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Abstract: The article is related to the research of the parameters of vibroacoustic emission for
development of the monitoring and adaptive control system for electrical discharge machining. The
classical control system based on a response of electrical parameters does not give an adequate data
in the cases of a new class of materials processing as conductive ceramics reinforced by conductive
nano additives and carbon nanotubes and whiskers. The idle pulses, which are working on the
destruction of the erosion products in the gap, count as working pulses. The application of the
monitoring and control tools based on vibroacoustic emission gives adequate data about conditions
in the working zone. The developed system is available to count only impulses involved in working
on the destruction of the workpiece. The experiments were conducted on the samples of materials
with a low melting point as austenitic steel and aluminum alloy, and hard alloys. The records of
vibroacoustic signals were analyzed for detection of the monitoring and adaptive control criteria.

Keywords: electrical discharge machining; vibroacoustic emission; adaptive control; monitoring;
discharge gap; erosion products

1. Introduction

Today it is impossible to imagine the production of high-accuracy parts with complex
volumetric geometry and internal cooling system without electrical discharge machining (EDM) [1-3].
The application of the technology was significantly extended by adding from 1 to 3 independent
rotating axes [4-6].

Hence, practice shows that up to now EDM has uncontrollable problems related to decreasing
of productivity and quality of machined surfaces during conventional processing of easy-to-work
materials [7-9]. Mainly it is critical in the case of machining of narrow slots array. E.g., 20 + 24 slots
with the sizes in the plan 1.5 X 8 mm, and height of 15 <+ 25 mm for production of the mold die with
push-type ejectors for the part as a body of motor vehicle backlight [10]. In this case, a wire tool can
be stuck between a workpiece and a cut-out industrial waste (or part), that leads to the undesirable
issues related to process instability, short circuit, wire break, sometimes even to diamond nozzle
damage [11-14].

Nowadays, the use of ceramic products in the industry is continuously growing due to its
excellent exploitation properties [15,16]. Plenty of scientists aim their study on the development of a
new class of materials as conductive ceramic nanocomposites [17-19]. This kind of material should
provide mechanical properties up to the level of continent ceramics or even exceed them, but also
be suitable for electrical discharge machining. By other words, it should be conductive [20]. The
conductivity should be assured by conductive nano-sized additives as TiC, ZrC, Nb(z)C [21-23], when
SiCw or carbon in the form of nanotubes or whiskers are responsible for supporting and improving
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mechanical properties [24,25]. It makes the questions related to ensuring of the uninterrupted electrical
discharge machining using in-situ monitoring critical and significant to adapt the electrical parameters
of machining and to prevent all undesirable effects during processing.

The tools of diagnostics based on vibroacoustic emission are known for application to the
conventional mechanical machining for providing better reliability of the machine tools [26,27].
The vibroacoustic diagnostic tools aim to detect the moment of beating between a tool and a
workpiece [28-30]. It allows controlling the operating element movements, preventing accidents. It was
proved that based on the vibroacoustic signal it is possible to develop a new class of multiparametric
diagnostic and adaptive control system [31]. The significant advantage of vibroacoustic diagnostics is
the simplicity of the accelerometers’ installation on the elastic system of the machine.

The scientific novelty of the article is in development and application diagnostic system based
on vibroacoustic emission to the electrical discharge machining methods, which are known by an
impossibility for the visual monitoring tools. The tasks of the current study are:

(1) Research a fundamental possibility of vibroacoustic diagnostics of wire electrical
discharge machining;

(2) Adapt the existed method of in-situ vibroacoustic monitoring for EDM, make the comparison of
the receive spectra of the signal with the electrical parameters of the machine;

(3) Analyze the obtained spectra and make understandable the criteria of deciding for development
of the adaptive control system based on vibroacoustic emission;

(4) Demonstrate an opportunity of the in-situ adaptive control of EDM by specific examples of
the machining.

2. Materials and Methods

The experiments were carried out at an industrial 4-axis EDM machine with CNC-controller
Seibu M500S (Seibu, Fukuoka, Japan). A 0.25 mm-diameter brass wire of CuZn35 was used as a tool.
Deionized water was used as a dielectric medium. Electrical discharge machining was produced with
the immersion of the workpiece.

The accelerometers (Figure 1) of the developed vibroacoustic monitoring systems were installed
at the upper guide (5) of the machine and on the system of the fastening of the workpiece (3). It was
found that during electrical discharge machining the upper accelerometer (7) gave a more informative
and symmetric signal than the accelerometer from the lower guide (8). It can be explain by presence of
the disturbance influence from the working dielectric pump and driving gears of the machine. Further,
only the signal from the upper guide was taken into account.

