Engineering, Technology & Applied Science Research

Vol. 14, No. 5, 2024, 17035-17040

Integration of Scanning Technology for Tool
Wear Analysis in the Electrical Discharge
Machining Process

Osama Sameer Sabbar
Department of Production Engineering and Metallurgy, University of Technology, Iraq
pme.22.01 @ grad.uotechnology.edu.iq (corresponding author)

Ali Abbar Khleif

Department of Production Engineering and Metallurgy, University of Technology, Iraq
ali.a.khleif @uotechnology.edu.iq

Baraa M. H. Albaghdadi
Department of Production Engineering and Metallurgy, University of Technology, Iraq
baraa.m.albaghdadi@uotechnology.edu.iq

Nader Abdulhameed
Division of Prosthodontics, Restorative Dental Sciences, University of Florida, USA
naderf@ufl.edu

Received: 15 July 2024 | Revised: 2 August 2024 | Accepted: 4 August 2024
Licensed under a CC-BY 4.0 license | Copyright (c) by the authors | DOI: https://doi.org/10.48084/etasr.7989

ABSTRACT

There is a direct correlation between surface roughness and electrode tool status in the Electrical
Discharge Machining (EDM) process. The quality of the machined surface of workpieces is becoming even
more critical in recent industries. In general, electrode wear evaluation plays a vital role in the EDM
process, affecting the operation cost and the accuracy of the required dimensions and geometric shape.
This study presents a new method to evaluate the copper electrode wear during machining AISI 1005
carbon steel in the EDM process using a 3D laser scanner that measures the lost volume of the electrode.
The results of the proposed method were compared with those of the conventional method. Laser
technology was used to accurately measure the dimensions and surface characteristics of the electrode by
scanning the electrode surface and the electrode view topology before and after the machining process. The
processed data was saved on a computer connected to the laser scan device, converted to STL files, and
sent to a 3D system (Geomagic Control X software). This software utilizes accurate mathematical
algorithms to determine the available volumetric differences in the electrode. The experiments used
Design-Expert 13 software, selecting three machining parameters: Current (1,), pulse on time (T,,), and
pulse off time (7,z). The results showed that the Tool Wear Rate (TWR) obtained by the two methods
showed a mean absolute deviation of 3.6%, with an insignificant error on the effect of the machining
parameters on TWR (1.01% for 1, 1.92% for T,,,, and 2.29 % for T ).
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I.  INTRODUCTION

The working principle of the EDM process is based on
generating a repeated electrical spark between the tool and the
workpiece. In recent years, electrode wear in the EDM process,
which depends on the quality of the product, has become a
main criterion for evaluating its performance. Wear can occur
for mechanical, electrical, or thermal reasons, combined or
separately, leading to the removal of materials from the

workpiece and causing wear and tear on the electrode tool
(Figure 1).

The EDM process is used in the manufacturing and shaping
of complex parts and is considered one of the most important
unconventional cutting methods [1]. The cutting tools used in
conventional methods must be harder and stronger than the
workpiece part. Industrial process products have high surface
quality and high precision [2, 3]. Due to its characteristics, the
EDM process has attracted great interest in different industrial
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sectors [4]. This technology is used in different hard and brittle
materials that are difficult to operate utilizing traditional
methods. It has been used in different fields, such as medicine,
aviation, electronic devices, and ultra-precision parts [5, 6].
The operating parameters have a significant impact on the
performance of the EDM process, the most important being the
current and the pulse on and off times [7]. Electrode geometry
plays a vital role in the EDM process. Evaluating electrode
wear is very important to determine the performance of the

EDM process. [8].
Ly

Power Supply

\
I AISI 1005 Carbon Steel l | Support ‘ | Spark | Machined
hole

Fig. 1. Working principle of the EDM technique.

In [9], electrode wear was investigated and the material
removal rate was predicted based on regression models. Other
approaches have also been used to predict electrode wear,
indicating that the depth of the cut can be controlled with high
accuracy. In [10], a method was proposed to measure electrode
wear using an image processing algorithm and a computer-
assisted wear prediction algorithm. In [11], an approach was
presented to assess electrode wear, using computer vision with
a camera to capture images and determine the decrease in
electrode length using MATLAB. In [12], a machine vision
method was effective in evaluating the wire electrode and the
pattern data of aluminum-silicon nitride composite workpieces
in the EDM process [12]. In [13], an automated system was
developed to evaluate electrode wear, using MATLAB to
process and analyze images. In [14], electrode wear in the
EDM process was evaluated by analyzing laser-scanned
electrode images using Geomagic Control X software. In [15],
a laser scanner was used to measure depth and volume loss to
evaluate wear in the field of dentistry, and the results
demonstrated the effectiveness of the proposed technique
compared to traditional ones. In [16], an image-based approach
was proposed to assess electrode wear in the EDM process.
Copper electrodes were employed on an AISI 314 machine,
and images were analyzed using MATLAB.

