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ABSTRACT

Complex 3D models were designed in
SolidWorks and fabricated wusing CNC
machining.

EDM was applied to study the effects of
current, pulse on-time, and gap on MRR and
roughness.

Current was found to be the most dominant
factor affecting MRR and surface roughness.
GRA optimization identified the best
condition for balancing the removal rate and
surface finish.

Magnetic abrasive finishing improved surface
roughness by up to 64.02% with hybrid
abrasives.

This study presents an integrated work that combines unconventional machining
and finishing techniques for complex geometric models. A Taguchi design
investigated three electrical-discharge parameters—electric current, pulse
duration, and gap—each at three levels; a multi-objective optimization matrix was
then used to select the optimal conditions. The geometric models were designed
using SolidWorks software and machined on a CNC machine to ensure maximum
accuracy in the resulting samples. The samples were finished using the magnetic
abrasive finishing technique, where the particle mixture was developed as a hybrid
blend of two types of abrasive particles, tungsten carbide (WC) and silicon carbide
(SiC). Among the electrical discharge machining factors, electric current showed
the highest influence, yielding a maximum metal removal rate of 25.1024
mm?®/min at Ip =42 A, Tn =300 ps, gap = 8 mm, and the minimum roughness of
11.6674 pm at Ip = 24 A, Tn = 150 ps, gap = 5 mm. The magnetic abrasive
finishing stage substantially improved the surface quality of the complex models,

reducing roughness from 11.9169 um to about 4.29 um, equivalent to a 64.02%
reduction. Within finishing, feed rate was the most influential variable, followed
by spindle speed, while particle size had the least effect. Overall, the combined
methodology improves process performance and post-process surface quality for
complex geometries while identifying the dominant parameters that govern
material removal and roughness outcomes.
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1. Introduction

The increasing development of modern industries has created a demand for complex geometric models with high precision
and smooth surfaces. Since one of the essential requirements of advanced industries is the accuracy of complex surfaces,
unconventional design and manufacturing techniques have become necessary to keep pace with these developments [1].
However, finishing complex surfaces and edges remains a challenge, as conventional approaches cannot adequately process all
features. In addition, most available inspection methods are limited to flat surfaces or require cutting complex samples into
smaller parts, which results in mechanical damage [2]. Although traditional manufacturing methods are efficient, they encounter
limitations when dealing with hard or brittle materials and intricate geometries [3]. Therefore, this research holds importance
from both scientific and applied perspectives, as it represents a significant step toward enhancing complex surfaces through
unconventional machining and finishing processes.

Among modern design tools, SolidWorks has emerged as one of the most effective platforms for creating complex 3D
models with high accuracy, enabling virtual design, testing, and modification before manufacturing [4,5]. The working principle
of electrical discharge machining involves removing metal through repeated electric sparks generated between two electrodes
(the cutting tool and the workpiece), separated by a work gap and immersed in an insulating medium, such as a dielectric fluid
[6]. Each spark produces a significant temperature increase. Consequently, this heat causes the surface molecules of the sample
to melt and vaporize. With repeated sparks, the temperature rises further, helping to remove the surface layer of the workpiece.
In this regard, these high temperatures not only remove surface molecules but also affect the underlying area, which can cause
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subsurface deformation [7]. These effects often lead to irregular textures and thermal damage, which reduce performance and
fatigue life [8]. To overcome these drawbacks, magnetic abrasive finishing (MAF) has been employed as an unconventional
finishing process that uses magnetic force to align abrasive particles into a flexible brush, thereby removing burrs and enhancing
the surface [9,10]. In particular, this process is highly effective for finishing internal cavities, complex geometric designs, and
precision parts used in the medical and optical industries. Due to the flexibility of the finishing brush, it can finish most geometric
complexities and curves [11]. The presence of abrasive particles plays a significant role in this regard, since the type, hardness,
and size of the abrasive particles (e.g., SiC and Al-Os) have a direct impact on surface integrity, material removal efficiency, and
resulting surface quality. Conventional inspection techniques are inadequate for use with such complex geometries, particularly
in curved surfaces or hollow regions that are inaccessible to contact-type tools. For this reason, measurements of surface
roughness with high accuracy are increasingly performed by non-contact methods [12], such as three-dimensional laser scanning.
This technique relies on the principle of shining a laser beam onto the surface of the sample to be inspected. The laser is then
reflected off the sample surface, and the laser beam is analyzed and received by a special camera. This camera converts these
beams into data and surface topography maps, which are transmitted to a computer. Next, image processing applications are used
to process this data to help compile it and provide the corresponding surface roughness values [13].

Several studies have investigated this topic, but most have not examined complex shapes. As an illustration, Kumar et al.
[14], studied the effects of electrical discharge machining on various shapes and designs and its impact on material removal rate,
tool wear rate, and surface quality. It was concluded that the circular electrode achieves superior surface finish quality, in addition
to minimal tool wear. In addition, Huang and Sheu [15], studied the relationship between the cross-sectional shape of materials
and their metal removal ability during machining processes. The research presented different cross-sectional shapes for several
cutting tools. It was demonstrated that process performance varies depending on the cutting tool shape, with tool wear increasing
as pulse time and current strength increase. At the same time, both factors contribute to the removal of larger particles. Study
conducted by Laibi and Shather [16], analyzed the effect of electrode material type and process variables on the performance of
the electrical discharge process; the material removal rate increased with higher current and shorter pulse durations, achieving
0.0367 g/min at 8 A and 25 ps. The optimum conditions of SR 1.38 pm were 1.5 A and 12 ps [17], highlighted the development
of tools used in the EDM process through advanced methods to achieve high efficiency and accuracy and to obtain tools for
complex shapes; it explored reducing the cost and time, and utilizing additional technologies to produce items challenging to
manufacture using traditional methods. Uddin et al. [18], the impact of various factors of MAF was investigated using SiC and
AlQ:s as the abrasive particles. Surface quality enhancements and influencing variables demonstrated varying levels of progress
depending on the selection of the abrasive material during the study. The amount of abrasive used in conjunction with the rotation
speed had the most substantial impact when using SiC, and when using Al-Os, the working space, along with the mesh size, had
the most significant effect on its performance. Ahmad et al. [19], examined the development of the MAF process by creating
magnetic abrasive compounds from two different types to benefit from their distinct features for modifying the abrasive
component. The experimental mixture contained (Al20s) at 25% together with (SiO2) at 15% along with carbonyl iron powder
at 60%. Experiments showed roughness decreased from 1.14 um to 0.85 um; surface quality improves when the manufactured
magnetic abrasive (SMA) is implemented. In addition, Zou et al. [20], highlighted the development of MAF processes capable
of improving the complex shapes of difficult-to-process materials and explored operational variables. They studied the
combination of magnetic abrasive finishing (MAF) and fixed abrasive finishing (FAP) (MAF-FAP), achieving a significant
improvement in roughness from 11.202 nm to 3.67 nm within 30 minutes. In another work Kumar and Komma [21], presented
the development of the MAF process by installing finishing tools on the CNC machine to improve the surface quality of complex
shapes; studied rotation speed (400, 600, 800 )rpm, number of abrasive mesh size (400, 600, 1200), and working gap (2, 3, 4)
mm. The number of abrasive meshes had the most significant effect (42.32%), followed by the gap (37.37%) and the rotation
speed (2.07%); optimum parameters were 800 rpm, 600 mesh, and a clearance of 2 mm. Furthermore Shao et al. [22], focused
on evaluation methods for surface texture and roughness inspection by introducing a novel approach analyzing laser beam
reflection patterns through observation of scattering patterns produced by reflected beams; explored optical techniques as non-
traditional, non-destructive, contact-free roughness measurement strategies, with the roughness pattern method being a precise
measurement method; focused on the spot contrast approach with user-friendly operation and accurate results; recorded surface
patterns by CCD cameras; measured roughness by analyzing light intensity and scattering similarity to diffraction, as the light
intensity distribution indicates how the distribution of surface bumps influences roughness evaluation; the technique measured
surface structure symmetry and consistency for precise quality evaluation of manufactured products and functioned through a
non-contact methodology at high speed.

