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Abstract. Wire electrical discharge machining (WEDM) is widely used in the manufacturing of precision parts with
intricate profiles, generally made of hard materials which are difficult to machine through conventional processes. The
efficiency of the metal removal, along with the surface finishing, is the common objective of several researches in
WEDM improvement. The performance is governed by factors such as the dielectric properties, flushing condition,
wire tensioning and feed rate, raw material constitution and thickness, pulse peak voltage, on-time and duty-cycle
factor. The sparking behavior, that can be monitored through voltage and current waveforms, directly reflects this
performance. This paper depicts an automated test system specially designed to acquire voltage and current data,
perform signals processing tasks and present relevant information, such as total energy transfer and average
discharge times. It consists of a computer-based instrumentation system interfaced to high performance hardware, a
LabVIEW™ software application and special apparatus for in loco current measurement. Preliminary results on E25
Grade tungsten carbide machined with brass wire were obtained varying the isoenergetic pulse discharge times, using
a previously optimized WEDM operational combination for the other parameters. The resulting cutting rates and a
process performance indicator are presented as a function of the discharge time .
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1. INTRODUCTION

Spark current and voltage measurements requiredpigbd data acquisition systems. The automaticaroént and
voltage waveforms acquisition, analysis and pred@mt provides a useful and productive toolset éoused in the
optimization of operational conditions in the Wigéectrical Discharge Machining (WEDM) process, vjdased to
obtain intricate profiles in hard materials.

In this non-conventional machining technique, mateés removed through the application of a pulséectrical
discharge between cathode and anode, which areasegpeby a small gap where a temporary, high endamsity
plasma channel is formed, and is responsible fdtimgesmall amounts of material each pulse cyclee Tebris are
solidified and removed by a flushing system durihg pulse interval time. The sparking cycles betwdiee
continuously fed wire and the work piece progressiproduce a cut along its thickness followingrevously defined
path and thus obtaining a desired geometry. Ambegfrtontiers of WEDM research nowadays (etcal) is one of
great interest: the study of the effects of macfjparameters on the cutting ratg Ynnf/min). Process productivity
and surface finishing are a consequence of theoroitant conditions and parameters used. AccordingGtottet al
apud Ho et al), the discharge current, pulse duration and piuéspiency are the most important parameters taentte
the productivity. In the industrial environment,ndoinations of parameters are usually taken from \MEmDachine
builders’ technological tables, with little or noam for customizations ‘out of the table’.

In the Electrical Discharge Machining (EDM) processitage and current signals characteristic pataradave the
standard shapes and designations shown in Figlreeke shapes change in some degree in the WEDdgwowvhere
information can rather be extracted from pulsensgadtatistics. In the here reproduced Figure 2aqland Woo0)
illustrated examples of WEDM pulse forms. Accordioghese authors, many of the pulses are not datiseharges,
but short circuits and arcs. (Watanabel apud Liao et al) proposed a classification for WEDM signals acauogdo
the considered ongoing phenomenon (normal dischatg®t circuit, arc). The arc discharges have fave shapes
close to the normal discharge, making the diffeatioin yet possible but harder. These authors dkseeloped a
discrimination system based on the elapsed timedmat the rising of the gap voltage and the beg@niithe ignition
current. Since a recurrent occurrence of arcs ortghircuits may indicate that wire breakage isrnélae statistical
analysis of recent data in real time allied to sgeaference algorithms could be used to feedidhekpower supply
and prevent a machine stop. This concept was ug¢@adbanest al) to develop a solution for on-line prevention of
wire breakage.

The current and voltage waveforms don’t have aleggperiodical behavior. Despite being settabléhenmachine,
interval (t) and discharge dttimes vary during the processing period as tieegmditions change. Sometimes a long
delay (very above the sef)tin open circuit voltage level is observed befohe breakdown. Evaluating the t
exclusively in the normal pulses requires the priglary application of a pulse classification ciisiio the pulse trains.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering

Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil
N Parameter Symbol
o))

e}
5 Pulse cycle time t,
& & Ignition delay time ty
<. =
% = Pulse interval time to
0 time t . .
2 = Discharge duration te
+ + o
oy Pulse duration t (Statte)
- e Current rise time t
«
¢ Current fall time t;
V! ~ .

5 7 [ \ Average discharge voltage Ue
o & = ' \ Open circuit voltage 0
< [ 1= | |
a | | | time t Average discharge current ie
Ee] ! =

N Maximum discharge current Te

£
At Duty-factor T (=tty)

Figure 1. Parameters of current and voltage wawefan the EDM process.
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Figure 2. Arc, short circuit and normal dischargerds (Liao and Wo0).

