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400 96 Ústí nad Labem, Czech Republic
3 Department of Machine and Industrial Design, VSB - Technical University of Ostrava,

708 00 Ostrava, Czech Republic
* Correspondence: mouralova@fme.vutbr.cz

Abstract: Wire electrical discharge machining (WEDM) is an unconventional machining technology
that can be used to machine materials with minimum electrical conductivity. The technology is often
employed in the automotive industry, as it makes it possible to produce mold parts of complex shapes.
Copper alloys are commonly used as electrodes for their high thermal conductivity. The subject of
this study was creating mathematical models for the machining optimization of Ampcoloy 35 with
different thicknesses (ranging from 5 to 160 mm with a step of 5 mm) using WEDM to improve the
surface properties of the mold parts. The Box–Behnken type experiment was used with a total of
448 samples produced. The following machining parameters were altered over the course of the
experiment: the pulse on and off time, discharge current, and material thickness. The cutting speed
was measured, and the topography of the machined surfaces in the center and at the margins of the
samples was analyzed. The morphology and subsurface layer were also studied. What makes this
study unique is the large number of the tested thicknesses, ranging from 5 to 160 mm with a step of
5 mm. The contribution of this study to the automotive industry and plastic injection mold production
is, therefore, significant. The regression models for the cutting speed and surface topography allow
for efficient defect-free machining of Ampcoloy 35 of 5–160 mm thicknesses, both on the surface and
in the subsurface layer.

Keywords: WEDM; surface topography; cutting speed; Ampcoloy; design of experiment;
machining parameters

1. Introduction

Wire electrical discharge machining (WEDM) is an unconventional machining technol-
ogy that is vital for many industries, such as the food, aerospace, and automotive industries.
WEDM is suitable for the machining of all materials with at least minimum conductivity.
That offers a lot of benefits, especially the possibility of machining materials which are
conventionally nonmachinable. WEDM makes it possible to machine highly tough, soft, or
very hard materials, where otherwise the need to purchase a conventional tool would prove
very expensive. An increased energy consumption counts amongst the few WEDM disad-
vantages; however, optimizing the process using one of the optimization techniques [1,2]
can help to reduce the aforementioned. Unfortunately, it is not possible to set the machin-
ing speed as WEDM does not work like other conventional machining technologies. The
machine controls set the speed automatically based on the machining parameters. The
tool (wire) must never come into direct contact with the workpiece. For this purpose, the
machine manufacturer supplies technologies (the summary of the machining parameters)
for different material types and thicknesses (the usual step is 5 mm). Thickness plays a
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very important role here as well and must always be taken into account [3,4]. The main
disadvantages of WEDM technology are the low speed of material removal and remelted
layer formation.

The advantages of Ampco alloys include a high thermal conductivity of up to
208 W·m−1·K−1 and relatively good hardness of up to 450 HB [5]. These properties
make them ideal for the production of parts for plastic injection molds or the mold itself [6].
WEDM technology is vital for the manufacturing of mold parts and molds themselves as
traditional machining is sometimes entirely impossible.

