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Abstract

In order evaluate the influence of high relativeexts on wire electrical discharge machining (WED8gle discharge
experiments were carried out inside a grinding rivgtin a self-designed wire electrical dischargesding device (WEDD-
Device). The shape and size of the eroded craterasured on the workpiece/anode, were found toghdyhinfluenced by the
relative speed. Based on the shape of eroded sr#terexpansion speed of the crater radius caalbelated and the slip of the
plasma’s center point during the discharge can déasored. Additionally, the volume of the erodedarsawas found to increase
as relative speed increases, indicating that higtedting efficiencies are achieved for higher riglaspeeds. Finally, an electro-
thermal model is described and simulation resubsdéscussed, which helps to better understanththeence of the relative

speed on the erosion process.

Keywords: Wire EDM; Single discharge; Relative sidelectro-thermal model.

1. Introduction

In wire electrical discharge machining (WEDM), thize electrode is fed from a spool at feed speggisally ranging from
2 to 20 m/min. Since the workpiece normally stagsi@nary during erosion, this feed speed repredstet final relative speed
between wire and workpiece. If short discharge tiluma are taken as reference, as normally in WEDIE resulting relative
speed during a single discharge can be neglectesiming a wire feed speed of 20 m/min and dischadugation of 1.51s, the
wire moves only 0.;um throughout the entire discharge duration, whichery little compared to the size of eroded cster
which, depending on the discharge energy, can hdrkds of times larger than that. However, in sap@ications, the
workpiece rotates during the erosion process. @sittal wire electrical discharge turning (CWEDT Jais example of such a
process. According to Haddad and Tehrani (2008)\Moldammadi et al. (2008), in CWEDT a rotary axiadsled to the
machine to manufacture axisymmetric parts. Wiretdeal discharge grinding (WEDG)), first proposadMasuzawa et al.

(1985), is similar to CWEDT in its concept, but sisewire guide for further guiding the wire at #resion zone. Still, in both



cases relatively low rotation speeds have beeriehpphccording to Weingértner et al. (2010b), imenglectrical discharge
dressing (WEDD), a process that is primarily destyfor on-machine and in-process dressing, hightational speeds are used,
in some cases even more than 100 m/s, since thdingiwheel has to be dressed at grinding speemis, Assuming a speed of
100 m/s and discharge duration of i a relative displacement of 15t between wire and workpiece occurs during thaenti
discharge.

In this paper, the influence of high relative speed WEDM is assessed. Single discharge experimearts carried out for
relative speeds up 16=80 m/s. In order to assist in the interpretatibexperimental results, an electro-thermal moded wa

proposed. Simulation and experimental resultstaa tompared and discussed in the following sestion

2. Experimental setup

The erosion tests were carried out on an espedaBigned WEDD-unit (wire electrical discharge dieg unit), which was
integrated into a universal cylindrical grindingchae Studer type S31. This WEDD-unit was originaksigned and
manufactured by Weingértner et al. (2010b) for siresmetal bonded grinding wheels and is mountethersupport of the
internal grinding spindle. This WEDD-device is carspd basically of a two axes feed system and adwive system. The axes
are controlled by an adaptive control system “A©@dress VP4" — GF AgieCharmilles, which allows lhidynamic erosion gap
regulation. Furthermore, a special wire guide, pegal by Weingartner et al. (2010a), is appliedhéoerosion zone to minimize
wire vibrations and its influence on the erosiortarial removal rate and quality of the grinding whsurface.

As tool electrode, a zinc-coated brass wire frordrBavas applied (CobraCut type S with a diamet€r.88 mm). The
workpiece electrode was a brass wheel of diamé&enm, with the following specification: CuzZn39P3is brass wheel was
previously ground with a fine grained grinding whee allow for a good surface quality and faciédhe subsequent
measurement of eroded craters. Standard grindidgai Blaser Swisslube (Blasogrind HC5) was usediialectric for all
erosion testgrig. 1 shows a schematic representation of the singtahdige experimental setup. The workpiece rotatas at
specific relative speeg and the wire travels along the workpiece axiaction, tangential to the circumferential surfat¢he
workpiece. The erosion pause interval tigyeas set to be as long as possible, so that cotisedischarges can be measured
separately. The shape and volume of the erodedrsraere measured using an optical 3D measureragitedAlicona

InfiniteFocus.
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Fig. 1. Schematic representation of experimental setupddiorming WEDM single discharge tests.