Figure 1. The positions of accelerometers in the working area of EDM machine, where (1) is a workpiece,
(2) is a worktable, (3) is a fastening system, (4) is a wire electrode, (5) is an upper guide, (6) is a lower
guide, (7) is an upper accelerometer, (8) is a lower accelerometer.
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A 200 x 20 x 16 mm-blank of austenitic stainless steel AISI 321 [32,33] and a
200 x 16 x 16 mm-blank of aluminum alloy AISI 2024 [34-36] samples (Table 1) were used at the
first stage of the experiments for developing of the system of diagnostics and monitoring based on
vibroacoustic emission for the needs of electrical discharge machining. The blanks were fastened on
the worktable of EDM machine tool.

Table 1. The chemical composition of AISI 321 steel and AISI 2024 alloy, %.

Material  Fe Cr C Ni Mn Ti P Cu Si Zn Mg Al
1;;511 449591 17-19 ~12 9411  ~2  ~08 ~0.035 ~003 ~0.02 - ; ;
AISI

oy <05 ; - <01 0309 ~01 - 3849 ~05 ~03 12-18 90.8-947

The processing was done with the immersion of the blanks in a dielectric for 10 min before
machining; it was done according to the EDM standards for high precision processing to exclude the
thermal shrinkage of the materials [37]. The level of the dielectric was 1-2 mm above the blanks. The
nozzle of the upper guide was installed as close as possible to the level of dielectric [38].

2- and 10 mm-width samples were cut off from the blanks. During the processing, offset of the
pass on the value of the discharge gap and the radius of the wire was ignored. The EDM parameters of
processing were calculated following the standard machine tool recommendations for the proposed
materials. The parameter of wire tension and voltage were varied during processing in the range of
+£5 machine measurement units from the recommended values of the mentioned parameters.

The developed system of diagnostic and monitoring was approbated on EDM machine CUT1000
(GF AgieCharmilles SA, Losone, Switzerland). For this purpose, 100 x 12 x 12 mm-blanks of hard
alloys MO05 [39,40] and P10 [41,42] by ISO (Table 2) were processed according to the prepared manually
CNC-program. The standard EDM parameters for SKD-61 alloy [43] were chosen for machining. The
frequencies of pulses changed during processing to create conditions for instability and provocation of
a series of short circuits and wire breaks.

Table 2. The chemical composition of M05 and P10 hard alloys, %.

Material WC TaC TiC Co
MO05 92 2 - 6
P10 79 - 15 6

The developed in-situ monitoring system based on vibroacoustic emission for electrical discharge
machining is presented in Figure 2. The signals received from the accelerometers depend on the
nature and intensity of the vibrations during processing, which depends on the parameters of electrical
discharge machining. The signals were directed to an ADC and recorded. It was decided to take
attention on the signal at the moment wire tool penetration into the blank, and at the end of processing:
on 1st minute, 30th and 5th seconds before the end of CNC-program. Spectral analysis was performed
in the range of frequencies from 1 to 32 kHz.
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Figure 2. Principal scheme of the system of vibroacoustic monitoring of wire electrical discharge
machining: (a) is a guide, (b) is accelerometers, (c) is a wire-tool, (d) is a workpiece, (e) is a working
table, (f) is a fastening system, (g) is preamplifiers, (h) is amplifiers model VShV003 (OOO Izmeritel,
Taganrog, Russia), (i) is an ADC E440 (L-card, Saint-Petersburg, Russia), (j) is a signal-recording device.

The pulsed solid-state laser of diode pumping U15 (RMI, Moscow, Russia) was used for laser
ablation of AISI 321 samples (160 x 100 x 5 mm) for better understanding the possibilities of in-situ
monitoring and adaptive control during pulsed machining processes.

The characterization of electrical discharge impulses was conducted with the use of the digital
oscillograph Tektronix TDS2014B (Tektronix Inc., Beaverton, OR, USA).

The characterization of the machined surfaces and the specific wear of the tool was provided by
an SEM VEGA 3 LMH (Tescan, Brno, The Czech Republic) and by an optical microscope Olympus
BX51IM (RYF AG, Grenchen, Switzerland). For the study, the surfaces of workpieces and a wire, and the
changes of chemical composition in the sublayer were controlled before and after processing [10,33].