Wu et al. [7] studied how the geometric structure, such as sinusoidal and rectangular
shapes, of certain metals influences their wettability. Cu alloys used in the research devel-
oped micro- and nano-scale craters during wire electrical discharge machining (WEDM).
The spark discharge caused rapid remelting, resulting in the formation of a recast layer
on the alloy. Its surface exhibited an improved hydrophobicity due to the formation of
multiscale submillimeter structures. The sinusoidal structures showed better hydropho-
bicity than the rectangular ones. The servo voltage during WEDM can significantly affect
the shape and size of the micron-scale structures on the surface. Ahmed et al. [8] found
that to maximize the surface area for optimal heat transfer, there has to be the largest
number possible of microchannels. The interchannel fin thickness (IFT) represents the
most important feature influencing this number. However, it is difficult to fabricate deep
microchannels through conventional methods, which is why WEDM could be the solu-
tion. In the study, the minimum IFT and the machining parameters were investigated for
copper microchannels. Satishkumar et al. [9] studied the metal removal rate (MRR) and
surface roughness of oxygen-free high thermal conductivity (OFHC) copper machined
by WEDM. The Taguchi method was used to develop mathematical models to improve
the said metal removal rate and surface roughness. They concluded that the pulse on
time, pulse off time, and wire tension are the most important factors influencing MMR
and surface roughness. The found solutions can serve as the recommended machining
parameters. Li [10] investigated the optimal machining parameters for copper electrode
WEDM manufacturing. The parameters’ influence on cutting speed and surface roughness
was studied to achieve the best surface quality. Aspects such as the discharge energy,
formation of adhesive on the cutting surface, electric erosion products, and their influence
were analyzed using analytical methods. Tests proved the pulse width and peak current
to be the most influential factors for surface roughness and cutting speed, respectively.
Sathiyaraj et al. [11] studied different WEDM machining parameters and how different
combinations of the pulse on time, pulse off time, and peak current influence the MRR
and surface roughness (Ra). Taguchi’s L9 orthogonal array, advantageous for its need for a
small number of trials, was successfully employed in the experiment and, along with the
analysis of variance (ANOVA), helped determine the importance of the aforementioned
machining parameters. Meenakshi et al. [12] studied the surface roughness of copper metal
matrix composite (MMCs) machined with WEDM. The experiment was conducted using
Taguchi’s L9 orthogonal array. Employing ANOVA and a multilinear regression model
(MLRM), they established the parameters’ significance for surface roughness. The MLRM
coefficients were adjusted using an artificial immune system algorithm. Optimizing the
machining parameters such as the spark on time, spark off time, peak current, and wire
feed, the surface roughness was reduced. Evran [13] investigated the effects of machining
parameters on surface roughness (SR) and MMR in the WEDM of hard copper alloy. The
parameters in question were the wire type, pulse time, and duration between two pulses.
The Taguchi method was used for the experiment’s design. The signal-to-noise ratio and
variance analysis were employed to determine the parameters’ effect and their per cent
contributions regarding SR and MRR, respectively. Wang et al. [14] simulated how the
discharge craters formed on a beryllium copper alloy surface after electrical discharge
machining (EDM) affect its drag reduction. The topological features of the surface under
different EDM parameters were extracted using power spectrum and wavelet analysis, and
the resulting mathematical models were used to simulate the interaction of water with the
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surface using Fluent. This showed the drag reduction performance for different machining
currents, pulse width, and discharge energy settings. The results were verified using a real
test experiment.

Mahapatra et al. [15] studied WEDM machining factors and their influence on perfor-
mance characteristics. The parameters—discharge current, pulse duration, pulse frequency,
wire speed, wire tension, and dielectric flow—were analyzed using Taguchi’s parameter
design. The influence of the said parameters on the resulting responses—MRR, surface
finish (SF), and cutting width (kerf)—was observed. A mathematical model was proposed
to adjust the parameters in order to optimize all responses.

Chiang et al. [16] studied how to optimize the WEDM process of Al2O3 particle-
reinforced material (6061 alloy). Using grey relation analysis, the influence of the machining
parameters on the performance characteristics was established. The studied parameters
were the cutting radius, on and off time, arc on and off time, servo voltage, wire feed, and water
flow. The performance characteristics considered were the material removal rate and surface
roughness. The study proposed a relevant approach for the characteristics’ improvement.

WEDM optimization is a complex task as there is a large number of machining pa-
rameters, and each material’s thickness (usually 5 mm) needs to be optimized separately.
This optimization will, however, bring significant savings in the machining time and hence
reduce the amount of electrical energy consumed to machine a particular part. In order to
gain a detailed understanding of WEDM, extensive studies have been conducted on the
machining of materials such as the abrasion-resistant steels Hardox 400 [17] and Creusabro
4800 [18], aluminium alloy 7475-T7351 [19], and pure molybdenum [20]. The purpose of
this study was to optimize the WEDM process for the machining of Ampcoloy 35 in terms
of maximizing the cutting speed and surface quality for material thicknesses of 5–160 mm
and a comprehensive study of the surface and subsurface area of all machined samples.
What makes this study unique is the large number of the tested thicknesses, ranging from
5 to 160 mm with a step of 5 mm. A total of 32 different thicknesses were tested, with
448 samples produced. The contribution of this study to the automotive industry and
plastic injection mold production is, therefore, significant.

2. Experimental Setup and Material
2.1. Experimental Material

The samples for the experiment were made of copper alloy Ampcoloy 35. The chemical
composition of the material is defined by the standard in wt.%—4% Zn, 7% Sn, 6% Pb,
and Cu balance. Ampcoloy 35 is an alloy with very good thermal conductivity, which
is 45 W·m−1·K−1. Due to its higher tin content, the tensile strength reaches 250 MPa.
Ampcoloy alloys are mainly used for the production of replaceable parts and mold parts
that need to be changed due to wear. The initial cube-shaped semiproducts were used
for the experiment, an example of which is shown in Figure 1a. Each sample was cut
to a length of 3 mm, as shown on the sample in Figure 1b. There were always exactly
6 samples on each plate, and the first sample was marked with a chamfered edge for a
better orientation on the plates. A large number of plates with different thicknesses from
5 to 160 mm with a 5 mm step (Figure 1c) was produced, resulting in a total of 32 different
material thicknesses examined. The samples’ microstructure and chemical composition
analysis (EDX) are shown in Figure 1d.