This study focuses on integrating two non-conventional processes, machining and finishing techniques, to determine how
complementary these processes are and whether the surface roughness of the models improves when applying hybrid magnetic
abrasive finishing. Because the study is non-conventional and the models are not simple, and since they cannot be inspected with
conventional roughness testers, non-contact laser scanning was adopted to evaluate surface roughness after machining and after
finishing.

2. Methodology

The specimen models were developed in three dimensions using SolidWorks, with consideration given to the complexity of
the geometric shape to ensure an accurate representation of the industrial conditions. Particularly, the Electrical Discharge
Machining (EDM) was used to produce specimens, which were then subjected to EDM with different machining parameters in
an academically considered experimental procedure. The preliminary surface checks were then conducted using laser scanning,
and the results were interpreted to evaluate the impact of the machining parameters on surface roughness. Subsequently, a
finishing process, magnetic abrasive particle finishing (MAF), was employed after machining to achieve a superior finish. Then,
the samples were once again laser-scanned, and the final data were differentiated to evaluate the efficiency of the finishing
process compared to the first one after machining.
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3. Experimental work
3.1 Design and implementation of shape

This phase involves designing working models for machining and finishing experiments, as well as creating the cutting tools
required for the electrical discharge machining process and the magnetic finishing tools used for the finishing experiments. In
this regard, the design phase of the working sample and the tool is critical, as it determines the degree of geometric complexity.
The SolidWorks application was used to implement the design phase. A method such as drilling and cutting was used to perform
EDM operations, facilitating assembly and reducing time, as the tool design closely resembled the working sample. In particular,
the sample design was irregular, featuring curves, peaks, and troughs, which represented models closely related to industrial
applications that are challenging to handle with traditional methods. A workpiece with 20 mm length X 15 mm width was used;
the highest peak is 5 mm, and the lowest trough is 2 mm. The EDM tool width was 13 mm; it was intentionally undersized
relative to the nominal feature span to minimize workpiece edge distortions induced by tool edges. To this end, the finishing tool
is the primary component. It is responsible for generating the magnetic field that attracts the abrasive particles, forming what is
known as the abrasive brush that performs the finishing process. During the design phase, grooves were drilled in the shaft to
match the dimensions of the magnets used. A cover was designed for these magnetic locations to prevent them from moving
during the finishing process. Figure 1 SolidWorks design models related to EDM, a) The design of the EDM cutting tool, b) The
design of the EDM workpiece. Figure 2 SolidWorks design process of the MAF finishing tool, a) The tool with designed grooves,
b) The tool with magnetic pieces added, c) The assembled configuration of the finishing tool, and d) The final completed tool
geometry.

(@) (b)
Figure 1: SolidWorks design models related to EDM: a) the EDM cutting tool; b) the EDM workpiece

(b)

(© d)
Figure 2: SolidWorks design process of the MAF finishing tool: a) tool with designed grooves b) tool with magnetic pieces
added c) assembled configuration of the finishing tool, and d) final completed tool geometry

To implement models with a CNC machine, it is necessary to convert these designs into a language that the machine can
understand. Therefore, these designs are converted into code using the HSMWorks program, which serves as a link between
design and implementation. This code, known as G-code, determines the tool path and speed during execution. The model was
then physically implemented using a three-axis CNC machine in the University of Technology's Lathe Workshop. This machine
can move in three axes (X, Y, and Z), making it ideal for manufacturing complex shapes containing cavities and curves. More
precisely, the models were made using a three-axis vertical CNC milling machine.
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3.2 The EDM machining stage

At this stage, the components required for the EDM process are prepared and identified. The diagram in Figure 3 illustrates
the workflow of the EDM process, starting from the selection of tool materials and workpiece samples, and the identification of
process variables and their corresponding levels. After the Taguchi calculation, the experimental design is made, and then the
machining operation is carried out by an EDM machine. The evaluation stage then involves assessing surface roughness (SR),
material removal rate (MRR), and potential surface imperfections. Finally, the value of the optimization level is obtained from
the Grey Relational Analysis (GRA).

EDM machine machining stage
1
I 1 1 1 || 1
Selection of tool Identify process : The operating g Find the
materials and variables and EXP;;;?; =l process is Examination optimization
sample levels applied. PrOcess level
Relying on |_ using EDM I_ :
|\ taguchi magchine —1 SR siog GRA
calculations
— MRR
surface
defects

Figure 3: Diagram of the EDM stage

When selecting the material for the workpiece and tools to be used at this stage, several considerations must be made to
ensure a successful machining process. Specifically, the electrical conductivity is of utmost importance in the selected material,
ensuring spark generation and the ability to withstand high temperatures. In this regard, it is necessary to choose the electrical
conductivity carefully because it affects the performance of the process [23]. Accordingly, the high-carbon steel was chosen as
the primary material for the workpiece, while copper was used as the machining tool. Figure 4 Workpiece and EDM cutting
tools used in the experimental work a) The prepared workpiece after machining, showing the geometry produced for the
experiments, b) Copper EDM cutting tool, side view, and c¢) Copper EDM cutting tool, front view, highlighting the machined
profile.

(b)

Figure 4: Tools and workpieces used in the practical experiments: a) prepared workpiece after machining, showing the

produced geometry, b) copper EDM cutting tool, side view, c) copper EDM cutting tool, front view (13 mm)
highlighting the machined profile

The phase of determining the operational variables identified during the experiments is a crucial step, as it facilitates the
analysis of the effect of these variables on the process response. Particularly, three variables were identified at three levels. The
pulse duration represents the amount of time the spark is glowing and shining on the surface, and is a crucial factor in the
discharge process [24]. As for the current, it represents the amount of spark energy, and thus, it is necessary to take care of it
when determining the levels of variables [25]. The Taguchi methodology was used to design experiments, as it helps reduce the
number of experiments required while maintaining analytical capability. Table 1 shows the Takauji design table for operational
experiments, which includes the variables and their levels.