3. Results
3.1. Research A Fundamental Possibility of Vibroacoustic Diagnostics of Wire Electrical Discharge Machining

3.1.1. Mathematical Approach and Evaluation of Wire Amplitude Under Discharge Impulses

The scientists of MSTU Stankin under the supervision of Prof M.P. Kozochkin developed the
in-situ monitoring system based on vibroacoustic emission [44,45] and adopted it for the needs of
electrical discharge machining (Figures 1 and 2). The preliminary study showed that the oscillations of
the wire in the slot during processing might be a reason of instability and turn into the self-oscillation
process, which results in the defects of the machined surfaces [46—48].

A diagram of applied forces on the wire during electrical discharge machining presented in
Figure 3.

If not taken into attention to the mass of the wire sections h; and h, and mass losses on
electroerosion wear [49,50], an amplitude of oscillation may be presented as a complex amplitude of
the harmonic signal [51-53]:

Ay = ZO'e'gT/ (1)
where Ay is an amplitude in the direction of the wire feed, which is always limited by a discharge gap
A and much less than A, A, < Ay for stable EDM processing; f is the damping coefficient presented as
a complex number in the form (a + bi); T is a period of oscillation T.
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Figure 3. A diagram of applied forces during electrical discharge machining: (1) is a wire tool, (2) is a
workpiece, (3) is an upper nozzle, (4) is a lower nozzle, (5) is rollers.

Ay is an amplitude of the wire in the inverse direction to the wire feed; A is a discharge gap; Hy, is
a thickness of workpiece; Hy" is a distance between nozzles; F, is total forces of wire guiding; Fjyp is
total forces of discharge impulses; >.F}, is total forces of wire holding; >.F;, is total forces of wire tension;
Fpicisa friction forces; S, is a wire feed speed; S, is a wire rewinding speed; Wj is a torsional moment
of rewinding rollers.

B=G-H 2
where 7 is an index of excited oscillations; y is a coefficient of dielectric medium resistance. In this case,
qis
Vi -k

2-my

7= : 3)
where 11 is a ratio between H,, and Hy, Hy is a value of the workpiece thickness for stable electrical
discharge machining 80 < 100 mm for the diameter of wire d;, = 0.25 mm and dielectric based on
deionized water; m,, is a wire mass; k is a ratio between K, and Ky, K, is an index of stiffness and can
be presented as:

Ky = ZPimp /Ap. 4

Thus, B depends on the ratio of workpiece thickness and the ratio of the system stiffness, the EDM
parameters and the viscosity of the working medium,; it can vary in the limits [11.

q is a criterion of self-oscillation:

=7 ©

where A is the logarithmic decrement of the damping ratio of the self-oscillatory and resonant process,
describing the decrease in the amplitude of the oscillation process and equal to the natural logarithm
of the ratio of two successive amplitudes of the oscillating quantity A, to the same side:

A=In(An/Anir), (6)
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The period of self-oscillations T depends on the wire mass and the system stiffness, which depends

as well on the wire tension:
ny

T=2m,/-2
7T Kn

@)

If g < y, then self- and resonant oscillations do not arise. If g > p, then the self-oscillations are
formed more intense and higher as q excess over . y is higher for the oil medium and lower for the
water-based dielectric. Thus, electrical discharge machining in the oil medium gives a priori higher
accuracy of the machined surface.

Simplified calculations based on the measurement of the frequency of forced impulses in the
working area gives a possibility to evaluate the wire amplitude during the processing with varied wire
tension (Table 3).

Table 3. Results of simplified mathematics for evaluation of wire amplitude under discharge impulses.

Parameter Value
Wire Mass
A wire radius 7y, m 0.00125
A height of the workpiece H,;, m 0.016
A distance between the nozzles H,”, m 0.020
Brass density ¢ 1 kg/ m?> 8580
A volume of the wire Q, m> 9.8 x 108
Wire mass m;,, kg 84 x 1074
Force of Medium Resistance
Water density ¢ L kg/ m3 997
Resistance area Py, (=71-7.Hy,") 1, m? 7.8 x 107°
Wire feed speed Sg, m/s 1.7 x 107°
A force of medium resistance F, 2, N 22 x 10~ 11
Force of Impulses
A force of impulses Fiy, 3, N [54,55] 4.8 x 1073
An Amplitude of Wire under Forced Impulses
A frequency of forced impulses f. 4 Hz 0.2 x 100
System stiffness Ky, N/m 1.1 x 10°
An amplitude of wire under forced impulses Ag, m 4.36 x 1077

! Given for reference; 2 Further ignored due to its small value; ® Taken as an approximate value for evaluation of the
amplitude for the first pass of electrical discharge machining of the same height workpiece; * Measured in absolute

plitude for the first p f electrical discharg hining of th height workpiece; * M d in absolut
values during experiments.