In [17], a method was proposed to assess electrode wear
along the cross-section compared to the longitudinal section in
the EDM process. The results showed that the wear increased
with increasing voltage (V) and current (A) supplied, but the
wear in the longitudinal section was less than in the cross-
section. In [18], a laser scanner was used to measure wear and
compare it with the optical profilometry (WLP) method. The
results verified the effectiveness of the proposed method
compared to others. In [19], electrode wear was evaluated
using the conventional method, and the influence of current on
the Electrode Wear Rate (EWR) was demonstrated. In [20], the

effect of volumetric wear and variance in electrode geometry
was examined. This method showed that the variance in wear
amount due to different factors cannot be neglected in the
WEDM process [20]. In [21], a technique was proposed based
on generating pre- and post-process data, using a laser scanner
method (3D) to evaluate the wear in a steel ladle through a data
comparison, ensuring precise and rapid wear profiles.

In [22], electrode wear was determined using a vision
system to minimize test costs. In [22], a method was proposed
based on determining the approximate location of the tool and
recording images. In [23], a monitoring system was employed
to measure electrode wear, collecting signals related to the
vibration strength and acoustic emissions of the tool using
special sensors. This technique was effective in monitoring
electrode wear compared to others. In [24], a method was
proposed to determine tool wear by processing signals caused
by cutting tools, allowing for the determination of tool data and
processing. In [25], electrode wear was evaluated using
Infrared Radiation (IR), using three camera devices to collect
the reflected infrared light. Tool wear was measured from
images using a multiview neural network. In [26], an image
analysis system was developed to automate tool wear
measurement, using a single camera installed on the device.
The wear evaluation process was carried out in three stages.
The error rate for the average wear was estimated to be 3.57%
and 2.92%, respectively.

With an increasing reliance on modern devices and
technologies to measure wear, their accuracy must be verified.
This study uses a laser scanner to measure electrode wear and
compare its results with the conventional method. The
proposed method can also be used in future applications to
measure the dimensions and wear of manufactured parts and
reverse engineering using CAD/CAM systems.

II. MATERIALS AND METHODS

A. Materials

Twelve experiments were carried out using cone-shaped
electrodes with a diameter of 10 mm and a length of 20 mm,
connected to the positive polarity terminal of the EDM
machine. The chosen workpiece material was AISI 1005
carbon steel, as a piece of plate 20x20 mm with a thickness of
2 mm to make a hole with a diameter of 10 mm. Figure 2
shows the workpiece and electrode before EDM machining.
The workpiece was linked to the negative polarity terminal of
the EDM machine. Table I shows the machining parameters
with different levels.

+ Carbon Steel 1005
Thickness 2mm

(a) ()

Fig. 2. Materials used: (a) cone copper electrode, (b) AISI 1005 carbon
steel, and (c¢) EDM machine.
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TABLE L. CONTROL PARAMETERS OF EDM
Parameter Levels
arameters L1 L2 L3
Current (1,) 20 25 30
Pulse on time (7,,) 100 200 300
Pulse off time (T,p) 25 35 45
B. Methods

This study used a Chemer EDM machine (CM 323+50 N)
for the experimental work. The conventional method was
utilized as the gold standard to measure TWR (mm’/m) using
the following formula:

Wi-wf
DeXT

TWR = (mm*/min) (1
where W, is the initial tool weight (mg), W, is the final tool
weight (mg), T is the machining time (min), and D, is the
density of the tool (gm/mm’).

The proposed method for examining and measuring the
electron wear in the EDM process uses a 3D scanner, which is
used in many applications such as quality inspection and
control. The topography of each electrode surface is scanned
over several experimental runs of the EDM process using an
Open Technologies LMT mag 3D Scanner to accurately
measure the dimensions and surface characteristics of the
electrode and its topology view before and after the machining
process. The processed data are saved in the computer
connected to the laser scan device. The scanning time for every
electrode was about two minutes. The working principle of the
laser scanner is based on projecting a beam parallel to the
desired target to obtain its profile shape through a high-
resolution Coupled Charged Device (CCD) imaging device to
obtain complete data with fine details, such as wear, cracks,
sculpture, etc. These devices are placed at certain angles.
Figure 3 shows the schematic of the laser scanning for the
electrode tool. If there is an obstacle, it leads to distortion of the
beam emitted from the source, which is observed through the
CCD camera.

Projector

Camera 1

Sample

Fig. 3. Schematic of laser scanning the electrode.