After completing the previous steps and determining all process variables, the EDM test phase begins. All samples are
machined at this stage using a CHMER EDM machine, model CM323C, and a CNC EDM controller. The inspection process
represents a pivotal stage following the completion of the machining process. This stage assesses the quality of the process and
identifies all potential factors that may impact its performance and efficiency. In particular, the inspection focused on three main
outcomes:

1}  Material Removal Rate: This outcome refers to the amount of material removed from the workpiece during machining.
It is considered one of the most important productivity indicators for machining processes, reflecting the processing
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ability to achieve an optimal balance between speed and accuracy. Specifically, it is calculated by subtracting the
sample weight before and after machining from the machining time.

2)  Surface Roughness: This roughness is the most important indicator for assessing the quality of a machining surface. It
describes the microscopic protrusions or ripples that appear on the surface because of machining. It is a crucial outcome
for evaluating the precision and smoothness of the product. In this study, laser scanning and reflected wavelengths
were employed as an alternative to traditional roughness testing methods. Figure 5 Schematic drawing of the laser
scanning material surface roughness measurement system. The system includes a light source projected at the
roughness surface; the reflected signals are detected by the image acquisition unit in the machine vision system. The
data obtained are processed in the computer system to produce speckle patterns. Then, from the data, feature extraction
is performed in the data processing system to determine surface characteristics.

3)  Surface Defects: This step supports the assessment of the surface structure of samples, defects, and gaps resulting from
machining. The most common test for this outcome is the scanning electron microscope (SEM), one of the most
advanced tools in microscopic analysis.

Table 1: The design of the experiments

No. Current (A) Ton (us) Gap (um)

1 24 150 5

2 24 200 8

3 24 300 10

4 36 150 8

5 36 200 10

6 36 300 5

7 42 150 10

8 42 200 5

9 42 300 8

Machine vision system Data processing system

T — 1 A
i cco/ : Speckle patterns :
! Laser CcMos : Computer system :." e 2_ !
i (| l R :
i AN I P h i
| L ! — :
i o : SR
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Figure 5: Schematic of the non-contact laser scanning setup used in this work (created by the authors)

After examining and obtaining the results of the data analysis phase, the data is extracted from the experiments. This step
involves recording and discussing the results, as well as statistically analyzing them to determine the level of influence of each
variable and the most important factor in the process. During this study, Minitab 18 was used to perform statistical analysis based
on the Taguchi Method, an effective method in Design of Experiments (DOE) that helps improve quality and increase efficiency
with the fewest possible experiments. However, the statistical analysis in this process does not determine which experiment
contains the optimal conditions, as both the highest metal removal rate and the lowest surface roughness criteria are optimal.
Therefore, multi-objective optimization is applied. Due to the multiple outputs and the different desired trends (the lowest
roughness and the highest metal removal rate), a multi-objective optimization method was chosen and adopted to achieve the
most effective balance between the operating variables. More precisely, a grayscale relationship analysis was used to evaluate
the relationship between the variables. After determining the optimal variable level that yields a product with the best roughness
and the highest metal removal rate, the variables are stabilized, and additional samples are manufactured. These are then
reprocessed and run again in the EDM machine, all with the same variables. This process is performed to prepare for the next
step, which is the finishing process. This step is undertaken to obtain accurate readings, rather than random ones, as the magnetic
finishing process uses variable ball bearings.
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3.3 The MAF Stage

This study is based on a systematic series that begins with the manufacture of samples with complex shapes, followed by
the use of the electrical discharge spark cutting (EDM) technology. Finally, these samples are finished using the magnetic
abrasive particle finishing technology to determine the effect of finishing on the manufactured samples. However, the available
finishing processes lack the flexibility to handle complex shapes efficiently. This stage marks the beginning of the finishing
process, and Figure 6 is a diagram of the MAF (Magnetic Abrasive Finishing) step. The production process starts with the
production of the finishing tool (shaft preparation and use of a fixed magnet) and the preparation of abrasive particles. The
subsequent step is to identify operating variables and design experiments using the Taguchi method. The CNC machine is then
used for polishing. Finally, the results of the process are analyzed in the examination stage to check the material removal rate
(MRR), surface roughness (SR), and possible surface defects.

Finishing stage of shapes using

MAF technology
7
[ I I : T I |
Finishing tool Particles Determine operating | Experimental The finishing Examination
manufacturing ‘ | variables | design process is app]iedi process
-
LM ing on taguchi L
Shift manufacturing pﬁsﬂndgu LJA%I}]-]?NE — MRR
Selecting a fixed ‘ | SR
magnet

In this work, the shaft material was selected to match the workpiece, ensuring mechanical and thermal compatibility. This
selection helps stabilize the tool during the finishing process. In particular, a type of magnet known as a neodymium magnet was
chosen, as it is one of the strongest permanent magnets available, due to its high efficiency in generating a very high magnetic
field relative to its small size. They were installed in the holes drilled in the shaft in a direction that allowed the abrasive particles
to be attracted with the maximum force generated. Recently, a permanent external magnet has been utilized as a tool to generate
a magnetic force because it is easily obtainable with the required strength, is easier to use, lighter in weight, and provides ease
of adjusting the voltage distribution and cohesion of the particles [26]. The magnets were distributed symmetrically within the
shaft, preventing rotational balance and avoiding deflection or vibration during finishing. Figure 7 shows the ultimate shape of
the magnetic abrasive finishing (MAF) tool. The tool assembly comprises the shaft, the fixed magnet, and mounted magnetic
pieces adapted to hold the abrasive particles during the finishing process. This setup is stable and can effectively transmit
magnetic force to carry out surface finishing on complex geometries.

Figure 6: Diagram of the MAF stage

Figure 7: The final form finishing tool

Magnetic abrasive particles are the key ingredient in this finishing technique because they are responsible for removing the
fine surface layer and achieving a smooth surface finish. They vary widely and are of different types depending on the need for
which they are used. In this regard, the choice of the type of abrasive material greatly affects the finishing performance due to
the difference in physical, chemical, and mechanical properties of each type [27]. In this study, a hybrid particle mixture was
developed by preparing a two-component abrasive mixture consisting of silicon carbide (SiC) and tungsten carbide (WC) for
their high hardness and wear resistance, as well as iron filings (Fe) to enhance the magnetic response. Moreover, acrylic resin
was used as a binder, producing a homogeneous, grindable paste. More specifically, the components were mixed in the
proportions studied: SiC 20%, WC 20%, and Fe 60%. This ratio plays a significant role in determining the processing and
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finishing performance. The mixing ratio varies based on the desired properties of the intended application and the materials used.
These ratios must be carefully considered and balanced, as they are a key factor influencing grinding performance and the
resulting improvement [28]. Figure 8 EDX/SEM analysis of the magnetic—abrasive mixture (this work), a) SEM micrograph
after bonding (scale bar: 500 pm; accelerating voltage 30 kV; magnification 250x; working distance 28.2 mm; detector ETD),
b) Elemental distribution maps (W—-L, Fe-K, C—K, Si—K); each panel shows a 500 um scale bar; color bars indicate relative
intensity (a.u.), ¢) EDX spectrum of the selected area with characteristic peaks of C, Fe, W, and Si (X-axis: Energy (keV); Y-
axis: Counts (a.u.). Figure 9 SEM image of the magnetic abrasive grains after bonding and grinding the magnetic abrasive grains
to show morphology and irregular particle shapes that improve cutting and finishing efficiency during MAF operations.