3.1.2. Experiments on the Fundamental Possibility of Vibroacoustic Diagnostics

During the first stage of the experiments, it was established that miserable changes in the weight
of the part influence on the vibroacoustic signal. As an example, a 24.5 g-weight of 10 mm-length AISI
321 sample shows a significant increase of the vibroacoustic signal amplitude at 5 s before the end of
processing. For a 4.28 g-weight of 10 mm-length AISI 2024 sample, it was recorded at 2 s before the end
of processing. It was noticed in the full frequency range of the signal. As well, it was characterized by
instability in the low frequencies of the signal. Thus, it was chosen to use the frequency range higher
than 4 kHz for vibroacoustic monitoring and analyzing.

Figure 4 presents a high-frequency spectrum of vibroacoustic signals recorded at 60 and 5 s before
the part separation. The octave spectra are shown in the inset of the graph. The effective amplitude
in the octave-frequency band is more stable than high-frequency spectra of the vibroacoustic signals
due to averaging. The effective amplitude with approaching of the end of processing (the moment of
separation of the part) increases approximately in 2 times for the octave-frequency band 4 kHz and
in 1.5 times for the octave-frequency band 8 kHz. So as it can be seen, the occurred moment can be
evaluated timely and distantly. The changes can be presented by visual demonstration, which may be
understandable for any EDM operator.
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Figure 4. High-frequency spectra of a vibroacoustic signal for electrical discharge machining of AISI

321: (1) is for electrical discharge machining at 60 s before the end of the operation; (2) is for electrical

discharge machining at 5 s before the end; the inset shows the octave spectra.

Figure 5 presents two spectra of vibroacoustic signals, which were obtained during the electrical
discharge machining of the AISI 2024 sample. Spectrum (1) shows the moment of wire penetration,
and spectrum (2) shows the moment when the discharge gap is already formed. The changes in
root-mean-square value (RMS) of the vibroacoustic signal at the duration of the moment of wire

penetration into the workpiece are shown on the inset of the graph.
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Figure 5. High-frequency spectra of vibroacoustic signals for AISI 2024: (1) is at the moment of wire

penetration; (2) at the moment of the discharge gap formation; RMS-t diagram inset presents the spectra

of the signal at the moment of wire penetration.

The experimental research of the influence of the wire tool tension Fy, on vibroacoustic signal
showed that decrease of the hardness of elements of the technological system [1,56,57] influences
negatively on the growth of the vibration. The growth of vibration was detected with the decline
tension force. The detected vibrations were also associated with a decrease of flushing ability
of the erosion products from the working zone, which influent negatively on the quality of the

machined surfaces.
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3.2. Adaption of the In-Situ Monitoring Method for the Needs of Electrical Discharge Machining

The optimization of any machining technology means to ensure its maximum productivity,
efficiency, and quality of the machined surfaces up to the required level. It demands the in-time
regulation of EDM parameters as the discharge gap A, the concentration of erosion product in the
gap, the temperature of the working fluid, and its flushing rate. The gap A is the primary parameter,
which is responsible for determining the quality of the final product [58-60] A small increase in A
may change the conditions in the working area and interrupt the discharge. A decrease in A impairs
the yield of erosion products, reduces the productivity, increase accumulation of slag, and provoke
short circuits. Electrical discharge machining cannot be effective without automatic regulation of the
gap [61,62]. For regulation of the optimal value of the gap, the rate of particle formation My, in the
discharge gap should be equal to the rate of particles leaving the gap M,y. The rate M}, is a function of
the concentration of the particles -:

My =f(7). ®)

When M, and M,y are unequal, the change in concentration of particles is
Ay = AM-At/Q, 9)
where Q is the volume of the discharge gap, and
AM =My — M. (10)

For stable electrical discharge machining Ay = 0.

However, it is complicated to ensure constant 7y due to the many factors acting in the working
area. Any fluctuations should be timely eliminated by control signals, which change the parameters
of electrical discharge machining. The analysis indicates that the maximum rate M, decrease as M,y
decreases. It occurs due to the deterioration of the erosion products’ evacuation as wire penetrates in
the workpiece, and the number of working pulses reduces [58].

Figure 6 presents the dependences of the machining rate M, the number of pulses n on the
discharge gap A, where ny, is for working pulses, n;; is for idling pulses, 1 is for short-circuit
pulses. Analysis indicates that the gap corresponding to the maximum rate M,y is higher than the
gap corresponding to the maximum rate of working pulses as an excess of erosion products at the
maximum rate of working pulses and short-circuiting pulses destabilize processing [61].

