaces. Its popular field of application is the
production of injection moulding tools.

Several papers deal with the examination of different tool materials, including
copper, bronze and graphite electrodes [2, 3, 4]. Paper [5] presents a comparison of
graphite and copper electrodes to analyse the efficiency of material removal. In
present article, we investigate the machinability of different tool steels used for
injection moulding machined with copper and graphite electrodes of plastic parts,
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based on the roughness of the machined surfaces. In the literature, several people
have already dealt with the roughness of EDM surfaces as a function of technological

data [6, 7, 8, 9]. In this paper, we present our research results obtained during
the examination of the microgeometric characteristics of EDM machined surfaces
with copper and graphite electrodes.

The EDM surface is made up of overlapping, irregularly spaced craters (Fig.
1), the formation of which is influenced by a number of process parameters such as
voltage, current, cycle time [1].

When using today's modern machine tools, most of these parameters are
automatically generated by the machine tool and set to optimal values for processing.
On EDM equipment, the optimization is based on the VDI grade, which is set by the
machine operator before the start of machining. VDI stands for German Engineering
Association (Verein Deutscher Ingenieure). This organization develops standard
technical recommendations to help solve various technical processes and problems.
The VDI 3400 standard deals with EDM. This recommendation groups machined
surfaces into so-called VDI grades based on surface roughness from
VDI 00 to VDI 45. The purpose of this is to standardize the surface characteristics
of the parts, which is an essential aspect for engineers to design injection mould
inserts produced by EDM. Today, the VDI scale is used worldwide in the tooling
industry. The parameter is a surface roughness characteristic and complements and
replaces the general surface roughness metrics.

The change of the roughness parameters was investigated as a function of the
VDI grade of the machining. Similar studies have been reported in [10]. The
implementation of the experiments and our measurement results are described below.

2. MICROSTRUCTURE OF THE EDM MACHINED SURFACE

The nature of EDM machined surface is different from that of a conventional
machined surface. There is no directionality or groove corresponding to the federate.
The machined surface is cratered. The roughness of the surface is created by the
interaction of overlapping craters (Fig. 1). The dimensions of the craters depend on
the characteristics of the spark discharge, the workpiece and electrode material.

S

Figure 1 Microstructure of EDM machined surface
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In the case of long-duration, low-energy discharges, wide and shallow craters
are created because the discharge channel widens. Such a surface is shiny in spots.
High-energy discharges of short duration create deep craters because there is not
enough time to dissipate the generated heat. Such a surface looks homogeneous, has
a silky, dull sheen. The energy content of the discharges can be controlled by
changing the electrical parameters. Among the electrical parameters, current strength
and pulse time have the greatest effect on surface roughness. However, these
parameters cannot be set on modern machining machines, they are chosen by the
machine itself depending on the specified VDI grade.

The roughness of EDM surfaces is now often only characterized by the VDI
grade. At the same time, other roughness parameters are often also important from
the point of view of operation. That is why it is important to choose the right
roughness metrics. In our research, we examined the amplitude and material ratio
parameters.

3. EXPERIMENTAL CONDITIONS
3.1 Machined materials and test pieces
During the experiment, the surfaces of four types of tool steel used for plastic
injection moulding tools were machined by electro discharge machining. The

chemical composition of the steels is shown in Table 1.

Table 1 — Chemical composition of plastic forming tool steels

Material C,% [Si,% | Mn,% | Cr,% | Mo, % | Ni,% | S%

C45U (1.1730) | 0.45 | 0.30 | 0,70

40CrMnMo7

(1.2311) 0.40 0.30 1.50 1.90 0.20
40CrMnMoS8-

6 (1.2312) 0.40 0.40 1.50 1.90 0.20 0.08
45NiCrMo16

(1.2767) 0.48 0.23 0.40 1.30 0.25 4.00

The test pieces were 100x120x20 mm, rectangular cross-section, non-heat
treated plates, the surface of which was pre-ground for more efficient sparking. 5
mm deep cavities were made on these test pieces by EDM Figure 2). On one test
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specimen was tested at 5 different VDI grades with both copper and graphite
electrodes. The VDI grades set were 18, 21, 25, 29, 36.