(b) The surface structure of the particles and how the elements are distributed

fo

W, Si

W by W
Wi . J | AW W

L T~ PR | N S [ W SR U

Qe SkeV 10 ke¥ 15 keV 20 keV

(c) The EDX analysis that shows the hybrid mixture and the elements

Figure 8: EDX/SEM analysis of the magnetic-abrasive mixture (this work) a) SEM micrograph after bonding (scale bar: 500
um; accelerating voltage: 30 kV; magnification: 250%; working distance: 28.2 mm; detector: ETD) b) Elemental
distribution maps (W-L, Fe-K, C-K, Si-K); each panel shows a 500 pm scale bar; color bars indicate relative intensity
(a.u.), and ¢) EDX spectrum of the selected area showing characteristic peaks of C, Fe, W, and Si (x-axis: energy, keV;
y-axis: counts, a.u.)
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Figure 9: The SEM examination of the magnetic abrasive grains

Characterization of the EDM-processed and MAF-finished surfaces was performed using a scanning electron microscope
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDX). Specimens were ultrasonically cleaned in ethanol, air-dried,
and sputter-coated with a ~10 nm conductive layer (Au/Pd or carbon, as appropriate) to suppress charging; the presence of the
coating was considered when interpreting EDX spectra. SEM imaging was carried out in high-vacuum at an accelerating voltage
of 1015 kV and a working distance of approximately 8—12 mm, with beam current/spot size tuned to optimize contrast while
minimizing charging and beam damage. For each condition, at least three non-overlapping fields were recorded at representative
magnifications (~200x, 500x, 1000, and higher when required), with scale bars reported; wherever feasible, the same regions
were imaged before and after finishing to enable direct comparison. Elemental analyses were obtained with an SDD-type EDX
detector using a live time of ~60 s per spectrum and maintaining dead time below 30%; point spectra, area scans, and elemental
maps were acquired on representative regions. Quantification employed ZAF corrections with background subtraction and peak
deconvolution, and results are reported as weight percent (mean = SD, n = 3). Under these conditions, the practical detection
limit was ~0.3-0.5 wt%. The SEM/EDX study was used to (i) assess the presence and thickness reduction of the EDM recast
layer, (ii) document changes in burr density and surface-height homogeneity after MAF, and (iii) detect possible embedding of
abrasive residues (e.g., SiC/WC), ferrous debris, and oxide formation associated with EDM and subsequent finishing.

Based on the obtained results, the tool rotation speed, the feed rate, and the abrasive particle size were found to be the three
primary operational parameters that affect the effectiveness of the magnetic finishing (MAF) process. These parameters were
identified for this study with three third-level selections. The Taguchi method was employed using an L9 (3°) matrix, which
comprised nine experiments with various sets of variables, to maximize the number of experiments while ensuring coverage of
potential variations. Table 2 shows the design of the finishing experiments conducted.

Table 2: The design of the finishing experiments

No. Feed rate (mm/min) Spindle speed (rpm) Particle size (um)
1 35 300 200
2 35 500 300
3 35 750 600
4 70 300 300
5 70 500 600
6 70 750 200
7 90 300 600
8 90 500 200
9 90 750 300

After completing the previous stages and adjusting the variable levels, we are ready to begin the finishing process. In this
regard, the finishing stage requires the use of a three-axis machine to perform finishing with high precision. Since the shape is
not flat and contains a degree of complexity, a CNC machine was chosen to perform the finishing. This selection was also made
because, in the initial stages of the practical aspect, the CNC machine was used to manufacture the shapes. Since the codes and
operating programs are the same, this step facilitates the finishing process. Before commencing the finishing operations, the
starting point was determined by zeroing in the finishing tool relative to the work sample to ensure accuracy. This step was
carried out using a zeroing machine whose operating principle is that when the tool encounters the work sample, a signal is given
by turning on a light. At this point, the position is determined, and a gap is created to represent the space that will be filled with
abrasive particles. After finishing, the samples are tested in the same manner as before, after being processed with the EDM
machine. To avoid repetition, this point is not reiterated here.

Repetition and measurement protocol. A Taguchi L9 orthogonal array was used for both EDM and MAF, yielding nine
conditions per stage (9 EDM and 9 MAF). Each condition was performed with three independent replicates (n = 3). For EDM,
machining time and specimen mass before/after machining were recorded for each replicate to compute the metal removal rate
(MRR). Surface roughness (SR) was measured by 3D laser scanning at three distinct locations on each specimen; at each location,
three repeated scans were acquired (3 x 3 = 9 readings per specimen). For each condition, we report mean + standard deviation
across replicates, and figures display error bars as SD (n = 3).
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4. Results and discussion

4.1 The electrical discharge machining results

Table 3 presents the most significant results obtained from the machining process using EDM. Moreover, Figure 10 shows
Surface examination results at different current values using laser scanning and SEM techniques, which show some images that
occurred after operating the surface design samples using laser technology, along with the corresponding roughness diagrams. It
also shows the electron microscope images of the samples after machining them with an electric spark-cutting machine, without
any subsequent finishing, (a) Examination at 24 A: (1) Laser scanning results showing surface protrusions and roughness profile,
(2—4) SEM images at different magnifications. (b) Examination at 36 A: (1) Laser scanning results with roughness profile, (2—
4) SEM images at different magnifications. (c) Examination at 42 A: (1) Laser scanning results with roughness profile, (2—4)
SEM images at different magnifications.

View = 27 : Tilt = -24

1}
'

2. SEM tests with scale bar 200 p 3.SEM tests with scale bar 100 p 4. SEM tests with scale bar 20 p
(a) A sample examination that was carried out at 24 A current

4000
3000
2000
1000

A

SEM HV: 20.0 kV Dot: SE i i NanoLAB-MOST| s : Det: 5E )
SEMMAG: 200 x  Date(m/dy): 11113724 200 ym SEM MAG: 500 x  Date[midly]: 11/13/24 100 pm cx D : 11113724 20 pm

2. SEM tests with scale bar 200 p 3.SEM tests with scale bar 100 p 4.SEM tests with scale bar 20 p
(b) A sample examination that was carried out at 36 A current
Figure 10: Surface examination after EDM (no finishing) at three currents. For each current, panel (1) shows the laser-scanning 3D
height map and line-profile roughness plot (X: Lateral position (index/mm); Y: Height (um/a.u.), followed by (2-4) SEM
micrographs at increasing magnifications (scale bars: 200, 100, 20 um): (a) 24 A; (b) 36 A; (c) 42 A
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Figure 10: Continued

Table 3: The results of the models using EDM

No. Current Ton Gap Time (min) (MRR) (mm?/min) (Ra) (um)
1 24 150 5 19 12.847 11.6674

2 24 200 8 16 13.993 11.9169

3 24 300 10 14 16.428 12.6501

4 36 150 8 12 17.974 13.173

5 36 200 10 11 19.0284 13.9912

6 36 300 5 9 19.9722 14.308

7 42 150 10 11 20.7086 14.8795

8 42 200 5 9 223175 15.0036

9 42 300 8 7 25.1024 15.437

At this stage, the results are analyzed according to the table extracted from the practical experiments. The table of the results
for the electrical discharge machining process shows that increasing the current (from 24 to 42 A), with all other variables kept
constant, results in a significant increase in the metal removal rate (from 12.847 to 25.1024 mm?3/min). This increase is
accompanied by surface deformation, as the surface roughness values also increase from 11.6674 to 15.437 pm. Increasing the
current from 24 to 42, a raised the mean MRR from 14.42 to 22.71 mm?*min (+57%), while the mean Ra increased from 12.08
to 15.11 pm (+25%), evidencing the productivity quality trade-off. At 24 A, extending Ton from 150 to 300 us increased MRR
from 12.847 to 16.428 mm>*/min (+27.9%) and Ra from 11.6674 to 12.6501 um (+8.4%). Higher Ip and Ton increase the
discharge energy (E o Ip - V - Ton), enlarging the crater volume and the recast layer; consequently, MRR rises at the cost of
higher Ra. SEM observations agree with these trends (more re-solidified debris and micro-craters at higher Ip/Ton).

