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Abstract: The Elastic Emission Machining (EEM) is a finishing process for the surface of parts. In
the EEM of ceramic parts, the part is submerged into a liquid interface that contains abrasive parti-
cles, and then a spindle rotates a spheric tool rapidly, forcing the abrasive particles into contact with
the ceramic part surface. Due to the fact that it is a finishing process, the part that goes through EEM
have a high aggregated value from previous machining process. Thus, with monitoring of this pro-
cess, failures that would cause the parts to be discarded can be detected. One of the most preeminent
non-intrusive methods of machining processes monitoring is the digital processing of in-situ ac-
quired acoustic emission (AE) signals. In recent published papers, a low-cost piezoelectric trans-
ducer has shown great results as an alternative to traditional AE sensors when applied in monitor-
ing of other machining processes such as grinding and dressing. Among the methods of evaluating
sensor’s response, the Pencil Lead Break (PLB) method has shown to be effective when applied to
different workpieces and low-cost transducers. The present work aims to evaluate the submerged
influence on the low-cost piezoelectric transducer response by means of the PLB method for EEM
monitoring. The results obtained shows that there is great influence on the signal obtained when
the piezoelectric transducer is in contact with the liquid interface. The results also shows that the

influence is more preeminent on certain frequency values.

Keywords: elastic emission machining; pencil lead break; process monitoring; low-cost transducer;
signal processing

1. Introduction

The Elastic Emission Machining (EEM) is a numerically controlled ultra-precision
machining process, which can effortlessly finish the workpiece into a desired outline, em-
ploying elastic fracture of the order of atomic size [1]. In the EEM, the workpiece is sub-
merged into a liquid interface that contains abrasive particles, and then a spindle rotates
a spheric tool rapidly, forcing the abrasive particles into contact with the part surface [2].
Due to the fact that it is a finishing process, the part that goes through EEM have a high
aggregated value from previous machining process. Thus, with monitoring of this pro-
cess, failures that would cause the parts to be discarded can be detected.

One of the most preeminent non-intrusive methods of machining processes monitor-
ing is the digital processing of in-situ acquired acoustic emission (AE) signals [3,4]. In the
work developed by [3], the grinding process with oxide aluminum grinding wheel was
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successfully monitored regarding the tool condition with the use of digital signal pro-
cessing of in-situ acquired AE signals. The digital signal processing of in-situ acquired AE
signals was also utilized in the work developed by [4] with the goal of monitoring the
grinding process for the occurrence of the burn phenomena.

In recent published papers, a low-cost piezoelectric transducer has shown great re-
sults as an alternative to traditional AE sensors when applied in monitoring of other ma-
chining processes such as grinding and dressing [5-7]. On the work developed by [5] a
low-cost piezoelectric transducer was evaluated for the monitoring of a ceramic grinding
process. On the other hand, in the work developed by [6] the frequency spectra of signals
obtained through a low-cost piezoelectric diaphragm in a grinding process was analyzed
with the goal of detecting the burn phenomena. In-situ data acquired through a low-cost
piezoelectric transducer was also utilized in the work developed by [7] in order to evalu-
ate the surface conditions of a metal workpiece that undergone the grinding process.

Among the methods of evaluating sensor’s response, the Pencil Lead Break (PLB)
method has shown to be effective when applied to different workpieces and low-cost
transducers [8-10]. The PLB method was utilized in the work developed by [8] in order to
evaluate the response of a low-cost electret microphone under different temperature val-
ues. The PLB was also the method chosen to evaluate the temperature influence on the
work developed by [9], where the response of a low-cost piezoelectric diaphragm was
evaluated for temperature values utilized in the 3D printing process. In the work devel-
oped by [10] the PLB method exhibited great effectiveness when evaluating the tempera-
ture influence on a traditional AE sensor.

The present work aims to evaluate the submerged influence on the low-cost piezoe-
lectric transducer response by means of the PLB method for EEM monitoring.