Figure 2 — Test piece machined with EDM
3.2 Electrodes

To carry out the machining experiments, copper (red copper) and graphite
electrodes were used for all test piece materials. The type of copper electrodes used
was CUETP electrolytic copper and graphite of type ELOR-50-F, with a cross section
of 55 x 15 mm.
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Figure 3 — Copper and graphite electrodes used for the experiments
3.3 Machine tools and measuring equipment

The machining experiments were carried out on a Neuar CNC-C50 type electro
discharge machine. During the machining, the test pieces were clamped in a vice and
the dielectric used was petroleum.

The surface roughness measurements of the machined cavities were carried out
in the laboratory of the Institute of Manufacturing Science of the University of
Miskolc, using an AltiSurf 520 three-dimensional surface topography machine.
During this, we also measured the profile and spatial roughness parameters. In this
article, we deal with the examination of profile parameters.

4. EVALUATION OF EXPERIMENTAL RESULTS

From the results of the EDM experiments, we can draw conclusions on the
effect of the set VDI grade on the profile roughness parameters of the machined
surface and the machining efficiency when machining different tool steels using
copper and graphite electrodes.

4.1. Profile (2D), amplitude surface roughness parameter analysis

Figures 4 and 5 show the variation of the average surface roughness parameter
Ra as a function of VDI grade for the tool materials tested, in the case of copper and
graphite electrodes.

Ra
in case of copper electrode

—o-C45U -—2—40CrMnMo7 —+—40CrMnMoS8-6 45NiCrMo16

18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

VDI

Figure 4 — Variation of Ra parameter as a function of VDI grade for copper electrode
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Ra
in case of graphite electrode
——-C45U =-+—40CrMnMo7 —+—40CrMnMoS8-6 45NiCrMo16
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Figure 5 — Variation of Ra parameter as a function of VDI grade for graphite electrode

Figures 4 and 5 show that there is no significant difference in R, between the
different machined material grades. For both electrode materials, the lowest
roughness values were obtained on the unalloyed C45U material grade and the worst
roughness values were obtained on the 40CrMnMoS8-6 steel. The roughness of the
surfaces produced with the copper electrode varied between Ra = 1.4-9 um and with
the graphite electrode between Ry = 1.5-10.5 pm, i.e. the two electrode materials also
do not show significant values, although the roughness of the surfaces produced with
the graphite electrode is mostly higher than that of the surfaces produced with the
copper electrode.

Figures 6 and 7 describe the variation of the mean roughness depth R; as a
function of VDI grades. The general observations made for the R, parameter are also
valid here. The general statements made for the R, parameter are also valid here.
There are minor differences between the workpiece materials here as well, the mean
roughness depth parameter R, changes analogously to the R, parameter depending
on the VDI grade. For copper electrodes, R, values ranged from 15.8 to 62.6 ym and
for graphite from 16.7 to 70.3 pm. The values of R, compared to R, vary in the ratio
R; = (6+13)-Ra. This ratio is usually estimated by the manuals as R; =~ 8Ra.

Figure 6 — Variation of parameter R, as a function of VDI for copper electrode
Figure 6 — Variation of parameter R; as a function of VDI for copper electrode
Figure 6 — Variation of parameter R; as a function of VDI for copper electrode
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in case of copper electrode
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Figure 6 — Variation of parameter R as a function of VDI for copper electrode
RZ
in case of graphite electrode
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Figure 7 — Variation of parameter R; as a function of VDI grade for graphite electrodes

Among the functional roughness parameters, the variation of the so-called
material ratio parameter (Rmr) Was investigated. The material ratio parameter Ry is
used to characterise the functional and wear properties of surfaces. The higher the
percentage Rmr value of a given surface, the more favourable its functional properties.
In our tests, the values of the material fraction parameter were determined at a depth
of ¢ = 10 um. Figures 8 and 9 show the change in the material ratio parameters of
surfaces made with copper and graphite electrodes in each VDI grade.
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Figure 8 — Variation of Rmr parameter as a function of VDI grade for copper electrode
Rmr
in case of graphite electrode
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Figure 9 — Variation of Rmr parameter as a function of VDI grade for graphite electrode

In Figures 8 and 9, it can be observed that the best material ratio values are
achieved at VDI 18 and that with increasing VDI grades, regardless of tool and
workpiece material, the surface properties deteriorate and the material ratio
parameter difference between steels decreases. In the case of copper electrodes,
outstanding performance characteristics can be achieved when machining
40CrMnMo7 and, in the case of graphite, the same can be said for C45U and
45NiCrMol6.