2.2. WEDM Machine Setup

A Robocut C400iB EDM wire-cutting machine from FANUC, shown in Figure 2a,
was used to produce samples. This machine is equipped with CNC control in all 5 axes,
which allows for the production of conical shapes. The machine can produce workpieces
of 730 × 630 × 250 mm in size and a maximum weight of 500 kg. The travel of the X- and
Y-axis is 400 × 300 mm and 255 mm of the Z-axis. Machining is possible at a maximum of
±30◦ angle. The workpiece was immersed in a dielectric bath of nonionized water at all
times. During the entire machining time, flushing was ensured by the upper and the lower
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jets, with both of them placed as close to the workpiece as possible. The tool electrode
was a 0.25 mm brass wire supplied by PENTA under the designation PENTA CUT P. The
strength of the wire was 1000 N/mm2. The sample production is shown in Figure 2b,c.
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The key output characteristics describing EDM wire cutting are the cutting speed and
quality of the machined surface. These will be assessed both in the center of the sample and
at its margin. The removal of eroded particles is expected to be poorer in the samples’ center,
as the dielectric access to the cutting point is more difficult. As a result, the surface quality
will deteriorate. The dependence of these characteristics on the machining parameters was
modelled using a design of experiment (DoE). The ground for this large-scale design of
experiment is one replication of the Box–Behnken model with two replications of the center
point (Table 1) for the input factors discharge current (I), pulse on time (Ton), and pulse off
time (Toff), and in the ranges according to Table 2.

These parameters and ranges were selected based on extensive previous tests. The
screening test proved the parameters of gap voltage and wire feed rate to be negligible,
which is why they were set to a constant value, that is, 60 V for the gap voltage and
12 m/min for the wire feed rate. The thicknesses (t) of the workpieces varied from 5 to
160 mm in steps of 5 mm, i.e., 5, 10, 15 . . . mm, and 14 samples of each thickness were pro-
duced, for a total of 448 samples of different thicknesses. There were 32 thicknesses in total,
so the experiment entailed 32 repeated measurements that determined the reproducibility
of the measurements of the investigated responses in the consecutive regression models.
The wire did not break at any thickness or machining parameters.
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Figure 2. (a) Wire-cutting machine FANUC, (b,c) sample production.

Table 1. The design of the experiment for one material thickness.

Std Order Run Order Pt Type Pulse on
Time (µs)

Pulse off
Time (µs)

Discharge
Current (A)

3 1 2 6 50 30

9 2 2 8 30 25

7 3 2 6 40 35

8 4 2 10 40 35

6 5 2 10 40 25

12 6 2 8 50 35

11 7 2 8 30 35

13 8 0 8 40 30

14 9 0 8 40 30

5 10 2 6 40 25

1 11 2 6 30 30

4 12 2 10 50 30

2 13 2 10 30 30

10 14 2 8 50 25
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Table 2. Ranges of setup parameters.

Level Pulse on Time (µs) Pulse Off Time (µs) Discharge Current (A)

High 10 50 25

Middle 8 40 30

Low 6 30 35

2.3. Experimental Methods

Samples produced in the design of the experiment on an EDM wire-cutting machine
were cleaned in an ultrasonic cleaner from Sonic (Morinville, Alberta Canada) and subjected
to a comprehensive analysis using an LYRA3 scanning electron microscope (SEM) from
Tescan (Brno, Czech Republic). This microscope also included an energy-dispersive X-ray
detector, which enabled the analysis of the chemical composition. In order to study the
surface and subsurface layers, metallographic preparations were made, which enabled
the representation of cross-sections of the sample. The specimens were prepared using
conventional techniques, wet grinding and diamond paste polishing using the automatic
TEGRAMIN 30 preparation system from Struers (Westlake, Cleveland, OH, USA). The final
mechanical–chemical polishing was carried out using Struers OP-Chem suspension. Once
etched with aqua regia 1:20 (HCL:HNO3), the structure of the material was observed using
an Axio Observer Z1m inverted light microscope (LM) from ZEISS and documented. The
topography and 3D relief of the machined samples’ surface were studied using a noncontact
3D profilometer IFM G4 supplied by Alicona based on the principle of coherence correlation
interferometry. Finally, 3D surface reliefs were created using a contact 3D profilometer
Dektak XT from Bruker and further analyzed using Gwyddion software.