2. Material and Methods
2.1. Experimental Setup

This work is based on experimental procedures to investigate the influence of a liquid
water interface on piezoelectric diaphragm response for EEM process monitoring. The
experimental setup was constituted of two test conditions. The dry test condition was
conducted with the test specimen placed in an ordinary desk with only air as interface.
On the other hand, the tests performed on the submerged condition were conducted with
the test specimen placed in vessel which could hold the liquid interface.

The submerged tests were performed in an ordinary bucket 29 cm high with a maxi-
mum and minimum diameter of 28 cm and 18 cm respectively, with a water column of 19
cm, in which the specimen was submerged. A 98 x 24 x § mm ground alumina test speci-
men was fixed in the center of the bottom of the bucket. In addition, a 15 mm diameter
and 0.42 thickness piezoelectric diaphragm (PZT) was fixed with cyanoacrylate glue and
a silicone-based adhesive to the test specimen. A representation of the submerged condi-
tion testbench can be observed on Figure 1.

An DL850 model oscillograph, manufactured from Yokogawa, was used for data col-
lection and temporary storage. An active 30 dB gain amplifier was used to amplify the
signal collected by the piezoelectric diaphragm. Lastly, the graphite used in the PLB
method had a 2H hardness and measured 0.5 mm in diameter. The graphite length and
the mechanical pencil positioning angle were established in accordance with ASTM E976.
In the PLB tests, five pencil lead breaks were performed for each test condition, sub-
merged and dry, while keeping a 45° angle between the graphite and the test specimen.
The oscillograph stored the acoustic signals collected at a sampling rate of 5 MHz. The
stored data were later transferred to a computer and digitally processed with Matlab®
software.
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Figure 1. Setup Schematic.

2.2. Signal Processing

The obtained signals were pre-processed by separating the PLB period from the rest
of the signal in order to decrease the file size. The obtained separated signals were ana-
lyzed in both time and frequency domains.

In the time domain a comparison between the separated signals was made by over-
laying three signals from the same test condition, submerged or dry, to evaluate the re-
peatability of the PLB tests. In sequence, a submerged signal and a dry signal were over-
laid to analyze the effect of the submerged on the sensor response.

The Fast Fourier Transform (FFT) can be applied in order to obtain the frequency
spectrum of a determined signal [11]. In the present work the FFT was calculated for each
separated signal in order to obtain the signals content in the frequency domain. The ob-
tained frequency spectra of the two test conditions were compared in order to identify
frequency bands where major overlaps in amplitude were observed and frequency bands
where there were minor to none overlaps in amplitude. This band selection criteria were
based on the criteria utilized in the work developed by [9].

The Root Mean Square (RMSD) damage index represents the variation in amplitude
between two frequency spectra in a defined frequency band [12]. The RMSD was calcu-
lated for each selected frequency band. The RMSD analysis was performed in four fre-
quency bands selected with the amplitude criteria previously described.

3. Results and Discussion
3.1. Raw Signal Analysis

The separate raw PLB signals are shown in Figure 2. As shown in Figure 2, the or-
ange-colored signals correspond to the PLB obtained in the dry test condition and the
blue-colored signals correspond to the PLB obtained in the submerged test condition. A
first analysis reveals that the dry signals present an impulse response that is very similar
in shape and behavior as the one obtained in the work developed by [9]. A second analysis
reveals that the amplitude of the three dry signals also is very close to one and another.
This result indicates that the PLB method presents repeatability when used to evaluate
sensors’ response in a ground alumina specimen.

Further analysis of Figure 2 reveals that the amplitude behavior of the submerged
signals is very different between one and another. The submerged signals appear to have
a specific low-frequency wave modulating the amplitude.
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The raw signal analysis result indicates that the liquid interface has severe influence
on the low-cost piezoelectric diaphragm response in the time domain.

= Dry Signal Repeat 4 —— Submerged Signal Repeat 4

Figure 2. Raw PLB signals.

3.2. Frequency Spectrum Analysis

The separate frequency contents of the PLB signals are shown in Figure 3. A first
analysis in Figure 3a reveals that the frequency amplitude of the three dry signals is also
very close to one and another. This result further reinforces the indication that the PLB
method presents repeatability when used to evaluate sensors’ response in a ground alu-
mina specimen. Further analysis reveals that the dry signals spectra present very clear
amplitude peaks in certain frequency values. This result indicates that the sensor mounted
on the ground alumina specimen presented more preeminent response for specific fre-
quency bands.