4.1. Examination of machining times
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We can draw conclusions about the productivity of the EDM process, i.e. the
machining performance, from the machining time of each cavity. During the
experiments, cavities with a cross-section of 55x15 mm and a depth of 5 mm were
made by block EDM. Figures 10 and 11 show the machining time of the cavities
made on the four types of tested tool steel workpieces as a function of the VDI
degrees, in the case of copper and graphite electrodes.

Machining time
in case of copper electrode

-—-C45U —4-40CrMnMo7 —+—-40CrMnMoS8-6 45NiCrMol6
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Figure 10 — Variation of machining times depending on the VDI grade in the case of a
copper electrode
Machining time
in case of copper electrode
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Figure 11 — Variation of machining times depending on the VDI grade in the case of a
graphite electrode

From Figures 10 and 11, it can be seen that as the VDI grades increase, the
machining time decreases, i.e., the machining becomes more productive. For the tool
steels studied, for both copper and graphite electrodes, it can be said that the
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proportion of alloying elements in the material being machined is related to the
machining time. The less alloying elements the material tested contained, the shorter
the time required for spark erosion. Accordingly, cavities made on unalloyed C45U
steel took the least time to machine, and those made on 45NiCrMo16 steel with the
most alloying elements took the longest. The most striking difference was observed
between the two electrode materials The productivity of the graphite electrode is
almost twice that of the copper electrode, which means that the spark cutting process
takes significantly less time than with copper.

5. CONCLUSIONS

Summarising the results of the research work on the comparison of tool steels
of different alloys machined by EDM, the following conclusions can be drawn:

e Regarding the amplitude roughness parameters (Ra and R;), the surface
roughness value deteriorates with increasing VDI grades. In the tested range,
small roughness differences can be observed between the individual tool steels.
Increasing the amount of alloying elements slightly worsens the surface
roughness. Regarding the two types of electrode materials, it can be said that
the roughness of the surfaces produced with a graphite electrode is usually
greater than that produced with a copper electrode.

e In the case of EDM surfaces, the mean roughness depth R, varied
analogously to the average roughness Ra,. Based on the measurement results,
the relation R; = (6+13)-Ra can be written for their relationship.

e According to the material ratio parameter (Rmy) determined at a depth of
¢ = 10 um, the best operating and wear properties are achieved at VDI grade
18, which continuously deteriorate as the grade increases, and the results
obtained on each tool target show a decreasing difference with increasing
grades. The effect of the amount of alloying elements is more evident for the
Rmr parameter than for the R, and R, parameters. For smaller alloying amounts,
more favourable (higher) material ratio parameter values are obtained.

e In connection with the examination of the machining times, it can be said that
increasing the VDI grades reduces the processing time, i.e. increases the
material removal rate. From this point of view, the less alloyed materials were
more machinable. Regarding the two electrode materials, a significant
difference can be shown between graphite and copper. The material removal
rate of graphite is much higher than that of copper, which means that the
machining times for copper are about twice as long as for machining with a
graphite electrode.

Summarizing our findings, it can be said that the surface roughness parameters
deteriorate as the VDI grades increase (Ra and R; increase, Rmr decreases). At the
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same time, increasing the VDI grade reduces the machining time, i.e. increases
productivity. No significant differences were found for the tool steel materials
machined in the test. However, unalloyed or less alloyed steels could be machined
more productively and with a better surface quality. In terms of roughness, the two
electrode materials (copper and graphite) showed no significant differences, but the
productivity of graphite was about twice that of copper electrodes. We intend to
continue the research work by evaluating further profile and 3D roughness
parameters.
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JTOCJIKEHHSA EJJEKTPOPO3PSTHOI OGPOBKH
THCTPYMEHTAJIBHUX CTAJIEA 3A IIOPCTKICTIO
OBPOBJIIOBAHUX ITOBEPXOHb