Actually, correlating the underlying physical phermena that occur in the discharge gap to a combimati process
parameters and the work piece material throughysipal model is an extremely difficult task, beidEDM rather
studied experimentally, given its stochastic chi@macrhe performance is governed by factors sudfbatsnot limited
to): dielectric properties, flushing condition, witensioning and feed rate, raw material constitutind thickness,
pulse peak voltage, on-time, duty-cycle factor. &eweless, researching the combined effects od¢lieral parameters
that influence WEDM process, taking a satisfactooynber of levels for each, results in a very higlargity of
combinations. (Mahapatra and Patnaik) used the dragnethod to minimize the number of experimentsl genetic
algorithms as well, in optimization efforts.

Measuring current and voltage directly in the powietuitry of a commercial brand machine may b&yipossibly
leading to unsafe operation or damage to high eqsipment. In this work, to go around this diffigub special
apparatus was designed to allowloco current measurements with minimum intervention.eValuate the net energy
consumption, the real voltage and current wavefoangs multiplied and the result integrated along phecessing
period. It's possible to quantify a process perfange indicator (PPI) dividing the cut area by thedpct between total
energy and machining time.

In this present paper, tungsten carbide was chasetie work piece material. This is a common chaicéhe
manufacturing of tooling for stamping operationsd ats high hardness makes WEDM the most indicatadhining
option from both technical and economical critefiae objective of this work is, using an automatest system, to
study the relation between the pulse discharge tiraad the process productivity, analyzing the cgttiates and the
PPI to find the best value fas t
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2. AUTOMATED TEST SYSTEM FOR SPARKS CURRENT AND VOLTAGE MEASUREMENT

Designing an automated test system implies integyat system attending requirements in three layesiware,
software and physical system (Menaesl). The degree of automation and the context of egghication may vary
the importance or relevance of each layer, but gtejl typically be present.

Voltage and current waveforms in high speed evargscaptured with high data acquisition rates adpatible
sensors. In these cases, the hardware represejas paat of system cost. For this project, a higirfprmance
interfaced oscilloscope and wide band current aitthge measurement probes were employed. The attegrwith a
computer was implemented through a GPIB interf&emctionality was implemented in a software appitcausing
the LabVIEW™ platform (National Instruments).

2.1. Hardwar e components

Figure 3 shows the hardware components integratiom scheme. The voltage measurement probe usediwas
P5100 250MHz bandwidth, limited to 2500V (DC + pe&k), with 100x attenuation factor (Tektronix, IhncFor
current measurement, it was used the probe Tek{fbriiCP202, 50MHz bandwidth, capable to measure up5®
(DC + peakAC); above this level, a maximum [peakent][pulse width] product of 500 As limits the operation.

The Tektronix® P5100 high voltage and TCP202 current probes ttaehed to the TektroniX¥ TDS644B model
oscilloscope, connected with a laptop computerutjpoa GPIB interface (National InstruméftsUSB-to-GPIB
adapter).

A feed-through accessory was designed for the saliid wires safe connection to the WEDM machineuttin one
of its side walls.
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Figure 3. Integration of the hardware componengsls measure current and voltage in the WEDM m®ce

To improve the measurement range of the currerdasen bucking current circuit was added to theesgs Eight
turns of enameled copper wire were wounded in tlneeat sensor to produce a constant DC currentpposed
direction to the WEDM (process) one, raising theasugable current limit up to 8A in safe conditiofitie actual
bucking current value is the product between theber of turns in the coil and the current set tgtoa variable
power supply. After acquisition, the bucking cutrés subtracted from the measurement data via sofwThis
procedure allowed capturing peaks of pulses sitluapeto 8A above the original sensor limit.
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2.2. TheLabVIEW™ softwar e application

The experimental procedure to study the WEDM precsough the behavior of real current and voltage
waveforms with enough data sampling requires suclaraount of computational tasks that justifiesaitéomation.
Starting from a set of requirements, several famgiities were implemented in a sofware applicatioamed
‘ArcVIEW’, developed on the LabVIEW platform, anidted in Table 1.

Table 1. Functionalities of the ‘ArcVIEW’ softwaepplication.

Functionalities Configurable parameters
Current and voltage waveforms capturing paramet@néiguration Sampling rate; sample length; triggeel
Capture modes (single shot or periodical) Waveforapuring periodicity
File operations (save, open) Data saving folder, files format
Filtering Passband (lowpass), filter type
Spectrum analysis (FFT)
Current pulses detection, width determination axaf flat top Detection levels (two, horizontal), top cutoff
pulses (peaks reconstruction) level
Power, energy, discharge duration and current/gel&atistics
Batch analysis and tabulation of results Acquirathdolder
Report generation Format (.pdf, .html)
Waveforms clipping Start/end moments

In the periodical capture mode, the acquired wawe$oare automatically transferred to the computeind the
experimentation sessions are stored in a seleclédrf in a cyclic process as shown in Figure 4.