The discharge duration time of different pulsesenmeasured using an oscilloscope type LeCroy Wame&uw4MXi-A.
The discharge time cannot be directly specifiedhencontrol system “AC Progress VP4”. The macloperates using
capacitors for delivering the electrical curremttlsat the discharge time depends on the storettield energy and how fast it
can be delivered after the breakdown phase. Fdr pa@ents of =58 and 73 A, the measured discharge times comelsioo

te=1.15 and 1.20 ps respectively.

3. Influence of the relative speed on WEDM singleischarges

According to Uhlmann et al. (2005), a relative shbetween workpiece and tool electrode influenbesBDM process in
such a way that small crater areas are generatgwti®asing speeds above 2,5 m/s (measurementssumis were carried out
on electrical discharge turning process). HaddadTahrani (2008) and Wang et al. (2006) point bat the relative speed
affects the efficiency of the erosion process gpemt extent, where the erosion material removaldacreases by increasing
relative speed. On the other hand, Matoorian €2AD8) describe just the opposite, stating thattiaterial removal rate can be
increased by increasing the relative speed. Acongrtti Kunieda and Kameyama (2010) the discharganasslides easier over
the cathode rather than over the anode. They dastiedie-sinking erosion experiments using re&sivong discharge pulses
(discharge duration of about 200 us).

In this work, single discharge experiments wereiedrout using typical WEDM parameters, where sd@tharge durations
and high peak currents were applied. The shapesdid craters are first presented=amn 2. Different relative speeds up to
v,=80 m/s were applied for two different peak curneaities. It can be seen, that the relative spegéa Isggnificant influence on
the shape of the eroded craters. The plasma chslichet over the workpiece/anode during the diggdhatreating an elongated

crater along the relative speed directibable 1 summarizes the erosion parameters applied dunggptexperiments.



Fig. 2 —Influence of relative speed on the shape of erauars: a) ek = 58 A,te = 1.15 US; b)peak = 73 A,te = 1.20 pis.

Table 1 Set ofparameters used on single discharge experiments.

discharge duration te
peak current | peak
pause interval time  t,

relative speed \
oil flow rate Q
wire diameter dw
wire type

Workpiece

Workpiece polarity

1,15 ps (Fig. 2a); 1.20 us (Fig. 2b)
58 A (Fig. 2a); 73 A (Fig. 2b)
400 s

0,5-80 m/s
25 L/min
0.33 mm

CobraCut S

Brass (CuzZn39Pb3)

Anode

To show quantitatively how the shape of erodedecsathange due to the relative speed between vemégind wire
electrode, the minor and major diameters of difiematers were measurdelg. 3 shows the results obtained by applying a

peak-current of,.,=58 A and relative speeds starting frgym0.5 m/s up to 80 m/s.
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Fig. 3. Crater diameters for different relative spedds(= 58 A,t. = 1.15 ps).
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The crater extends along the relative speed dine¢thajor diameter) and decreases slightly perpeiati to it (minor
diameter). In this example, the major diameteraenthan twice as big as the minor diameter wheatadive speed of,=80 m/s
is applied. Based on the shape of craters showigir? and the measurements presentefign 3, it can be observed that, at
least for this type of WEDM discharges, the plagasily slides over the anode.

Moreover, the elongated shape of the craterseasat how the plasma slides over the workpiece/gloding a single
discharge. The theoretical slip is calculated basethe discharge duratianand applied relative speed Fig. 4 illustrates two

different craters, eroded by using different peattents and the same relative speed =80 m/s.

102 pm

Fig. 4 — Sip of plasma arc during single discharges. @)=58 A, t=1.15 us; b)pea=73 A, t=1.20 ps.

In Fig. 44, theoretically, the center point of the plasmauthalide 92 um during one single discharg@ gm/us -
1.15 us =92 wm). The white circles, one small and another larielicate, respectively, the start and end positibiine of the
center point of the plasma. The distance measwetuaden centers is 95 pm. fig. 4b, the crater was eroded by applying a peak
current ofl .x=73 A. The center point of the plasma should slidegretically, 96 um80 um/us - 1.20 us = 96 um), and the
measured distance between the center points ofvtftitk circles equals 102 um. In both cases, thimateand measured slips are

very well correlated.