My, [%] nx103
125 7 10

100

75

50

25

Amax [%]

Figure 6. Dependence of the rate M, and the number of pulses 7 on the discharge gap A.
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Thus, the in-situ monitoring systems for electrical discharge machining aim to maintain the
efficiency of pulse utilization, which is the ratio of the number of working pulses (11y,) to the total

number #n of pulses:
)

Y =— =07-=009. (11)
n
The rate ¢ can be informative for in-situ monitoring and adaptive control, but its use is
complicated by the inertia of the required measurement instruments.
Hence, there are difficulties in assessing the efficiency of electrical discharge machining concerning
1 [33,44]. The energy of the individual pulses is not entirely consumed in the processing of material
sublimation when the dielectric medium is contaminated with erosion product. In this case, a part of
the energy is consumed in the destruction of the erosion products. Since the number of working pulses
is assessed from the total number of the discharge impulses, it results in an imprecise assessment of
the electrical discharge machining efficiency. The precise estimate can be obtained by relating the
efficiency to the ratio of the useful energy consumption for sublimation of the material and the total
incoming energy of the working impulses in the discharge gap. Normally, the energy of the discharge
impulses is proportional to the effective discharge current (I.) of independent generators in operation.
The use of a current sensor can estimate this factor.

3.3. Analysis of the Obtained Data, Search for the Criteria for the Development of the Adaptive Control System
Based on Vibroacoustic Emission

The results of vibroacoustic monitoring of another non-contact precise machining were considered
for better-understanding impulse character of electrical discharge machining and possibility to improve
its productivity. Laser ablation is close by its nature to the processes of material removal during
electrical discharge machining as in both of the cases there are no mechanical contacts, the material
removal occurs under thermal influences, initiated by pulses of concentrated energy fluxes. The
material removal during electrical discharge machining is related to the complex processes of chaotic
material sublimation under discharge impulses [63] as after laser ablation the surface presents the
organized wells [64]. The nature of the initial processes is different.

As it was previously determined [61], the vibroacoustic signals coming in the time of processing
demonstrate steady increase as the laser power increases and the volume of removed metal increases
(Figure 7).

A, [mV] A [mV] Mol%]
[+]

/ 80
400 A 60 /
A1: // 00
300 A 40 Ve
/ / 40
A

200 //// - 20 20 /
100 0 0
20 40 60 80 N [%] 0 20 40 60 80 N|[%]
(a) (b)

Figure 7. Dependencies of the effective amplitude of the vibroacoustic signal (a) and productivity
(b) from laser power N: A, is a vibroacoustic signal amplitude in wide frequency range; A% is an
amplitudes of the signal of 16 kHz octave.

The presented in Figure 7b dependence has a monotonous character. It does not demonstrate any
significant material removal at low values of laser power, that is related to lack of thermal energy for
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initiation of material ablation. It can be approximated with linear dependence or exponential function
with specified accuracy for the industrial needs.

Figure 7a shows the correlation between vibroacoustic signal amplitude Ay, and productivity of
the pulses M), after data processing. It can be approximated by an empirical function:

Ava = C'MpA/ (12)

where A =0.72 = 0.76, { = const.
It is highly possible that the vibroacoustic signal of electrical discharge machining has the same
dependences on processing parameters and instead of (8) is easier to use:

Ava :f(A/')/)- (13)

There is a proved possibility of realization of the in-situ monitoring and adaptive control
measures based on vibroacoustic emission for the needs of electrical discharge machining. The
parameter of vibroacoustic signals can be observed without any difficulties in the distinction of current
pulses productivity.

The dynamic system of electrical discharge machining is linear with dynamic characteristics
depending on the state of the dielectric medium. The amplitude spectrum of U(f) signal received by
the accelerometer is defined according to the dynamic system linear properties [44,61]

U(f) = B1(f)-B2(f)-O(f), (14)

where By (f) is the frequency response function (FRF) of the operational environment with changes
of accumulation of the erosion products, the distance between electrodes, the temperature in the
discharge gap (the temperature in the discharge channel is about 7000 K, the temperature of dielectric
medium is about 293 K); B,(f) is FRF of a dynamic influence of the discharge impulses on the elastic
system; O(f) is an amplitude spectrum, f is the frequency.