Figure 11, effect of discharge current and pulse duration on the material removal rate (MRR) and surface roughness (SR).
The results show that increasing the current and extending the pulse duration led to a significant rise in the MRR (from 12.847
to 25.1024 mm>/min), accompanied by a gradual increase in SR (from 11.6674 to 15.437 um), indicating the trade-off between
higher productivity and surface quality.

In this work, the effect of the working gap did not appear to significantly affect the process performance compared to the
effect of the current and the pulse duration. In fact, small gaps helped achieve better spark distribution and a more uniform
surface, while large gaps led to a dispersion of the spark energy.

In this context, the SEM and the laser data analysis visually confirmed these results, showing that samples operated at lower
currents had less angular surfaces than those operated at higher currents and longer pulse durations. The reliability of the laser
scanning data was also supported by the SEM images, which revealed fine cracks and prominent lines resulting from the electrical
actuation process.
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Figure 11: The effect of the current and the pulse time on the MRR and the SR

To this end, the authors in [23], and [29], revealed that the current serves as the main determining factor influencing the
metal removal rate and the roughness, together with the tool wear. Therefore, high current levels yield optimal results in all three
areas. The length of the pulse time directly correlates with the surface quality and the removal rate, creating more surface defects
and tool failures, although it promotes increased material removal. In addition, the electrical gaps have a direct impact on the
tool wear and the metal removal rate, but they remain a weaker influence than other factors. The process is affected by the
distinctive properties that different materials present. In [24] and [30], the research analyzed several types of variables. It
concluded that the low energy resulting from the low current and the shortest spark operation time led to improved surface quality
and reduced the roughness of the product. The research highlighted the significance of the shape used for cutting tools, noting
that the best removal rate is achieved with tools that contain curves and are circular, followed by square, triangular, and diamond-
shaped tools. This paper examined the response of the electric spark cutting process to various variables, including tool
dimensions and electrical measures, as well as pulse timing, material characteristics, and fluid control. Operating parameters,
including current and voltage, together with pulse time, control the quantity of metal removal and the level of surface roughness.
The process of metal removal improves with elevated operating parameters, but surface quality and precision deteriorate.
Particularly, the material behaves differently when subjected to mechanical stress, and fluid operations serve both to cool the
working region and extract dissolved particles [25,31]. The research presented a new method for examining surface roughness,
based on the color index of the workpiece layers, obtained from laser reflection micrographs instead of traditional grayscale
images. The practical aspect demonstrates that when the laser is reflected, the scattered rays are detected from the surface
containing high protrusions (surface roughness). The results were then photographed and interpreted as layers of different colors,
depending on the surface roughness. It was possible to collect high-resolution image data of about 90% compared with traditional
surface roughness measurement methods, and the results of these experiments are very practical for complex and precise shapes
that are difficult to examine [32].

The Taguchi method is used to analyze the influence of operational variables on the process performance and efficiency. In
this section, the effect of the three variables, namely the electric current, the pulse time (Ton), and the gap between the two
electrodes, on the metal removal rate and the surface roughness will be analyzed, and the effect of each factor will be determined
over the others. According to the results of the linear regression analysis, the electrical current had the greatest impact on both
MRR and SR. In fact, lowering the current to 24 A considerably improved roughness and decreased MRR (P < 0.05). The 150
us pulse duration significantly impacted both responses. However, the gap variation had no discernible impact (P > 0.05). If P <
0.05, the effect is significant (reliable). If P > 0.05, the effect is not statistically significant (possibly due to chance). Table 4
presents the results of the linear regression coefficients for the metal removal rate, while Table 5 displays the linear regression
results for the surface roughness.

Table 4: Linear regression model coefficients for the MRR

Factor Regression Coefficient Standard Error of Coefficient T-value P-value
Constant 18.7079 0.2429 77.011 0.0
Current 24 -4.2852 0.3435 -12.473 0.006
Current 36 0.2836 0.3435 0.826 0.496
T-on 150 -1.5314 0.3435 -4.458 0.047
T-on 200 -0,2616 0.3435 -0.761 0.526
Gap 5 -0.3290 0.3435 -0.958 0.439
Gap 8 0.3152 0.3435 0.918 0.456
Model Summary S R-sq R-sq (adj)

0.7288 99.1% 96.5%
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Table 5: Linear regression model coefficients for the SR

Factor Regression Coefficient Standard Error of Coefficient T-value P-value
Constant 13.6696 0.03038 449,978 0.0
Current 24 -1.5915 0.04296 -37.045 0.001
Current 36 0.1544 0.04296 3.595 0.069
T-on 150 -0.4297 0.04296 -10.001 0.010
T-on 200 -0.0324 0.04296 -0.754 0.529
Gap 5 -0.0100 0.04296 -0.232 0.838
Gap 8 -0.1607 0.04296 -3.740 0.065
Model Summary S R-sq R-sq (adj)

0.09114 99.9% 99.6%

Table 6: Analysis of variance (ANOVA) for the MRR

Source DF Seq SS Adj SS Adj MS F P
Current 2 103.369 103.369 51.6847 97.31 0.010
T-on 2 16.885 16.885 8.4424 15.9 0.059
Gap 2 0.623 0.623 0.3117 0.59 0.630
Residual Error 2 1.062 1.062 0.5311

Total 8 121.940

Table 7: Analysis of variance (ANOVA) for the SR

Source DF Seq SS Adj SS Adj MS F P
Current 2 13.8656 13.8656 6.93282 834.71 0.001
T-on 2 1.1975 1.1975 0.59875 72.09 0.014
Gap 2 0.1651 0.1651 0.08254 9.94 0.091
Residual Error 2 0.0166 0.0166 0.00831

Total 8 15.2449

At this stage, an ANOVA analysis of MRR and SR was performed by presenting the results of the two tests extracted from
the Minitab 18 application. Tables 6 and 7 illustrate the analysis of variance for both the metal removal rate and the surface
roughness.