3. Results and Discussion
3.1. Statistical Evaluation of Surface Topography and Cutting Speed

The evaluated surface topography parameter, in this case, was the arithmetical mean
deviation of the profile (Ra), which is the main topography parameter that is usually
considered. Due to the large number of analyzed samples, only one parameter was evalu-
ated. The measurement was performed according to the standard for profile parameters
ISO 4287 [21]. The first spot chosen for the measurement was always 0.1 mm from the
margin of the samples, and the second was its center. These two spots were chosen based
on the knowledge that, in the center, the dielectric fluid is not distributed as well as at
the margins, and the drainage of the eroded material is not as smooth as at the margins,
which always makes the topography parameters higher. The measurement at the margin is
further designated as the “margin” and the measurement at the center as the “center”. We
can see higher values registered in the centers of the samples than at their margins. The
maximum Ra value of 4 µm was measured in the centers and only 3.6 µm at the margins.
These values are higher than the maximum Ra values observed in a previous study per-
formed by Mouralova et al. [22] when machining the same material of a 10 mm thickness.
This result was to be expected, as with increasing workpiece thickness, the effect of poor
dielectric supply to the sample’s center has to show. On the contrary, the lowest value of
Ra 1.6 µm was observed in Sample 52, machined with the following parameters: Ton = 6 µs,
Toff = 40 µs, and I = 25 A. Similarly low values were obtained for copper machining in the
studies undertaken by Venkateswarlu et al. [23] and Satishkumar et al. [9]. The thickness of
the machined material in these studies was, however, only 10 mm.

For each sample, the cutting speed was read from the machine’s display. True to our
expectations, the highest speed of 20.24 mm/min was observed in sample No. 7 with
the lowest material thickness of 5 mm. Significantly, higher speeds were reached when
machining pure copper in the Li study [10], with twice as high Ra values.

A fully quadratic regression model was created. The insignificant factors (p-value > 0.05)
were removed using the “Step Wise Selection of Terms” method while maintaining the
hierarchy of the model. The correspondence between the cutting speed and thickness is



Materials 2023, 16, 100 7 of 16

an inverse proportion because the volume of material removed over time is more or less
constant. Therefore, the model was calculated using the inverse thickness value.

The regression model for the cutting speed vc describes 99.47% of the variability of the
monitored data. As shown in Figure 3, about 95% is described by the inverse value of the
material thickness t alone. Therefore, the relationship for calculating the cutting speed is:

vc = 4.126 − 0.429Ton − 0.025To f f 0.1485I + 71.11 · 1/thickness−
−29.92 · 1/thickness · 1/thickness + 0.01487Ton · I + 3.657Ton · 1/thickness+
+0.000961To f f · I − 1.6234To f f · 1/thickness + 1.857I · 1/thickness.

(1)

Materials 2023, 16, x FOR PEER REVIEW  7  of  18 
 

 

dielectric supply to the sample’s center has to show. On the contrary, the lowest value of 

Ra 1.6 μm was observed in Sample 52, machined with the following parameters: Ton = 6 μs, 

Toff = 40 μs, and I = 25 A. Similarly low values were obtained for copper machining in the 

studies undertaken by Venkateswarlu et al. [23] and Satishkumar et al. [9]. The thickness 

of the machined material in these studies was, however, only 10 mm. 

For each sample, the cutting speed was read from the machine’s display. True to our 

expectations, the highest speed of 20.24 mm/min was observed in sample No. 7 with the 

lowest material thickness of 5 mm. Significantly, higher speeds were reached when ma‐

chining pure copper in the Li study [10], with twice as high Ra values. 

A fully quadratic regression model was created. The insignificant factors (p‐value > 

0.05) were removed using the “Step Wise Selection of Terms” method while maintaining 

the hierarchy of the model. The correspondence between the cutting speed and thickness 

is an inverse proportion because the volume of material removed over time is more or less 

constant. Therefore, the model was calculated using the inverse thickness value. 

The regression model for the cutting speed vc describes 99.47% of the variability of 

the monitored data. As shown in Figure 3, about 95% is described by the inverse value of 

the material thickness t alone. Therefore, the relationship for calculating the cutting speed 

is: 

./1857.1/16234.1000961.0

/1657.301487.0/1/192.29

/111.711485.0025.0429.0126.4

thicknessIthicknessTIT

thicknessTITthicknessthickness

thicknessITTv

offoff

onon

offonc






  (1)

 

Figure 3. (a) Main effects of cutting speed, (b) interaction of cutting speed. Figure 3. (a) Main effects of cutting speed, (b) interaction of cutting speed.