The energy of vibroacoustic signals changes in the dependence on the concentrated energy flux
intensity on the machining surface. A part of energy flow is spent on repeated sublimation of erosion
products in the discharge gap. As a result, it crates chaotic and overlapped wells on machined, it
chanes as well the conditions in the discharge gap. The formed overlaps cause localization of the
following discharge. Thus, the impulses created by phase transfer of the processed metal are longer
in time.

Therefore, the concentration of erosion products’ 7y increase as short impulses decrease and long
impulses increase. The transformations result in changes of dynamic characteristic B1(f) including
changes in FRF of B(f):

B(f) = B1(f)-Ba(f) (15)

The current values B(f) during electrical discharge machining can be evaluated by controlling
discharging current and vibroacoustic signal. The experiment showed that B (f) might be presented
as constant in the short period of observation. Thus, the changes in B(f) are related to the changes in
dielectric medium conditions B (f).

3.4. Demonstration of the Opportunity for The In-situ Adaptive Control of Edm by Specific Examples

The developed in-situ monitoring technique was approbated on the high-precision wire electrical
discharge machine CUT1000 (GF AgieCharmilles SA, Losone, Switzerland) during processing of the
samples made of hard alloys, which can be actual for the modern machine building industry: M05 and
P10, ISO. The vibroacoustic signals and discharge current were recorded during experiments. FRF
of B(f) in the observation channel was fixed at the moment of wire approach to a workpiece and the
moment wire break. Figure 8 presents an FRF of B(f) in the channel of observation. The vibroacoustic
signals were recorded in [mV], FRF values were non-dimensional.
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(a) (b)

Figure 8. The record of FRF during electrical discharge machining of M05 hard alloy: (a) is in the
low-frequency range; (b) is in the high-frequency range; (1) is at the moment of wire approach; (2) is
before the wire break.

During the period of the initial stage of wire approach (1), the dielectric is clean of erosion
products, the wire approaches to the flat surface of the workpiece, the erosion products easily flush
from the discharge gap. The highest value of amplitude fixed at the frequency range 11 + 13 kHz.

The wire break occurs at 12 s of electrical discharge machining (2). There were observed a decrease
in high-frequency components and an increase in low-frequency components at the frequency range
2.4 + 2.6 kHz. The flushing of erosion products was straitened before the wire break. The short
impulses decreased, and long impulses increased for forming of the groove.

It was noticed that FRF changes in the full frequency range are not convenient due to possible
disturbance from the work of the equipment. One or two frequency ranges where FRF changes can be
easily monitored should be chosen for the development of the adaptive control method.

Figure 9 presents an example of RMS vibroacoustic signal change in various octave bands: from
the wire approach to breaking.

RMS [mV]

1] 1.2 24 3.6 4.8 6.0 7.2 8.4 9.6 10.8 t[s]

(@)

RMS/RMS;

i Y Y
OV P AN ST

° VST I NN RV RNY Ll L YR ST VY VA '
L
0 1.2 2.4 3.6 4.8 6.0 7.2 8.4 9.6 10.8

(b)

tIs]

Figure 9. RMS of vibroacoustic signals during 12 s of electrical discharge machining of M05 hard alloy:
(a) RMS of vibroacoustic signal; (b) proportional ratio of RMS1/RMS2, where (1) is an octave band of
2 kHz; (2) is an octave band of 32 kHz; (3) is the result of interconnection.

The power of discharging current has not any significant changes during changes of RMS of the
vibroacoustic signal; hence, the components of the vibroacoustic signal demonstrates the tendency
of changes in the conditions of the discharge gap. A gradual increase in RMS of low-frequency
vibroacoustic signal (1) and a significant decrease in the RMS of the high-frequency signal (2) was
recorded during machining. Graph 3 shows the change in the ratio of RMS of a low-frequency signal
to RMS of a high-frequency signal. The ratio gives a more informative picture of a decrease in the
conditions of electrical discharge machining. The stable phase of processing was observed until 7 s and
then an increase in 10 times of RMS of a vibroacoustic signal from 3 = 4 s was observed; it achieves
briefly 15-fold value.
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As the control system of the machine reacted only to indirect electrical parameters, in particular,
to a coefficient of impulse use, the critical increase of the concentration of the erosion products was left
without proper attention. It resulted in overheating of electrodes and consequent wire break.

The exceptional use of data in the electric format of impulses control system results in
consideration of the impulses directed to the sublimation of the erosion products in the discharge gap
as effective. At the same time, the vibroacoustic signals from such impulses cannot be created and
detected at all, or they have a narrow range of frequency spectra.