ANOVA percent contributions (from Seq SS) confirm factor ranking. For MRR: Current 84.8%, Ton 13.9%, Gap 0.5%. For
SR: Current 91.0%, Ton 7.9%, Gap 1.1%.With F values (97.31 for MRR and 834.71 for SR) being highly significant (P < 0.05),
the analysis of variance (ANOVA) results demonstrated that the electric current had the greatest impact on both the MRR and
the SR. In contrast, the effect of the electrode gap was small and negligible (P > 0.05), whereas the pulse time also demonstrated
a moderate to strong effect (F = 15.9 for MRR and F = 72.09 for SR).

One of the fundamental tools in the Taguchi methodology for analyzing the effect of variables is the signal-to-noise (S/N)
ratio. This ratio aims to maximize performance and minimize unwanted variations. By applying the S/N analysis, the responses
can be evaluated based on the "larger is better" criterion for the MRR and the "smaller is better" criterion for the Ra. Tables 8
and 9 show the signal-to-noise ratio results for both the MRR. Figure 12 Main-effects plot of the signal-to-noise (S/N) ratio for
MRR (larger-is-better): panels show factor levels for Current (A), Pulse duration (us), and Gap (mm). Figure 13 Main-effects
plot of the S/N ratio for SR (smaller-is-better): panels for Current (A), Pulse duration Ton (us), and Gap (mm). Table 1 Signal-
to-noise (S/N) ratio for the MRR. For each figure, Y-axis: S/N ratio (dB); X-axis (each panel): factor level with units.

Table 8: Signal-to-noise (S/N) ratio for the MRR

Level Current Ton Gap

1 23.14 24.53 25.05
2 25.56 25.16 25.34
3 27.10 26.10 2541
Delta 3.96 1.57 0.36

Rank 1 2 3

Table 9: Signal-to-noise (S/N) ratio for the SR

Level Current Ton Gap

1 -21.63 -22.39 -22.66
2 -22.81 -22.65 -22.56
3 -23.58 -22.97 -22.80
Delta 1.95 0.58 0.24
Rank 1 2 3
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Figure 12: The S/N main effects plot for the MRR
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Figure 13: The S/N main effects plot for the SR

The signal-to-noise ratio analysis confirms the ranking of variables in order of importance, with the current as the most
influential parameter, with A = 3.96 for the MRR, and A = 1.95 for the SR. The pulse duration is second, followed by the gap.

Based on the results of a linear regression analysis derived from experimental values and analyzed using the Taguchi
application, equation models were constructed for both the metal removal rate and the surface roughness. These models aim to
provide a mathematical means for estimating the response level based on the values of the variables. The first level of each factor
was chosen as a reference for the other levels, and the other levels were expressed within the model.

The following Equations (1,2) is used to estimate the predictive values of the MRR, based on the regression coefficients

obtained from the analysis:

MRR = 18.7079 — 4.2852(Current24,) + 0.2836(Current36,) — 1.5314(Ton150,) —
0.2616(Ton200,) — 0.3290(Gap5,) + 0.3152(Gap8,) (1)

The following equation is used to estimate the predictive values of the SR:

Ra = 13.6696 — 1.5915(Current24y) + 0.1544(Current36y) — 0.4297(Ton150,) —
0.0324(Ton200,) — 0.0100(Gap5y) — 0.1607(Gap8y) 2)

Models use level-coded indicator variables (level 1 as reference). Predicted values closely matched the experiments with a
mean error = 1.81% for MRR and 0.30% for SR (Table 10; Figure 14).

Table 10 shows the actual experimental values and the values predicted from the linear regression equations for both the
metal removal rate and the surface roughness.
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Table 10: Actual and predicted values of the MRR and the SR

No. Actual MRR Actual SR Predicted MRR Predicted SR MRR Error% SR Error %
1 12.847 11.6674 12.5623 11.6385 2.2161 0.24769
2 13.993 11.9169 14.4763 11.8851 3.4539 0.26684
3 16.428 12.6501 16.2294 12.7108 1.2089 0.47983
4 17.974 13.173 17.7754 13.2337 1.1049 0.46079
5 19.0284 13.9912 18.7437 13.9623 1.4962 0.20655
6 19.9722 14.308 20.4555 14.2762 2.4198 0.22225
7 20.7086 14.8795 21.1919 14.8477 2.3338 0.21371
8 22.3175 15.0036 22.1189 15.0643 0.8899 0.40457
9 25.1024 15.437 24,8177 15.4081 1.1342 0.18721

The predictive accuracy of the regression equations was evaluated by comparing the actual and the predicted values (Table
10 and Figure 14). More specifically, the predicted values closely matched the actual experimental data, with low average
prediction errors of 1.81% for the MRR and 0.30% for the SR. This outcome demonstrates the model's reliability in estimating
future responses. Figure 14. Comparison between actual and predicted values of material removal rate (MRR) and surface
roughness (SR). The predicted results obtained from the regression equations closely follow the experimental values, with low
prediction errors (1.81% for MRR and 0.30% for SR). This confirms the reliability of the developed model in estimating future
responses.

Actual MRR Actual SR Predicted MRR Predicted SR
30

25
20
15

10

Numerical values of the outputs

1 2 3 4 5 6 7 8 9
Experiment No

Figure 14: A comparison between actual and predicted values

Any study that seeks to balance productivity and surface quality must include a multi-objective optimization phase,
particularly in non-traditional processes such as EDM. The balance or combination of several goals, such as the simultaneous
removal of metal and the reduction of roughness, is not considered by Taguchi analysis, which is used to ascertain the effect of
each variable independently on the responses. As a result, using the Grey Relational Analysis offers a useful method for
combining disparate goals into a single index. This analysis can be used to select the optimal machining experience that yields
balanced performance, enhancing the quality of the finished product, decision accuracy, and process efficiency. In particular,
this technique can transform more than one physical objective into a unified criterion against which the optimum level of the
experiment can be evaluated. In this regard, the highest GRG value represents the optimal solution that can achieve the best
productivity while maintaining quality. Table 11 shows the analysis of the results and the determination of the optimum level.

Table 11: The optimum level of the surface sample

No. S/N ratio S/N ratio Normalization Normalization Coefficients of Coefficients of GRG
(SR) (MRR) S/N (SR) S/N (MRR) Grey (SR) Grey (MRR)
1 -21.6 22.176 0 1 0.333 1 0.666
2 21.8 22912 0.956 0.872 0.921 0.796 0.858
3 22.1 24311 0.964 0.632 0.934 0.576 0.755
4 22.5 25.092 0.972 0.498 0.947 0.499 0.723
5 22.9 25.588 0.982 0.413 0.965 0.464 0.712
6 232 26.002 0.988 0.341 0.977 0.431 0.704
7 235 26.301 0.994 0.287 0.988 0.412 0.701
8 237 26.291 1 0.175 1 0.377 0.688
9 24 27.99 1.006 0 0.3311 0.333 0.332
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The second experiment with surface design was selected and adopted as a sample for quality improvement in the next
finishing process, as this experiment achieved the best balance between production efficiency and surface quality. After the
machining phase and optimization, nine samples were manufactured, all of which were run under the same experimental
conditions as those of the second surface design experiment. The finishing process is performed using three variables (tool
rotation speed, feed speed, and abrasive particle size) at three levels to determine the effect of each variable individually, as well
as the combined effect of these variables on surface quality. Figure 10 shows the sample on which the finishing operations are
carried out with a roughness level of 11.9169 pm.