After completing the electrode scanning process before and
after EDM machining, the data are saved in the form of an STL
file and then sent to the 3D System (Geomagic Control X
software). This is a modern reverse engineering software that is
effective in ensuring quality in various industrial and
engineering sectors. It can provide data and measurements that
other techniques cannot provide, such as examining the

deformations, bends, and wear to which an electrode is exposed
in the EDM process. This program digitally analyzes 3D
models and utilizes accurate mathematical algorithms to
calculate volumetric differences on the electrode. Previously
scanned electrode data are imported, and the best-fit alignment
is used between the electrode data before (reference data) and
after the machining (target data) [27]. Overlapping the
electrode data can specify a certain tolerance between the
electrodes, making it easier to identify the area that requires
further study and analysis, as the difference in color intensity
between the electrode data increases, as shown in Figure 4.

l After Machining
(Target)

Before Machining s
(Reference)

Combined using
best-fit alignment

Volume 2679.8199 mm’® | Volume 2660.6337 mm’®

Analyzed using
Geomagic Control X
software

Fig. 4. Digital analysis method for electrode data using Geomagic Control
X software.

III. RESULTS AND DISCUSSION

A. Maximum and Minimum TWR

Table II shows the results of TWR measured using the
conventional and the proposed laser scan methods. The
absolute deviation between them was computed to determine
the extent of data dispersion using

Absolute Deviation = X |x — u| 2)

where Y|x — u| is the sum of the absolute value of the
difference between each value (x) and the mean (u).

The highest value for the absolute deviation was 5.2% for
run No. 11, while the lowest value was 1.8% for run No. 5.
Figure 5 shows the wear of the copper electrodes evaluated and
recorded using the conventional method and laser scanning.
The experimental results show a significant agreement with a
small deviation in the values obtained, thus concluding the
acceptance of the results, which is considered to be precise.
Additionally, the data can be reliable and used to support the
decision-making process in electrode wear measurement in the
EDM process.
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TABLEII. CONVENTIONAL AND LASER SCAN WEAR
MEASUREMENTS FOR COPPER ELECTRODES
TWR (mm*/min) TWR
L, | Ton | Toy using the (mm®/min) Abs.Oh.lte
No. . N deviation
(A) | (ps) | (ps) conventional using the laser po
method scan method ‘
1 20 | 300 | 35 1.566 1.519 4.7
2 30 | 300 | 35 1.844 1.886 4.2
3 20 | 200 | 45 1.549 1.587 3.8
4 30 | 200 | 25 1.658 1.623 3.5
5 25 | 100 | 35 1.555 1.573 1.8
6 25 1300 ] 25 1.573 1.539 34
7 20 | 200 | 25 1.415 1.452 3.7
8 30 | 100 | 35 1.621 1.649 2.8
9 20 | 100 | 35 1.334 1.369 3.5
10 | 25 | 100 | 25 1.443 1.491 4.8
11 | 25 | 300 | 45 1.664 1.612 5.2
12 | 30 | 200 | 45 1.797 1.748 49
2
1.8
1.6
T 14
3
> 12
£ 1
€ 08
2 0.6
0.4
0.2
0
1 2 3 4 5 6 7 8 9 10 11 12
Fig. 5. Tool wear measurements using the traditional and the laser

scanning methods (mm?*/min).

This discrepancy in the TWR values measured by the two
methods represents the result of deviations in the size of the
distance measured by laser scanning. The rationale for this
contradiction between the values is that the scanning method is
subject to the influence of reflected rays that are divided as a
result of the various angles of the electrode edge, which leads
to the formation of a series of bumps or ridges along the
measured indentation edge. To eliminate this difference, a
single reference plane was taken to calculate the basic volume
of the electrode edge, by removing the formed bump from the
indentation edge, as shown in Figure 6.

The effect of the location of the reference plane in
determining the volume of metal removed is significant since
the volume difference resulting from the reference plane will
have a deviation, which has the effect of giving false readings
for measuring the electrode wear. There could be another
explanation for the effect of metal type and the wavelength of
the laser scanner, in addition to the operator experience. The
two profiles manifest similar trends for the morphology of the
electrode surface. However, the electrode profile produced by
the scanner does not depict the actual electrode surface
roughness. However, this difference is unclear in the electrode
surface measurement profile. This is the result of the precise
scanner measurement, which produced 3000-4600 data points
for each scan. The 3D laser scanner used in this study is a red
laser beam with a high wavelength. Depending on the type of

metal, the laser can penetrate it to provide accurate data on the
electrode's morphology.

Indentation edges

J X
(©) Edge effectin
/ [~ cross-section
z \ New reference
| [N plane chosen
yiix to eliminate

indentation

Fig. 6. Actual scans from the laser scanner of the electrode displaying:
(a) the electrode edge before machining, (b) the electrode edge after
machining, and (c) the plane of reference selected to remove the bump.