The significance of the regression model’s constituents for the cutting speed, including
the contribution of each factor expressed as percentages, is shown in Table 3. Both the
model as a whole (p-value_Regression < 0.05) and the individual terms are important
(p-value < 0.05). The pulse off time was included to preserve the hierarchy in the model as
its interactions are considerable.

In the graphs of the main effects (Figure 3a) and interactions (Figure 3b), the inverse of
the material thickness is plotted as a factor, so the dependence is shown as linear, despite the
relationship between the cutting speed and thickness being hyperbolic (inverse proportion).
The inverse value of the thickness is the most important factor, as seen in the main effects
graph. This quality was to be expected; however, for the inverse of the thickness to reach
almost 95% variability of the model was very surprising. Other factors affect the cutting
speed less (their impact altogether is only 4.5%). They are, however, statistically relevant as
seen in the previous regression model in Table 3. If a specific thickness is chosen, its impact
is fixed, which is why the setting is the only relevant model information. The pulse on time
and discharge current have a positive effect while the pulse off time has a negative impact.
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The magnitude of the interaction in the graphs in Figure 3b can be understood from the
nonparallel lines describing how the second observed factor influences the cutting speed.
For practical use, the most interesting fact to notice is that the interaction with the inverse
of the thickness only makes sense for small thicknesses. For greater thicknesses, the pulse
on and off time, discharge current, and cutting speed are constant.

Table 3. Regression model of cutting speed, including the expressed percentage contribution of
individual factors.

Analysis of Variance

Source Contribution F-Value p-Value

Regression 99.47% 8239.57 0.000

Pulse on time (µs) 0.26% 44.59 0.000

Pulse off time (µs) 0.75% 3.78 0.053

Discharge current (A) 0.42% 37.51 0.000

1/Thickness (1/mm) 94.96% 418.57 0.000

1/Thickness (1/mm)*1/Thickness (1/mm) 0.04% 33.82 0.000

Pulse on time (µs)*Discharge current (A) 0.06% 49.19 0.000

Pulse on time (µs)*1/Thickness (1/mm) 0.40% 327.22 0.000

Pulse off time (µs)*Discharge current (A) 0.01% 5.14 0.024

Pulse off time (µs)*1/Thickness (1/mm) 1.95% 1612.19 0.000

Discharge current (A)*1/Thickness (1/mm) 0.64% 527.53 0.000

Error 0.53%

Total 100.00%

A fully quadratic regression model was created for the Ra_center. The insignificant factors
(p-value > 0.05) were removed using the “Step Wise Selection of Terms” method while
maintaining the hierarchy of the model. It does not make sense to use the inverse of the
thickness value, so the thickness was left in a linear form, as is common for regression models.

The regression model for the Ra_ center describes 32.32% of the variability of the
monitored data, which is common due to the large variability of Ra in WEDM surfaces.
This model is clearly nonideal, but it contains significant parameters of the regression
equation. The remaining variability is due to random effects, such as the material itself, and
the factors, which were not investigated. The relationship for the Ra_center is as follows:

Ra_centre = −7.254 + 0.0367Ton + 0.2329To f f + 0.3115I + 0.00632thickness−
−0.000029thickness · thickness − 0.007531To f f · I.

(2)

The significance of the regression model’s terms, including the contribution of each
factor expressed as percentages, is shown in Table 4.

There is a statistically significant quadratic curvature of the Ra_center concerning
thicknesses, as seen in the main effects graph shown in Figure 4a. All monitored factors
have positive main effects, i.e., they cause an increase in the topography parameter. The
pulse off time (µs)*discharge current (A) interactions have the most significant effect, as can
be seen from the interaction graph in Figure 4b. This graph shows that when the discharge
current is set to the lower level (25 A), an increase in the pulse off time causes an increase in
the Ra_center. In contrast, when the discharge current is set to the upper level, an increase
in the pulse off time causes a decrease in the Ra_center. The 3D sample’s relief of 5 and
160 mm thickness is shown in Figure 4c,d.
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Table 4. Regression model of Ra_center.