Figure 10 shows the examples of vibroacoustic signal impulses of various shapes at various spark
gaps. It can be seen the discharges current impulses in the form of vibroacoustic signals of less than
0.1 ms in length (a). The length of separate vibroacoustic signals’ fragments at the high concentration
of erosion products increases up to 5-6 times (b). The long fragments (impulses) provide an increase of
low-frequency elements of the spectra of a vibroacoustic signal.
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Figure 10. Vibroacoustic signals at 10 ms period during electrical discharge machining of M05 hard
alloy: (a) is at the moment of wire approach; (b) is before wire break.

4. Discussion

In the begging, it was decided to focus attention at the moment of separation of the part from the
workpiece, which gives changes in the specific noise accompanied electrical discharge machining. By
this vibroacoustic emission, it is possible to recognize a specific noise related to each stage of plastic
deformation and brittle fracture of the part separation.

It was shown that an amplitude of the vibroacoustic signal increases gradually with the approach
of the moment of the separation (Figure 4). Then the series of peaks of the diagram related to the
possible wire stuck in the discharge gap and consequent short-circuiting. It proves the final bridge is
weakening due to rapid mass loss under electroerosion pulses. Then the part starts rotated motion
relatively lower contact point between a part and a workpiece when the upper part of the bridge is
separated. The wire tool stays clasped between a separated part and the rest of the workpiece. The
series of the short circuits occur, and the vertical traces of the wire can be observed on the samples of
the material with the electrical resistance more than 7.9 x 1078 Q-m.

During the experiments, it was noticed that the intensity of vibroacoustic signals increases as
the symmetry of the wire tool position in the gap is disturbed. It is related to the prevalence of the
discharge current pulses acting on one of the sides of the wire tool. This kind of phenomena was also
detected at the moment of wire tool penetration into a workpiece when there is no stable discharge
gap between the electrodes. At the moment when the discharge gap is established, and a wire tool
penetrated the workpiece and formed a discharge groove, the acting pulses balance each other and the
amplitude of the vibroacoustic signal decreases.
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It can be detected from the obtained vibroacoustic diagram (Figure 5) of the spectra that at the
5 + 7 s the RMS value of the spectra increases four times in frequency range of 8 kHz. It is noticeable
even for alloys of transition metals with the relatively low-melting-point (more than 231.9 °C and less
than 950 °C) and low electrical resistance (2.8 x 10~8 Q3-m). The described changes of the vibroacoustic
signal are thoroughly enough for developing in-situ monitoring and adaptive control system for taking
measures timely to prevent short-circuiting and consequent defects of the machined surfaces.

The absolute excess of the vibroacoustic amplitude during conventional machining after
penetration of the tool in the workpiece can be explained by an excess of the erosion products
(solidified particles of the eroded material) in the discharge gap. The excess of the erosion products
usually related to the insufficient flushing in the working zone due to the relatively high height of the
workpiece (more than 70 + 100 mm for the wire tool 0.25 mm) or relatively low pressure of dielectric
in the nozzles (code “1” instead of “2” for the first tool pass, rough cutting). It may also be related
to the relatively small discharge gap (less than 0.005 mm) for the materials with the high electrical
resistance (more than 1.12 x 10~ Q)-m) due to the difficulties in controlling it by the servo drives of
the machine tool.

Thus, it may be possible that:

(1) For the lower value of wire tension, the adequate flushing of the erosion products is hampered
by bending of a wire tool during processing and higher wire amplitude due to the low circular
frequency of the vibrations, when the circular frequency of the forced oscillations under electrical
impulses is above the circular frequency of the self-oscillation;

(2) For the higher value of wire tension, the flushing of the erosion products is adequate, but the
stiffness of the system is higher, then wire amplitude is lower, at the same time, the circular
frequency of the vibrations grows, when the circular frequency of the forced oscillations under
electrical impulses is below the circular frequency of the self-oscillation;

(3) For the value of wire tension associated with stable EDM processing, the circular frequency of
forced oscillation may be compensated by the frequency of self-oscillation.

Therefore, it was shown that the non-contact electrical discharge machining generates the
vibroacoustic signal in the full frequency range that is quite similar by its character to the character of
vibroacoustic emission during the convenient mechanical machining. It was proved that the signal
might be registered by accelerometers placed on the elastic system of the machine tool wirelessly and
at a distance from a working zone to exclude the influence on accuracy positioning of drivers and
the parameters of machining. It was determined that the vibroacoustic signal is a result of wire tool
disturbance in the discharge gap by discharge current pulses, cavitation processes and intensity of
flushing in the working medium, wire tool contacts with the workpiece or erosion products.