3.1 Expansion speed of crater radius

Since we know that the theoretical slip of the plagnatches the measured slip, another interesdipgcacan be observed,
namely the expansion speed of the crater raffigs 5 illustrates important quantities that should bedu® quantify it. One can
observe that the crater radius increases lineartlga beginning and reaches a maximum after aicditae. More precisely, the
crater reaches a diameter of 72 um (white cirdie) a slip of 70 um. In this case, the craterwadjrows up to 36 pm within

0.87 us (70 um/80 pm/us), corresponding to an estparspeed of approximately 41 m/s (36 um/0.87 us).



¥

24070 um

Fig. 5— Method for quantifying the expansion speed efdtater radius.

For a peak current ¢f..~=73 A and discharge duration tgf1.20 ps, the crater radius stops increasing edthing a
diameter of 72 um. At this moment during the disgbathe current density has already started tecedse, since the peak current
was reached in the middle of the discharge timpgcitor discharge). This information is importaetgds describing the heat

source that is used in the WEDM erosion model desdrater in this paper.

3.2 Influence of the relative speed on the eroded crater volume

The eroded craters were further evaluated and ¢hetted volumes were measured using an optical 8&surement device
Alicona InfiniteFocus. The results obtained by applying a peak curréif.=73 A are presented Ifig. 6. The relative speed
between the electrodes has proved to influencemgton the shape of the crater, as showlign 2, but also on the amount of
eroded volume per crater. As showrFig. 6, the eroded volume per crater varies between appaigly 1x10* pnt and 2x10*
unt by as the relative speed is increased fugr.5 m/s to 80 m/s.
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Fig. 6 —Influence of relative speed on eroded volume dlsi craterslfe.=73 A, t=1.20 us).



One possible explanation to the curve behavidiidgn 6 is related to the melting efficiency of the praze&ccording to Van
Elsen et al. (2007), melting efficiency can be wefi as “the ratio of the minimal amount of energgded to warm up and melt a
given amount of material to the added energy”.&stationary heat source, where no relative speagplied, the discharge
energy is also used for overheating the meltind,deading to a worse melting efficiency. On theathand, when a relative
speed is applied, the discharge energy is betesl taswarm up melt more material. The way how tisetthrge energy influences
the eroded volume as relative speed is increasedsrte be further investigated. For different disgle pulses, a maximum on
the eroded volume curve is expected to be locatdidfarent relative speeds. Less energetic pulsest have a maximum

located at lower speeds while more energetic putset have a maximum shifted to higher relativeedge

4. WEDM model
To better understand the effect of the relativeedpen the eroded craters, an electro-thermal meagldeveloped to
describe WEDM single discharges. First, the mogplaach is described, followed by a discussion abimoulations results,

which are then compared with experimental results.

4.1 WEDM single discharge model approach

The WEDM model is based on the heat conduction gimemon, assuming that the heat generated in tsenpléas
transmitted to the workpiece via a time dependeat Bource, which grows from a point to a disc mioges relative to the
surface of the workpiece during the discharge damatAccording to Incropera et al. (2006), the j@hdifferential equation that
describes the heat conduction in cartesian codeliria can be expressed as
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whereT is the temperature, y andz represent the cartesian coordinate sysfgisithe rate of energy generation per unit volume

(W/m?), k is the thermal conductivity (W/), o the thermal diffusivity (rfls) andt represents the time.

This equation can be solved numerically by finitfedence techniques, where time and space areetized and the
temperature is solved for different discrete nqmtahts. In this model approach, three differenety/pf nodal points were
considered: adiabatic nodes (nodal points on thé&piece surface, excluding those in contact withlikat source), interior
nodes and nodes in contact with the heat sourcefifite-difference equations used for solving thmperature in different
nodal points are presentedliable 2 These equations describe a tree-dimensionalmystbere the distance between

consecutive nodal points was chosen to be egbxaldy=4z=0.5um). The interval timelt separates successive temperature



calculations and has to obey a stability critedescribed infable 2. Since a small value @ is used and due to small values of

material diffusivitiesx, very short time intervaldt have to be used.