Analysis of Variance

Source Contribution F-Value p-Value

Regression 32.32% 35.09 0.000

Pulse on time (µs) 1.77% 11.53 0.001

Pulse off time (µs) 1.60% 158.91 0.000

Discharge current (A) 0.86% 157.16 0.000

Thickness (mm) 3.11% 18.72 0.000

Thickness (mm)*Thickness (mm) 1.71% 11.13 0.001

Pulse off time (µs)*Discharge current (A) 23.27% 151.59 0.000

Error 67.68%

Total 100.00%
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A screening experiment was run for the 10, 70, and 130 mm thicknesses preceding the
creation of this model. The data from the original experiment was not used to calculate the
models for the cutting speed and Ra_center, but it was used for its validation. All the obser-
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vations of both responses lay within 95% of the prediction interval for the corresponding
setting of the entry-level predictors. The model can be considered validated.

The edge roughness of the Ra_margin is always better (smaller) than that of the
Ra_center, therefore, we do not present the regression model, and we only present the
overall summary for the given response of the Ra_margin, which is shown in Figure 5.
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The actual machining parameters for each thickness will be the output of a multi-
criteria optimization for the cutting speed and Ra_center. The input to this optimization is
the above regression models and response requirements. The optimization is implemented
in MINITAB 19 using the response optimizer procedure. The article describes mathematical
models for optimization, but the multicriteria optimization itself depends on the chosen
response weight and is counted for specific fixed thicknesses. It is impossible to state the
optimum as it is a function of the chosen weight for the cutting speed, Ra_center, and
thickness. Similar optimization techniques were also used in the studies undertaken by
Chaudhari et al. [24] and Chaudhari et al. [25].

3.2. Surface and Subsurface Area Analysis

A typical morphology for a WEDM-machined surface is formed by random craters.
These occur due to the electrical discharges, which are necessary for material separation.
Several studies have focused on the craters themselves, such as those by Vignesh et al. [26],
Esteves et al. [27] and Zhang et al. [28]. The shape of the craters, their size, and fre-
quency vary depending on the machined material, its heat treatment, and the machining
parameters. These dependencies have been demonstrated in many previous studies, such
as those by Mouralova et al. [29] and Altuğ [30]. Due to the very high temperatures
of 10,000–20,000 ◦C [31] resulting from the eroding process, it is common for the upper
layer of the machined material to be covered with a heat-affected recast layer. The recast
layer melts completely and then rapidly cools as it comes into contact with the dielectric
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fluid. Certain materials and heat treatments are affected by surface and subsurface defects
through this process, as described in several studies, such as those by Reddy et al. [32] and
Chaudhari et al. [33].

In all cases, a secondary electron (SE) detector was used for imaging, and the samples
were always studied at a magnification of 1000× and then 2500×. The surface mor-
phology analysis of the samples did not reveal any of the possible defects, as shown in
Figures 6 and 7. There are only slight differences between the centers of the samples and
the margins, particularly in the size and articulation of each crater, which completely
corresponds to the topography analysis. Furthermore, as expected and proven by the to-
pography analysis, both edges were found to have a similar appearance. The morphology
of the samples mostly consists of smooth surfaces and crater bottoms. The surface is not
especially rugged, just like in the case of Nitinol [34] machining. In contrast, a highly
rugged surface was studied while machining stainless steel [35] and Ti6Al4V titanium
alloy [36]. A smooth surface is ideal for the correct functionality and predicted tool life of
the manufactured parts. Defects present in the subsurface layer would mean a significant
reduction in the service life of the mold parts or their incorrect functioning from the very
beginning of their operation in the mold.
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Materials 2023, 16, 100 12 of 16
Materials 2023, 16, x FOR PEER REVIEW  13  of  18 
 

 

 

Figure 7. Surface morphology of samples at the margins and in the center of SEM/SE, (a) sample 

with a thickness of 100 mm, (b) sample with a thickness of 135 mm, (c) sample with a thickness of 

160 mm. 

Locations covered with segregated lead needles were found at the margins of several 

samples (especially those of greater thicknesses) (Figure 7a), as confirmed by the chemical 

composition analysis shown in Figure 8. Lead is a part of the base material, which is also 

evident from the image of the microstructure of the material shown in Figure 1d. It formed 

these needles due to the high temperatures during the cutting process. Similar phenomena 

were investigated in a study by Mouralova et al. [22] when machining the same material. 

These needles cause no issues for the mold part produced. 
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with a thickness of 100 mm, (b) sample with a thickness of 135 mm, (c) sample with a thickness of
160 mm.