4.2 The magnetic abrasive finishing result

Table 12 presents the most significant results obtained from the machining process using the MAF. Figure 15 Laser
inspection results and SEM analysis of the surface design samples after finishing with MAF technology a) Sample examined at
a feed rate of 35 mm/min: (1) laser scanning examination showing surface protrusions with roughness diagram; (2—4) SEM
images at different magnifications b) Sample examined at a feed rate of 70 mm/min: (1) laser scanning examination with
roughness diagram; (2-4) SEM images at various magnifications, and ¢) Sample examined at a feed rate of 90 mm/min: (1) laser
scanning examination with roughness diagram; (2—4) SEM images at different magnifications.

Table 12: The results of the first pass finishing process

No. Federate Tool rotation speed Particles size New Roughness (Ra) ARa Improvement
(mm/min) (rpm) (nm) (m) ratio
1 35 300 200 4.836 7.0766 59.41%
2 35 500 300 4.29 7.6226 64.02%
3 35 750 600 4.329 7.5836 63.68%
4 70 300 300 5.811 6.1016 51.24%
5 70 500 600 5.428 6.4846 54.45%
6 70 750 200 5.1943 6.7183 56.41%
7 90 300 600 6.7492 5.1634 43.38%
8 90 500 200 6.3483 5.5643 46.74%
9 90 750 300 6.2873 5.6253 47.26%

MAF reduced Ra from 11.9169 pm to =4.29 um (64.02%). Improvement decreased with increasing feed rate (=59—-64% at
35 mm/min vs. <48% at 90 mm/min), while a mid-range speed (500 rpm) balanced brush stability and kinetic energy. Particle
size 300 um yielded the most uniform reduction; 600 um risked scratching/instability, whereas 200 um was less energetic.

250
200
150
100
50
0
A dddddddddddddddd S dd A dd
NTOONONTOOONTONONTOOONT O N O
ArddddadNNNNMmnONmT ST FN

1. The result of the laser scanning technique examination

SEM HV: 20.0kV Det: SE

“SEM HV: 200KV Dot: SE

SEMHV: 200KV Det: SE L
SEM MAQ: 500 x  Date{midy): 0114125 100 pm

SEM MAG: 200 x | Data{mialy): 0114125 200 pm SEM MAG: 2.00 kx| Date(midy}: 01114125 20 pm

2. SEM tests with scale bar 200 p 3. SEM tests with scale bar 100 p 4. SEM tests with scale bar 20 p
(a) A sample examination carried out at 35 mm/min federate

Figure 15: Laser-scanning outputs and SEM micrographs after MAF. For each feed rate (35, 70, 90 mm/min): (1) 3D map + line
profile (X: Lateral position; Y: Height (um/a.u.)), (2—4) SEM micrographs (scale bars: 200, 100, 20 um) a) 35 mm/min;
b) 70 mm/min, and ¢) 90 mm/min
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Figure 15: Continued

Table 12 of the results indicated that the finishing procedure was effective in improving surface roughness percentages.
Particularly, the efficiency of roughness reduction was examined in relation to the feed speed, the tool rotation speed, and the
abrasive particle size. In this context, the findings indicated an inverse relationship between the percentage of roughness
improvement and the feed rate. Due to the short effective contact time between the particles and the sample surface, the
percentage dropped to less than 48% at a high speed (90 mm/min), whereas the greatest improvement was obtained at a low
speed (35 mm/min), ranging from 59.4 to 64%. On the other hand, it was found that a medium rotation speed (500 rpm) was
optimal for achieving equilibrium between particle stability and kinetic energy in the magnetic field, which helped to improve
the surface uniformly. However, the high speed (750 rpm) caused loss of magnetic stability and disruptions in particle
distribution, which decreased performance efficiency. In fact, the best results were obtained in terms of uniform distribution and
roughness reduction with medium-sized particles (300 um). Large particles (600 um) resulted in a loss of magnetic stability and
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the potential for surface scratching or failure to reach microcavities. In contrast, small particles (200 um) were ineffective because
of their low energy.

After finishing, laser scanning and electron microscopy images confirmed a notable improvement in surface smoothness and
the elimination of noticeable flaws, thereby strengthening the accuracy of the numerical results and demonstrating the
effectiveness of the finishing procedure.

It is worth mentioning that the finishing stages and the effect of variables are not identical in all studies. They depend on the
finishing conditions used, as the interaction of variables with each other affects the process's performance and depends on the
level of surface roughness being finished [18]. However, there is some agreement between the results of this work and those of
some previous studies. In [26], the research focused on examining the effect of tool development and certain variables on surface
roughness. Some variables were selected, including the magnet speed (200, 400, 600, and 800 RPM) and the finishing time (0.5,
1.0, 1.5, and 2.0 hours). After conducting practical experiments, the effect of variables in the process was identified as follows:
Surface roughness improves at medium speeds. Then, the roughness increased due to centrifugal forces. As for the effect of the
finishing period, as it increases, there is a continuous decrease in surface roughness. The most important conclusions of the
experiments are that the surface roughness improved by 76%, with the roughness reaching 96 nm. In [27], the effect of
operational variables on the rough surface of the product during the MAF process was examined. The CNC_MAF process
operated on aluminum, where the mixture of aluminum oxide abrasive particles, iron particles, and cleaning oil was kept to a
rate of 5%. The parameters used are the rotation speed, ranging from 1000 to 2500 rpm, the feed rate, from 10 to 25 mm/min,
and the number of process repetitions, from 3 to 9 times. The research demonstrated that the CNC MAF processes enable the
highest accuracy in machine tools management and movement. The test results showed that the optimal operational settings
achieved an rpm value of 1500, accompanied by a feed rate of 50 mm/min. The highest effective setting occurs when roughness
decreases according to the number of revolutions in operation. The highest surface finish measurement of 0.04 mm occurred
when the process revealed its optimal configuration. Moreover, the authors in [28], studied the magnetic finishing process, which
depends mostly on the magnetic finishing tool rotation speed, the magnetic field intensity, and the workspace dimensions, as
well as the abrasive particle weight and the iron particle ratio. Among the primary factors studied in the process were the
rotational speed, which was the most influential variable, followed by the magnetized abrasive particle weight and the workspace
dimensions, which significantly influenced the results at rates of (39.7, 32.74, and 22.87) %, respectively.

The Taguchi method and statistical analysis were employed to assess the impact of operational variables (feed speed, tool
rotation speed, and abrasive particle size) on the efficiency of the finishing process and the reduction of surface roughness. The
linear regression analysis was employed to determine the individual effects of each variable. Table 13 shows the results of the
linear regression analysis of the means.