AHoTauisn. Ilpu erexmpopospsaoniui obpobyi (erekmpoepositina abo icKpoéa eposis) wiopcmxicmb
06pobII06aHol nosepxHi 6idigpae Oysce 8axtCIUY poib y 3acmocosHocmi npoyecy. [lana poboma
NPUCBAYEHA NOPIBHATLHOMY OOCTIONCEHHIO eNeKMPOPO3PAOHOT 06POOKU THCMPYMEHMAIbHUX CIalell Ha
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OCHOBI XAPAKMePUCMUK WopCmKocmi 06pooio8anux nosepxons. Inuia mema 00CHiONCEHHs NOAAE 8
momy, wo6 3'scyeamu, AKi IHCMpyMeHmalbHi Mamepianu (e1ekmpoOoHul mamepiai, mios abo epagim) €
Hauobibw  ehpexmusHuMU Ol OOCACHEHHS. HAUKpaujoi modcausoi mikpozeomempii noeepxti. Lo
cmocyemucsi napamempie amnaimyonoi wopcmkocmi (Ra i Ry, mo suavenns wopcmxocmi nogepxui
nocipuyemocs 31 36inowennam mapok VDI 'V eunpobysanomy oianasoni modcna cnocmepicamu
HeGeNuKi BIOMIHHOCIMI WOPCMKOCMI MIdC OKpeMuMU IiHCMPYMEHMATbHUMU CMAiimu. 30i1buenHs
KIIbKOCMI 1e2ylouux enemMenmis oewjo noziputye wopcmkicmo nosepxti. LL{ooo 06ox munie enekmpoonux
Mamepianié MOJICHA CKA3AMU, WO WOPCMKICIb NOBEPXOHb, OMPUMAHUX 3d OONOMO20I0 2pahimoeo2o
eekmpooa, 3a3euuail OLbWA, HINC WOPCMKICIb, OMPUMAHA MIOHUM  eleKmpoooM. Y 6unaoky
eNIeKMPOepPO3IUHUX NOBEPXOHb CepedHs enubuna wopcmrocmi R, sminiosanacs ananociuno cepeomii
wopcmrocmi Ra. 3a pezynemamamu sumipiogans gionowenns R, = (6+13)Ra moocna 3anucamu ons ix
8IOHOCUH. Bionosiono 0o napamempa cnisgionowenns mamepiany (Rmr), susnavenozo na enubuni ¢ = 10
MKM, HAUKpawi eKcniyamayitini ma 3Hococmiiki enacmueocmi docsazaiomocs Ha 18 pisui cmanoapmy
VDI, ski 6e3nepepsro noziputyromscs 3i 30iIbWUEHHAM DI6HS, d pe3yTbmamu, OMpPUMAHI HA KOJICHIU
MIWEH] THCMPYMeHmYy, NOKA3YIOMb 3MEHWYBAHY PIsHUYl0 31 30i1bWenHsIM pieHs. Bnaug xinbkocmi
Jle2yoyux enemeHmia 6inb ouesuoHo 0na napamempa Rue, Hide 0na napamempis Ry i Ry, Ilpu menuux
KIIbKOCMSAX 1e2Y8AHHSL 6UX00Mb Oibll 6UCIOHI (OLIbW BUCOKT) 3HAYEHHS NAPAMEMPIE CNiBBIOHOWEHH S
mamepianie. Y 36'a3Ky 3 6USUEHHAM MEPMIHIE MEXAHIUHOL 0OPOOKU MOJICHA CKA3AMU, WO 30LIbUEHHS
pisna VDI ckopouye uac 06pobku, mobmo 36ineulye weuUOKicms 3uamms mamepiany. 3 yiei mouxku sopy,
MeHw ne2o8ani mamepianu Oyau Oinvuw obpobmosanumu. ILJo cmocyembcs 080X  eneKmpoOHUX
Mamepianie, mo MOJNCHA NOKA3AMU 3HAYHY PI3HUYIO MIdC epagimom i mioow. Llleudkicmsy sudanenHs
mamepiany epagimy nabaeamo euwja, HidC y Midi, @ ye 03HAUAE, Wo 4Ac 0OPOOKU 3 OONOMO20I0 MiOi
NPUOIUZHO 801U 08U, HIJIC OISt 0OPOOKU 2paghimosum erekmpodom. Ha niocmasi danux npoeedeHux
eKcnepumenmie 3 00OpOONsHHA | NOOAILWUX BUMIDIOBAHL  OYOYmMb  3DOONEHI  BUCHOBKU U000
06pobIosanocmi GUNPOOOBYEAHUX THCMPYMEHMATLHUX CMALEll [ 3ACMOCOGHOCME GUKOPUCTIOBYBAHUX
eeKMpPOOHUX MAMEPIAIG.

KuarouoBi ciioBa: erexmpoeposiiina 06pooka, MioHi, 2paghimosi enekmpoou,; yHKYIOHAIbHI NOKAZHUKU
wopcmocmi.
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