Locations covered with segregated lead needles were found at the margins of several
samples (especially those of greater thicknesses) (Figure 7a), as confirmed by the chemical
composition analysis shown in Figure 8. Lead is a part of the base material, which is also
evident from the image of the microstructure of the material shown in Figure 1d. It formed
these needles due to the high temperatures during the cutting process. Similar phenomena
were investigated in a study by Mouralova et al. [22] when machining the same material.
These needles cause no issues for the mold part produced.

The sample’s cross-sectional analysis was performed on prefabricated metallographic
preparations. These were examined by means of electron microscopy using a backscattered
electron (BSE) detector with a magnification of initially 1000× and later 2500×. No defects
were found on any sample or in a different margin-to-center position. The surface is covered
in a layer of adhesive, as shown in Figure 9, but there are no cracks or burnt cavities. This
is an important discovery because it means that defects are unlikely to affect the cutting
speed optimization or surface topography. This defect-free state of the subsurface layer
was also studied on the material. The formation of defects in the form of burnt cavities
is caused by high temperatures at the cutting point. In the dielectric bath of the machine,
the water dissociates, and atomic hydrogen is diffused under the surface of the machined
material. Defects in the form of fissures are caused by high residual voltage in the upper
layer of the workpiece material.
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4. Conclusions

For this extensive Box–Behnken-type design experiment, a total of 448 samples with
thicknesses ranging from 5 to 160 mm with a step of 5 mm were produced using WEDM.
The studied material was Ampcoloy 35, which is used for the production of plastic injection
mold parts. We analyzed, measured, and studied the topography of the machined surfaces
in the center and at the margins of the samples, as well as the cutting speed, morphology,
and subsurface layer. The following conclusions were reached:

- The highest value of Ra 4 µm and a value of 3.6 were measured, respectively, in the
center of the samples and at the margins. The lowest value of Ra 1.6 µm was measured
in the sample machined with the following parameters: Ton = 6 µs, Toff = 40 µs, and
I = 25 A;

- All monitored factors have positive main effects, i.e., they cause an increase in the to-
pography parameter Ra, with the pulse off time (µs)*discharge current (A) interaction
as the most influential one;

- True to our expectations, the highest speed of 20.24 mm/min was observed in the
sample with the lowest material thickness of 5 mm;

- The pulse on time and discharge current were found to have a positive effect, and the
pulse off time to hurt the cutting speed;

- The analysis of the surface morphology of the samples did not reveal any of the
possible defects. There are only slight differences between the samples’ centers and
margins in the form of the size and articulation of the craters, which fully corresponds
with the topography analysis;

- Spots covered with segregated lead needles were found at the margins of several
samples (especially those of greater thickness);

- The cross-sectional analysis of the samples showed no defects, even at different
margin-to-center positions.

The conclusions show that the provided regression models for cutting speed and
surface topography allow the efficient defect-free machining of Ampcoloy 35 of 5–160 mm
thicknesses. The next goal is to test and optimize the thicknesses up to 250 mm. As of
now, the 160 mm thickness represents the only restraint in the optimized production of
mold parts and molds themselves, as it is necessary to machine thicknesses above 160 mm
as well.

Author Contributions: K.M.: conceptualization, methodology, data curation, writing—original draft
preparation, writing—reviewing and editing, supervision. J.B.: validation, visualization, funding
acquisition, formal analysis. L.B.: methodology, data curation, funding acquisition. T.P.: methodology.
R.Z.: data curation, methodology. J.F.: data curation, funding acquisition. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Technology Agency of the Czech Republic, project
No. FW03010044. The CzechNanoLab project LM2018110, funded by MEYS CR, is gratefully
acknowledged for the financial support for the measurement/sample fabrication at CEITEC Nano
Research Infrastructure. This work was supported by the Brno University of Technology Specific
Research Program, project No. FSI-S-20-6187. This publication is a result of the project CACTU,
Reg. No. CZ.02.1.01/0.0/0.0/17_049/0008397, which has been co-financed by the European Union
from the European Regional Development Fund through the Operational Programme Research,
Development and Education.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: Authors K. Mouralova, J. Bednar, L. Benes, A. Prokes, T. Zahradnicek, and J.
Fries declare that they have no conflict of interest.



Materials 2023, 16, 100 15 of 16

References
1. Asgar, M.E.; Singholi, A.K.S. Parameter study and optimization of WEDM process: A Review. IOP Conf. Ser. Mater. Sci. Eng. 2018,

404, 012007. [CrossRef]
2. Matoušek, R. GAHC: Improved genetic algorithm. In Nature Inspired Cooperative Strategies for Optimization; Springer:

Berlin/Heidelberg, Germany, 2008; pp. 507–520.
3. Vijayabhaskar, S.; Rajmohan, T.; Sisir, T.P.; Abishek, J.P.; Reddy, R.M. Review of WEDM studies on metal matrix composites. IOP

Conf. Ser. Mater. Sci. Eng. 2018, 390, 012051. [CrossRef]
4. Conde, A.; Sánchez, J.A.; Plaza, S.; Olivenza, M.; Ramos, J.M. An industrial system for estimation of workpiece height in WEDM.