Table 13: Linear regression model coefficients for the SR

Factor Regression Coefficient Standard Error of Coefficient T-value P-value
Constant 5.47479 0.03238 169.061 0.0
Feed rate 35 -0.98979 0.0458 -21.612 0.002
Feed rate 70 0.00298 0.0458 0.0654 0.954
Rpm 300 0.32394 0.0458 7.073 0.019
Rpm 500 -0.11936 0.0458 -2.606 0.121
p.saize 200 -.0.01526 0.0458 0.333 0.771
p.size 300 -0.01202 0.0458 0.263 0.817
Model Summary S R-sq R-sq (adj)

0.09715 99.7% 98.8%

The results of the regression analysis showed that a feed speed of 35 mm/min was the most effective for extracting the lowest
roughness (the highest improvement value) and was the most significant parameter in these experiments. In contrast, the tool
rotation speed had a moderate effect on the process's effective performance, while the particle size was the least influential factor
in these experiments.

To assess the level of the statistical influence of each factor, a variance analysis was performed using linear regression
analysis. Table 14 displays the amount of variance for each factor, which helps determine the level.

Table 14: Analysis of Variance (ANOVA) for the SR

Source DF Seq SS Adj SS Adj MS F P
Feed rate 2 5.86046 5.86046 2.93023 310.46 0.003
Rpm 2 0.48313 0.48313 0.24156 25.59 0.038
p.size 2 0.00336 0.00336 0.00168 0.18 0.849
Residual Error 2 0.01888 0.01888 0.00944

Total 8 6.36583

The results of the analysis of variance showed that the feed rate factor has a p-value of 0.003, which is the most significant
factor, followed by the rotation speed, which showed a medium inhibitory effect with a p-value of 0.038. Regarding the particle
size, it did not exhibit a significant effect, indicating a weak role in improving the surface during this study. The signal-to-noise
ratio represents the accuracy and stability of performance in response to varying levels of a changing variable. It is based on the
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"bigger is better" criterion for response values. A standard is based on the amount of improvement, and hence, the greater the
improvement, the better, as shown in Table 15.

Table 15: Signal-to-noise (S/N) ratio for the SR

Level Current Ton Gap

1 -13.02 -15.19 -14.68
2 -14.76 -14.47 -14.63
3 -16.20 -14.34 -14.67
Delta 3.18 0.85 0.05
Rank 1 2 3

The extracted response tables confirm what was analyzed in the (S/N) ratio analysis. The factor whose level is the strongest
and most decisive in determining the level of finishing process efficiency is the feed rate, followed closely by the rotation speed,
which depends on other levels to produce the best results. Finally, the weakest influence is the particle size.

The regression analysis enables the derivation of the predictive equations that express the system's behavior and facilitate
the calculation of the expected roughness for any combination of input factor levels. The final Equation (3) derived from the
regression coefficient table to predict surface roughness was as follows:

Ra = 5.47479 — 0.98979(feedrate35) + 0.00298(feedrate70) + 0.32394(rpm300) —
0.11936(rpm500) — 0.01526(p. size200) — 0.01202(p. size300) 3)

Table 16: Actual and predicted values of the SR

No. Federate Tool rotation Particles size Actual SR Predicted SR Error %
(mm/min) speed (rpm) (pum) SR
1 35 300 200 4.836 4.79369 0.87
2 35 500 300 4.29 4.35362 1.49
3 35 750 600 4.329 4.30769 0.49
4 70 300 300 5.811 5.78969 0.37
5 70 500 600 5.428 5.38569 0.78
6 70 750 200 5.1943 5.25792 1.22
7 90 300 600 6.7492 6.81282 0.94
8 90 500 200 6.3483 6.32699 0.34
9 90 750 300 6.2873 6.24499 0.67

The results showed good convergence between the actual and the predicted values, reflecting the accuracy of the predictive
model. The average difference between the values was small, supporting the validity of using the derived equation to estimate
process performance within the range of variables used. The mean error value of the predictive values proved the accuracy and
reliability of the results, reaching approximately 0.82%. Figure 16 Comparison between actual and predicted values of surface
roughness (SR). The results demonstrate a very close agreement between experimental measurements and regression model
predictions, with a prediction error of approximately 0.82%, confirming the accuracy and reliability of the developed model.

8

7

Numerical values of the outputs

1 2 3 4 5 6 7 8 9
Experiment No
Actual SR Predicted SR

Figure 16: Comparison between actual and predicted values

The MAF finishing process proved to be highly effective in improving the surface roughness resulting from the electro-
spark machining process. In particular, the process yielded remarkable improvement results, as the surface roughness decreased
from 11.9169 um to approximately 4.29 um, representing a 64.02% improvement rate. This outcome demonstrates the efficient
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performance of the finishing process in removing unwanted residual layers resulting from the machining process. The operating
variables exhibited varying effects, with the feed rate being the most influential factor, followed by the tool rotational speed, and
finally, the abrasive particle size, which was considered the least influential factor. In Figure 17, improvement in surface
roughness (SR) after magnetic abrasive finishing (MAF) process as compared to the initial values obtained by EDM. The
obtained results indicate a definite improvement, since SR decreased significantly after MAF for different operating conditions,
which demonstrates the efficiency of the finishing technique to create smoother surfaces.

Microstructural effects of spark-generated heat, SEM images obtained after EDM (Figure 10) reveal typical thermally-
induced features: re-solidified globules, micro-craters and fine surface cracks, all consistent with the formation of a recast (white)
layer and a heat-affected zone (HAZ) caused by the rapid melt—vaporize—quench cycle. Increasing current and pulse-on time
intensified these features, in line with the observed rise in SR. After MAF, SEM observations (Figure 15) show a marked
reduction of re-solidified debris and burrs, smoother crater rims, and improved surface uniformity, indicating partial
removal/leveling of the recast layer and mitigation of thermally-induced defects. These qualitative microstructural changes
support the quantitative decrease in SR reported in Table 12.

14

12

10

Numerical values of the outputs

1 2 3 4 5 6 7 8 9

Experiment No
e SR - EDM SR - MAF

Figure 17: The reduction in surface roughness after applying

5. Conclusion

This study integrates EDM machining of complex models with MAF finishing and uses non-contact laser scanning to
quantify surface roughness where contact methods are limited.

1)  From the EDM experiments on complex samples, current was the most influential factor: metal removal and surface
roughness both increased with increasing current due to higher spark energy. Pulse duration had a moderate effect in
the same direction, while the working gap had little effect.

2) A multi-objective analysis (higher MRR, lower SR) identified the optimal EDM setting as Ip = 24 A, Ton = 200 ps,
Gap = 8 mm for both designs. Best single responses were: MRR = 25.1024 mm?®/min at Ip = 42 A, Ton = 300 ps,
Gap =8 mm, and SR =11.6674 um at Ip =24 A, Ton = 150 ps, Gap = 5 mm.

3) The MAF finishing process was highly effective on the EDM-machined complex surfaces: SR decreased from
11.9169 pm to ~4.29 um (64.02%), demonstrating efficient removal of residual layers generated during machining.

4)  Atthis stage of the finishing process, the statistical analysis revealed that the feed rate was the most influential factor,
followed by the spindle speed, with the particle size having the least effect. SEM observations corroborated that MAF
mitigates thermally-induced EDM defects by leveling the recast layer and removing re-solidified debris, which
explains the substantial reduction in SR.

5)  The laser scanning technology has proven its effectiveness in obtaining the best and most accurate results when
examining complex, uneven surfaces.
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