Ampitude (V)

i J M 'uw bl

oAl A A i o) o

(a)

10
Frequency (Hz)

Figure 3. Frequency Spectra. (a) Dry Signals, (b) Submerged signals.

On the other hand, the analysis of the submerged signals frequency contents repre-
sented in Figure 3b reinforces the understanding that the liquid interface has severe influ-
ence on the low-cost piezoelectric diaphragm response. At first glance it is possible to ob-
serve that the frequency amplitude of the three submerged signal’s spectra were vastly
superior to the ones observed for the dry signal’s spectra, presenting significative ampli-
tude values between 1 Hz and 150 kHz frequency values.
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3.3. RMSD Analysis

For the RMSD analysis, four 20 kHz range frequency bands were selected from Fig-
ure 3. The RMSD analysis conducted for each repetition is represented on Figure 4. A first
analysis of Figure 4 reveals that the obtained RMSD values were high for all of the evalu-
ated frequency bands. Due to the fact that the RMSD value measure the difference be-
tween frequency spectra in a determined frequency band, the high values obtained further
reinforce the understanding that the liquid interface vastly interferes with the piezoelec-
tric diaphragm response when attached to a ground alumina specimen.
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Figure 4. RMSD evaluated between. (a) Dry Rep 2 and Submerged Repl, (b) Dry Rep 2 and Sub-
merged Rep 5, (¢) Dry Rep 2 and Submerged Rep 4, (d) Dry Rep 4 and Submerged Rep 1, (e) Dry
Rep and 4 Submerged Rep 5, (f) Dry Rep 4 and Submerged Rep 4, (g) Dry Rep 5 and Submerged
Rep 1, (h) Dry Rep 5 and Submerged Rep 5, (i) Dry Rep 5 and Submerged Rep 4.

Further analysis of Figure 4 reveals that the frequency band between 15 kHz and 35
kHz contains the frequency values where the effect of the liquid interface on the piezoe-
lectric diaphragm response is more preeminent, as it could be noticed on every pair of
spectra evaluated. The frequency band between 25 kHz and 45 kHz also presented signif-
icative RMSD values for every pair of spectra evaluated. On the other hand, the two re-
maining frequency bands, 70 kHz to 90 kHz and 90 kHz and 110 kHz, presented lower
RMSD values for every pair of spectra evaluated, indicating that the piezoelectric dia-
phragm response in these frequency bands were less influenced by the liquid interface.

4. Conclusions

The Elastic Emission Machining process deals with the finishing of parts by rotating
a spheric tool through a spindle rapidly in an abrasive particle populated liquid interface,
forcing abrasive particles into contact with the part surface. For indirect monitoring of the
process through acoustic emission a sensor must be attached to the part under machining.
Due to the fact that the sensor will be placed in a liquid interface, it is of interest to under-
stand the effect of the liquid interface on the sensor response. Among the methods of eval-
uating sensor’s response, the Pencil Lead Break method was successfully utilized to eval-
uate the response of piezoelectric transducers under various test conditions.

The present work sought out to analyze the response of a low-cost piezoelectric dia-
phragm in a liquid interface with the PLB method. Signals were obtained with the PLB
conducted under a dry test condition and a submerged into the liquid interface test con-
dition. The obtained signals were analyzed in the time domain and their frequency con-
tent in the frequency domain.
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The obtained results indicated that the liquid interface vastly influences the piezoe-
lectric diaphragm response in both time and frequency domains. Through the RMSD
damage index, the analysis on the frequency domain also revealed that the influence of
the liquid interface was more preeminent in certain frequency bands.

Thus, it can be firstly concluded that the PLB method can be used to evaluate the
response of sensor’s attached to ground alumina specimens. Likewise, it can be concluded
that the liquid interface influence utilized for the EEM process vastly on the piezoelectric
diaphragm response.
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