The positions of the accelerometers were chosen based on the idea that the accelerometers
should be placed as close as possible to the working zone. However, the installation of the lower
accelerometer on the lower guide was inconvenient as it is moving under a workpiece and the wires of
the accelerometers can hamper the processing. Therefore, it was more suitable to place it closer on the
fastening system of the workpiece for monitoring of workpiece vibration. The upper accelerometer
was placed on the upper guide for monitoring of wire vibration, and it was most informative and
convenient for development of the adaptive control system.

It was found during the study, the upper accelerometer records the vibrations which are associated
with the total forces of the working discharge impulses, which are directed in the destruction of the
workpiece (XF 1), but not in the destruction of the erosion products in the discharge gap (EFimp.idie)-
In this case, the total forces of initiated impulses, which can be detected by monitoring only electrical
parameters, is:

ZFimp = ZFimp.w + ZFimp.idle‘ (16)

It should be noted that not all working impulses carry out the same and useful work. Some of
them spent a part of the energy or even all its energy on the destruction of the erosion products [65-67].
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The experiments showed that the performance of the EDM (volume in mm?) is related to the power of
the vibroacoustic signal by a linear dependence (or close to linear) (Figure 7). Besides, it follows that
the control of the share of working pulses at high frequencies is associated with great difficulties in the
field of circuit engineering and with large errors as it is known from published sources [55,58,59]. It is
the advantage of the vibroacoustic signal over the method of controlling the pulse utilization rate (1).

In other words, during discharge gap breakdown all initiated pulses are considered to be working
pulses by measuring electrical parameters, which is not correct because a part of the pulses is spent on
the destruction of the erosion products in the discharge gap. It is suitable for the cases when there is a
low part of the erosion products in the discharge gap. In the case of vibroacoustic monitoring, only the
pulses directed on the destruction of another electrode are taken into account as working impulses.

Moreover, the measurement of the vibroacoustic signal in [mV] is suitable as the amplitude of the
vibroacoustic signal is proportional to the signal in [mV] at the output of the measuring channel. In
principle, the measurements in [mV] can be converted to the measurement of vibration acceleration
[m/s?], but it is unnecessary work called “calibration.” For the adaptive control system development,
it is enough to have measurement units, which are proportional to amplitude.

The widespread use of vibroacoustic spectra for diagnostics and monitoring is complicated as it
is a closed system with a nonlinear dependence of the vibroacoustic signal on the impulse load [68,69].
The dynamic system resembles better a linear model, where the dynamic relation between the load
source and the workpiece is permanent.

In other words, the model of the dynamic system is significantly simplified, and its use in the
in-situ monitoring and regulation of machining by high-energy fluxes is simplified [70,71].

5. Conclusions

The application of the developed in-situ monitoring technique using vibroacoustic spectra of
the signal in the working zone can provide a current solution for the specific issues related to the
insufficient productivity of electrical discharge machining and low quality of the machined surfaces
due to technological issues of processing (e.g., wire breakage).

The developed method is based on the effect of the vibroacoustic emission during processing.
Physical phenomena of vibroacoustic emission explained the fundamental possibility of this method.
It was shown the interconnections between the electrical parameters of machining and vibroacoustic
spectra, and the possibility to timely analyze the received vibroacoustic spectra data for development
of the system of the adaptive control.

For further development, it is necessary to conduct more intensive research with the high electrical
resistant materials to show the principle possibilities to adapt the electrical parameters of the processing
for the needs of processing of new classes materials as nanocomposites based on ceramics and made
with the use of carbon tubes and whiskers. It was shown that the developed method is suitable
for operative positioning of wire tool-electrode or evaluation of wire tool-electrode bending during
processing. That can be extremely important for the production of the parts with a complex linear
configuration for the needs of the aircraft industry.

The study of processing of workpieces with high energy impulses shows that their effectiveness
and parameters of vibroacoustic signals depend on the power of impulses supplied with monotonous
analogic dependencies. It allows monitoring of the current effectiveness of flushing in the working
zone and optimizes the value of the discharge gap.

The unstable electrical discharge processing is also associated with multiple contacts of electrodes
and short-circuiting during processing that cannot be identified timely by modern CNC-system,
but this problem can be solved with the adequate data received by monitoring system based on
vibroacoustic emission. Analysis of vibroacoustic signals can provide a modern solution for resolving
the manufacturing issues, which is not covered by existing methods of electrical parameters control
and helps in forming a multi-parameter and multifunctional diagnostic system.
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