B. Analysis of Variance for TWR

Table III shows the ANOVA results for the TWR of the
copper electrode using the conventional method. The analysis
indicates that I, has the highest contribution of 74.87%. This
suggests that [, has the most significant impact on the
machining process, resulting in the highest TWR. Additionally,
T,, contributes 19.84%, T, contributes 4.92%, indicating an
interaction effect, and the residual is attributed to a fault. The
correlation coefficient R* value is 95.3% for TWR using the
conventional method.

TABLE III. ANOVA FOR TWR USING CONVENTIONAL
METHOD
Source Sum of DF Mean F-value | P-value
squares squares
Model 0.0737 6 0.0107 7.92 0.0251 | Significant
A-L, 120.232 1 120.232 28.20 | 0.0113
B-Ton 31.874 1 31.874 2.02 0.0377
C-Togr 7.901 1 7.901 0.0217 | 0.8178
AB 0.311 1 0311 1.82 0.1534
AC 0.152 1 0.152 0.4303 | 0.3991
BC 0.113 1 0.113 0.2561 | 0.6082
Residual 0.0041 5 0.0051
Cor. Total | 160.587 11

R?=95.3%, Adjusted R* = 91.54%, Predicted R* = 90.18%

Table IV shows the ANOVA results for the laser scan
method. [, has a significant impact on TWR, contributing
75.63%. I, is crucial for evaluating the thermal energy over the
sparking region. 7, has the second influence on the TWR, with
a contribution of 20.22%. The T,; parameter demonstrated an
insignificant effect on TWR, with a contribution of 4.81%, and
the residual is attributed to an interaction effect between
variables. The correlation coefficient R* is 94.1%.
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TABLEIV. ANOVA FOR TWR USING LASER SCAN METHOD
Source . DF Mean F-value | P-value
squares squares
Model 0.0842 6 0.0122 12.86 0.0317 | Significant
A-I, 193.964 1 193.964 94.66 0.0243
B-T,, 51.871 1 51.871 8.23 0.0424
C-Tosr 12.666 1 10.606 143 0.5331
AB 2.213 1 3.213 0.75 0.2274
AC 1.668 1 1.668 0.46 0.1692
BC 0.505 1 1.205 0.3393 0.4437
Residual 0.276 5 0.0007
Cor Total | 263.163 11

R?=94.1%, Adjusted R* = 93.53%, Predicted R> = 91.93%

Figure 7 compares the percentage error for the machining
parameters of TWR using the conventional and the laser scan
methods. The error percentage for the effect of machining
parameters on the TWR between the two methods is 1.01% for
1,, 1.92% for T,,, and 2.29% for T4, indicating that the TWR
measurement using the laser scan method produced
insignificant errors. Figure 8 shows a scatter plot between the
TWR measurements for the laser scanner and the conventional
method. It can be observed that all data points are clustered
along the red upward regression line, and the scatter around the
line is quite small, which means there is a strong linear
correlation. This indicates a positive correlation between the
two methods, showing that they are in high agreement.

100.00%
90.00%
-4 80.00%
€
-_g 70.00%
g 60.00%
« £ 50.00%
o g
t e 40.00%
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g8 3000%
‘s & 20.00% o
» |
S 10.00% | 1
< |
g 0.00% - =
- -10.00% J J
-20.00%
Ip Ton Toff
m Conventional Method 74.87% 19.84% 4.92%
M Laser Scan Method 75.63% 20.22% 4.81%

Fig. 7. Comparison of the difference in percentage error for the impact of
machining parameters between thse two methods.
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Fig. 8. Scatter plot for TWR with a diagonal line indicating perfect
agreement between the two measuring methods.

IV. CONCLUSION AND FUTURE WORKS

The TWR of copper electrodes in the EDM process was
evaluated using a novel method that depends on a 3D laser scan
under different operating conditions. Although measuring the
wear in this way is a difficult task, the results demonstrated the
success of the proposed method, with a slight deviation from
the results of the conventional method. The mean absolute
deviation was 3.6% for TWR, with an insignificant error for the
machining parameters that influence TWR (1.01% for I,
1.92% for T,,, and 2.29% for T,y). This difference is due to the
effect of the electrode edge, the type of material, and the high
wavelength of the laser beam. The 3D laser scanner is
considered a very subjective method based on the operator's
expertise. However, it achieves operational safety and a
suitable machining environment. Therefore, scanning
technology needs further technological development to provide
devices with high accuracy for accurate and reliable
measurements compared to other methods and to obtain
information on the properties of electrodes in the EDM process.
Future work can use laser scanning technology to identify the
effect of the machining process in each area of the electrode
and the areas most affected by wear to address the root factors
that cause it.
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