Table 2. Mathematical description of the thermo-physicak&n model (Transient, three dimensional finitfetiénce
equations)Zt is the time intervaldx the distance between two consecutive nodal pgintgpresents the mass density (k§/m

C, is the specific heat at constant pressure @jkandq” represents the heat flux (Whm

. t+1 t t t t t t t

Interior nodes Tm,n,p - I:O(Tm—l,n,p +Tm+1,n,p +Tm,n—1,p +Tm,n+l,p +Tm,n,p—l +Tm,n,p+l)+ (1_ GFO)Tm,n,P
. . t+1 t
Adiabatic nodes Tonp = FO@T in ot Tonenp F Toncsp F Tonpss T Trnp-1) T @=6F0) (0
1 2Fold [Ax ¢

Heat source Tonp = I:O(Z-l—m_ln’p +Tnnetp T Tn-1p + Tinpst +Tm’n’p_1) +————+(1-6F0)[T, 0

. a [t o 1
Fourier number Fo= 7 Stability Criterion Fo<=

(Ax) 6

The heat source (heat flux’) used as input for the model is defined as

,_1U %)

T 172

q

wherel is the currenty is the burning voltage andis the crater radius.

The burning voltagé) was assumed to be constant at 20 V for all sinaulat The current as function of time was measured
for different discharge pulses and used as input® simulations. The dimension of the crateruadiis based on the shape of
eroded craters shown kig. 2, which depended on the discharge time and peakrduiThe heat source was discretized assuming
different values for each time step. The pulse tihmdime was measured for different peak curreauts, used as input for the
model. Temperature-dependent material propertesaden into consideration, especially the heaaciéyc, and thermal
conductivityk of the workpiece material. A new Fourier numbBer which represents the ratio of the heat conductide to the
rate of thermal energy storageaple 2), is calculated separately for each nodal poinef@ry new time step. The latent heat of
melting and evaporation are also taken into comatim for temperature calculation. Finally, ditet relative speeds are

considered by moving the heat source along the pieck surface.

4.2 Smulation results



Different materials have been first tested and amexqb, aiming to validate the proposed moHgs. 7and8 show single
craters simulated for bronze (CuSn7Zn4Pb7-C) aeel §A1S11010) respectively. The melting temperafliy;, mass densipy,
specific heat, and the thermal conductiviyare shown in the figures. The amount of nodal sdimthe melting pool, which are
represented by a red dark color in both figuresewalculated and relatively compared to experiadaesults. For a chosen set
of erosion parameters, the experimentally measmaterial removal rate was 11.6 ffimin and 5.1 mrimin, respectively for
bronze and steel. The simulated amounts of nodatwithin the melting pool were 2.55x18nd 1.26x10respectively for
bronze and steel. These results represent a exgretally measured relative material removal raté486 (dividing steel by
bronze) and a simulated relative material remoatd of 49%, showing a good correlation between ixatal and simulation

results.

ITZTmelt
Tmcll: 1210 K
o= 8800 kg/m?
c,=380 J/kgK
Bronze k=64 W/mK IT=293 K

Fig. 7 —Simulation of a single discharge in brongg.{=73 A,t=1.20 ps).
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Fig. 8 —Simulation of a single discharge stdgl(=73 A, t=1.20 ps).

Moreover, measurements of material removal ratewarried out for different discharge currents,steel (AISI1010), and
compared to simulation resultsig. 9 shows the results obtained for six different disgle currentsl{- 16), where a specific
discharge currentl) was taken as reference. The peak currents usedasdollowsi1=73 A;12=84 A;13=124 A;14=157 A;
15=223 A;16=276 A. Similar to the above presented results,aamesee that there is a good correlation betwegeerinental and

simulation results.



400 T T T T T T

350 ®- relative MRR (simulation) A
9 #- relative MRR (experiment)
Red
- 300 '/'
S
- 8/
§ 250r A §
= S
2200 & .
5] o
=150 X
,—"—"'
100+ " J

AL 1211 BAL A0 1541 16/l
normalized current

Fig. 9 —Relative material removal rate for different diaade currents (Workpiece: AlSI11010).