(e -

(EHTD G Transfer through Name and save
Start at cycle time Await trigger and voltage 9 :
GPIB automatically
waveforms

Figure 4. Automatic data acquisition and storagglo

After the machining task is finished, at the usemmand the files are batch processed to extracdésired
information from the raw data, following the stegt®wn in Figure 5.

Multiple current and Current pulses Parameters
voltage waveforms Filtering detectlo: ang Ie xtrgctllon d Sprgalcisheet Report generation
acquired peaks '(e ectrical an tabulation
reconstruction time related info)

Figure 5. Batch current and voltage signals prangss

Mostly, the current peaks observed in the WEDM psscwell exceed the maximum rating of the TCP202.
Substitution of this probe for another one with theme or broader bandwidth, and higher maximumeatrr
capabilities, requires an expensive investments Tihnitation problem was solved through signal gsial and
processing, using a heuristic technique for pea&snstruction. Figure 6 illustrates the peak retrangon process.

The algorithm takes two user defined horizontakdin(crossing levels) and locates their intersestiaith the
pulses, registering the start and end crossingsstifor each pulse and line; the four points marfkeadach pulse this
way are used to adjust two lines to the rise aligtdse sides, whose intersection is the missedkgeaop. Then, using
the same acquisition interval time and the flaioegurrent value (the known limit), an interpotatiprocedure is run
to calculate the curve points that will replace $hdurated potion of the current signal. This pssdeas been tested in
some non-flattened pulses (i.e., pulses with mawrinbelow the sensor saturation limit), where it dobié verified that
the approach pulse results very close to the mal ©his favorable result is just as expected, lsethe peaks can be
approximated by a triangular shape. Finally, when@vcapture starts in the middle of a pulse, kperithm detects the
incomplete pulse and clips the problematic bordéhefile, enabling it to be processed.
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Figure 6. Reconstruction of the current pulse prdloff due to sensor saturation.

The four reference memories for waveforms recordingilable in the TDS644B oscilloscope are managedo
pairs, being the currently in-use one selectabl¢hieyuser, and giving some versatility to compaeatinalysis. Each
memory is capable of storing 15000 points, compsamgi the time length of an acquisition with the ruselectable
sampling rate.

The application software user-friendly interfacsh®wn in Figure 7.
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Figure 7. ArcVIEW user interface — front panel gpdrtial) block diagram.
2.3. The current probe sealed enclosure device

The TCP-202 probe is protected from the pressurfzeshing water by a special apparatus designed ssaled
device, which bypasses the flow around the prole laaves passage to the running wire. This deva® been
specially engineered to operate under the 8 bar dtal bottom) local flushing water pressure. Itseatbly on the
machine is made with compatible adapters - upstrédammechanical attachment and water inlet, andrcitream,
where the original outlet flushing nozzle was mot@dThe device design and its assembly in worktjposare shown
in Figure 8.
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Figure 8. Sealed enclosure device design andsenasly in the WEDM machine (sensor inside).

4. EXPERIMENTAL SETUP

4.1. The WEDM machine

A Charmilles Robofil 290 5-axes CNC WEDM machinené@milles Techonologies) in LAUS / PUCPR was used
in the tests. It is shown together with the maiecsjications in Figure 9.

=\ Robofil 290 Specifications
Dielectric: ionized water, 1S
Wire diameter: 0,1-0,3mm
Wire tensioning: 0-30N
Wire inclination: 0-20°

Maximum discharge current: 15A
Maximum work piece thickness: 200mm
CNC system resolution: 0,5um
Maximum wire feeding speed: 15m/min

Figure 9. Robofil 290 WEDM machine.

4.2. The E25 Grade tungsten carbide
The E25 Grade WC 20,33mm thick stock material uisélde experiments presents the properties in Table

Table 2. Properties and composition of E25 Gradgdten carbide.

E25 GRADE carbide Valugsunits

WC content 88,2 %

Ni+Co content 11,5 %
Average grain size 25 | pm

Rockwell Hardness HRA 89,2 -
Density 14,3 -

Vickers Hardness HV30| 1240 -
Transversal tensile strengti3500 | MPa

4.3. Machine setup parametersand procedure

The cutting rate was measured as function of digghtime ¢, under the WEDM machine setup shown in Table 3,
taken from an investigation conducted by (Amorind dreixeira), where the cutting ratg,mnf/min) was measured
in the machining of H40S WC versus the variatiorttef interval time (us), wire feeding speed Y}{m/min), and
average reference pulse voltage(¥). Those tests were performed using both brasscapper wire, and provided an
experimental indication of optimum parameters. Thalues for brass wire provided the highest cgttiates and were
used to setup the WEDM machine. The discharge waseset up varying between 0,6 andu%,ih 0,21s steps. A CNC
program was executed to perform a 25mm straighstauting from the work piece border. Data collectivas done
between 5 and 25mm, to avoid the expectable diftereof machining conditions close to the borderdéineach ¢t
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setup, two repetitions were executed (a and b)walleforms were acquired at 100MS/s acquisitioa eatd are 153
long. The acquisitions cycle time was set to 10s.