After validating the model, the next step was toudate the influence of the relative speed on sigigchargedssig. 10
shows different simulated cross sections of eranlaters (in speed direction), using brass (CuzZn39B8b6 workpiece material,

and relative speeds ranging frmr=0 to 80 m/s. The heat source slides over the pieck surface, in this case along the x-axis,

creating an elongated crater in this direction.
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Fig. 10 —Influence of relative speed on single dischar@#ass,|pea=73 A, t=1.20 us).
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The influence of the relative speed on the amotinbdal points within the melting pool was calceldiand is presented in

Fig. 11
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Fig. 11 —Amount of nodal points in the melting pool by ieasing relative speed.

One can see that the amount of nodal points thahexl temperatures higher than the melting temyeraf brassTq; =
1180 K) increases as relative speed increaseseThsslts are consistent with what was present&giré, where the measured
crater volume was found to increase by increadirg¢lative speed. Furthermore, the average nedwdrature, taking in
consideration all nodes that have reached tempeshigher than the melting temperature, was catiedlfor different relative

speeds and is shownfiig. 12
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Fig. 12 —Influence of relative speed on the average nadaperature for nodes which have reached tempesdtigher than the

melting temperature (Brasb,g: = 1180 K).

It is clear to see that the average nodal temperatecreases by increasing the relative speedaitig that higher melting
efficiencies are obtained for higher relative sge&there the discharge energy is more efficierdlydufor warming up and

melting more material rather than for further owsating the melting pool.

6. Conclusions

In this study the influence of the relative speetineen tool and workpiece electrodes was evaldatettie wire electrical
discharge machining process. Single discharge wests carried out for relative speagsip to 80 m/s. The shape and volume of
the eroded craters, measured on the workpiece/an@de analyzed. According to the measured crai@pes it is possible to see
that the plasma channel easily slides over the piecke/anode. The crater extends along the direofioalative speed and has a
slightly reduction of its diameter perpendiculaittdr'he slip of the center point of the plasmaraiel was measured and found to
match to the theoretical slip, which is calculabeded on the applied relative speed and dischamg¢iah. The expansion speed
of the crater radius can also be measured basttb@hape of eroded craters. It was found that f&pecific set of erosion
parametersl =73 A,t=1.20 ps), the crater radius expands at a speapprdximately 41 m/s (perpendicular to the slip
direction). The eroded volume per crater was fawnidcrease with increasing relative speeds, hazipgsitive impact on the
material removal rate. To help explaining the iafige of the relative speed on WEDM, an erosion inwde proposed based on
heat conduction. The finite-difference method wsadufor solving the partial differential equatitvat describes heat conduction.
The model was validated by comparing simulation exygkrimental results, where a good consistencyfewasl. Based on
simulation results, one can see that the amoumbd#l points in the melting pool increases asikelatpeed increases, being in
accordance to the experimental results. The caenilaverage temperature within the melting pooteses by increasing the
relative speed, indicating that a higher meltinficefncy can be reached for higher relative spebkdthis case discharge energy
is more efficiently used for warming up and meltmgterial, rather than for extra overheating thétingepool.

For further improvements of the erosion model,swggest that the following aspects should be takenconsideration:

e Energy distribution: the amount of energy whichgt®the anode is unknown and there is no consemithis the
academy. It depends, among others, on the typesciiarge, the duration time, type of dielectriar pdmaterials
and discharge pulse intensity. The absolute amuiurgtmoved material per discharge is highly infleeah by the

amount of energy flux which enters the workpiecg nieasuring the temperature distribution on theteddes and

12



dielectric, one can estimate the energy distrilsutiaring the process. This approach was already ngia et al.
(1996) and has to be further investigated for disgés similar to those used in this work (WEDM);

e Recast layer: The amount of molten material whedolidifies after the discharge is unknown. Usimg whole
amount of molten material (nodal points in the imglpool) as removed material is not the right apph, since a
considerable amount of material stays adheredeteldgctrode at the end of the discharge. The réagst can be
measured for single craters and is suggested ftivefiuimprovements of the model. A correlation besw recast

layer and input energy should be investigated;
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melting temperature (Brasbg: = 1180 K).
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Table 1 Set ofparameters used on single discharge experiments.

Table 2. Mathematical description of the thermo-physicak&n model (Transient, three dimensional finitfeténce

equations)t is the time interval/x the distance between two consecutive nodal pgintepresents the mass density (K/m

C, is the specific heat at constant pressure @jkandq” represents the heat flux (Whm
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