Table 3. Robofil 290 parameters setup for E25 Gkéldecutting rate tests.

Parameter Values units
Wire feeding speed W 9,0 m/min
Interval time § 6,0 us
Average voltage A 40 V
Average currentl 8 A
Open circuit voltage 80 V
Brass wire diametap 0,25 mm
Wire tension 10 N
Discharge timest [0,6/0,8/1,0/1,2 pus
Pulse mode Isoenergetic -

Applying the FFT analysis resources available @ AncVIEW software on some preliminary captures, 10MHz
cut off frequency for the lowpass filter to be apglto both current and voltage waveforms was seded he filtering
allows a simplification of the pulse detection algon, that otherwise may detect short period tegtiins in the
pulses’ rise and fall ramps, requiring a secondagsification routine to eliminate false positiveSurrent sensor
saturation level was found to be 58,5A (Figure B, graph), value used in the peaks reconstrucgorithm.
Corrected peaks and cleaner signals (Figure 16 gicaph) result from the signals processing.
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Figure 10. Typical current and voltage waveformsrduthe WEDM operation, before and after procegsin
5.RESULTS AND DISCUSSION
Results from the tests are presented in Table 4.

Table 4. Tests results tabulation.

Process

Pulses Setup | Cutting ratel Cutting| Average| Std | Average| Std | Total | performance

Test | detected Captureg  t. Vw time te dev| power | dev |energy| indicator - PPI

id [#] [#] [us] | [mm?min] | [min] | [us] |[us]| W] | W] | [kJ] | [mm%(min*kJ)]
te06a] 506 52 0,6 49,4 8,2 0,63| 0,03151,8 | 39,4 75,0 0,66
teO6b| 463 50 0,6 49,7 8,2 0,63| 0,031296 | 31,8/ 62,38 0,78
te08a] 383 42 0,8 60,5 6,7 0,73| 0,071924 | 641 775 0,78
te08b| 386 41 0,8 61,3 6,6 0,72| 0,06 1855 | 545 738 0,83
telOal 328 37 1,0 67,2 6,1 0,77 | 0,10224,7 | 83,1 81,6 0,82
telOb| 302 33 1,0 69,7 5,8 0,77 | 0,12 2448 | 112,2 81,2 0,81
tel2a) 278 34 1,2 73,0 5,6 0,88 | 0,14 300,5 | 112,2 100,4 0,73
tel2b| 294 36 1,2 72,0 57 0,85| 0,13290,5 | 128,9 98,5 0,73
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The number of pulses, their widths and spacingtgra@ability observed in the captured waveformea@borate the
stochastic behavior of the WEDM process. Duringtésts, wire breakage events occurred few timesabmays in the
beginning of the tests. If wire breakage is pegsistany process productivity analysis looses magot of its value.

The average power verified along all acquisiticnsnultiplied by the cutting time to compute théatoenergy of
each test. The PPI is then calculated for the 40@f6cuts on the WC work piece, as the area cut pemkminute.
This indicator can be understood as an economiealsore of the process. Thelt,2us condition produced the fastest
cuttings, whilst the highest PPI was calculatethant=1,0us one. Cutting rates and the PPI are showarigraphs in
Figures 10 and 11, respectively.

The average.differs from the setup one, as it includes evetedted pulse in the computation. The explanation f
this fact may include the variable incidence ofsamad short circuits, which increase the differemsethis events add
values lower than the setup one to the averagelatilon. Also, a growing standard deviation is fied.

Average power values show an expected growth witheasing discharge times, and are related to hbetes
machining times. The high standard deviations imidiche need for longer data collection periodsthriinterpretation
of the values is still valid for comparison purpsse
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Figure 11. Cutting rates observed.
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Figure 12. Process performance indicators (PP&Eutated.
6. CONCLUSIONS

A solution forin-loco current measurement in the WEDM process envirommes successfully designed and
implemented. The automated test system used fatataeacquisition, processing, presentation anegtoallowed the
execution of the experiments in a shorter timewitld a near human intervention free procedure. ériséic algorithm
has been developed to identify sparks’ currentgsud reconstruct their tops when saturationeoémsor occurs.

A potential improvement to this system is the impdatation of a pulse classification algorithm atsdimtegration
with the WEDM machine, allowing the run of largeake pre-programmed experiments to map performance a
provide on-line signals analysis and statisticegaised in the feedback of operational parameters.

The highest cutting rate for E25 grade WC was ragthiwith te=1,2us, and the best performance, cerisgl
machining time and energy consumption, with te=%,0p
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