Procedia Eng. 2015, 132, 647–654. [CrossRef]
5. High Conductivity Copper Alloys. Available online: https://www.ampcometal.com/documents/AMPCO_PLASTIC_

INDUSTRY_BROCHURE.pdf (accessed on 20 February 2022).
6. Lipa, M.; Durocher, A.; Tivey, R.; Huber, T.; Schedler, B.; Weigert, J. The use of copper alloy CuCrZr as a structural material for

actively cooled plasma facing and in vessel components. Fusion Eng. Des. 2005, 75, 469–473. [CrossRef]
7. Wu, C.; Wu, X.; Zhao, H.; Xu, B.; Zhu, L.; Liu, Y.; Gao, C. Effect of sub-millimetre morphologies on the hydrophobicity of a copper

surface prepared by WEDM. Surf. Coat. Technol. 2020, 385, 125455. [CrossRef]
8. Ahmed, N.; Mughal, M.P.; Shoaib, W.; Raza, S.F.; Alahmari, A.M. WEDM of copper for the fabrication of large surface-area

micro-channels: A prerequisite for the high heat-transfer rate. Micromachines 2020, 11, 173. [CrossRef]
9. Satishkumar, P.; Murthi, C.S.; Meenakshi, R. Optimization of machining parameters in wire EDM of OFHC copper using Taguchi

analysis. Mater. Today Proc. 2021, 37, 922–928. [CrossRef]
10. Li, W.M. Experimental study on cutting speed and surface roughness of pure copper in WEDM. J. Phys. Conf. Ser. 2020,

1605, 012054. [CrossRef]
11. Sathiyaraj, S.; Venkatesan, S.; Ashokkumar, S. Wire electrical discharge machining (WEDM) analysis into MRR and SR on copper

alloy. Mater. Today Proc. 2020, 33, 1079–1084. [CrossRef]
12. Meenakshi, R.; Suresh, P. WEDM of Cu/WC/SiC composites: Development and machining parameters using artificial immune

system. J. Exp. Nanosci. 2020, 15, 12–25. [CrossRef]
13. Evran, S. Surface roughness and material removal rate analyses of hard copper alloy in wire electrical discharge machining.

Emerg. Mater. Res. 2020, 9, 730–737. [CrossRef]
14. Wang, H.; Wang, Y.; Chi, G.; Yu, F.; Wang, Z. Simulation Study on Surface Drag Reduction Performance of Beryllium Copper

Alloy by EDM. Procedia CIRP 2020, 95, 244–249. [CrossRef]
15. Mahapatra, S.S.; Patnaik, A. Optimization of wire electrical discharge machining (WEDM) process parameters using Taguchi

method. Int. J. Adv. Manuf. Technol. 2007, 34, 911–925. [CrossRef]
16. Chiang, K.T.; Chang, F.P. Optimization of the WEDM process of particle-reinforced material with multiple performance character-

istics using grey relational analysis. J. Mater. Process. Technol. 2006, 180, 96–101. [CrossRef]
17. Mouralova, K.; Prokes, T.; Benes, L.; Bednar, J. The influence of WEDM parameters setup on the occurrence of defects when

machining hardox 400 steel. Materials 2019, 12, 3758. [CrossRef] [PubMed]
18. Mouralova, K.; Prokes, T.; Benes, L.; Sliwkova, P. Analysis of subsurface defects occurrence in abrasion resistant Creusabro steel

after WEDM including the study of morphology and surface topography. Mach. Sci. Technol. 2020, 24, 274–290. [CrossRef]
19. Mouralova, K.; Benes, L.; Zahradnicek, R.; Bednar, J.; Hrabec, P.; Prokes, T.; Matousek, R.; Fiala, Z. Quality of surface and

subsurface layers after WEDM aluminum alloy 7475-T7351 including analysis of TEM lamella. Int. J. Adv. Manuf. Technol. 2018,
99, 2309–2326. [CrossRef]

20. Mouralová, K.; Benes, L.; Prokes, T.; Bednar, J.; Zahradnicek, R.; Fries, J. Machining of pure molybdenum using WEDM.
Measurement 2020, 163, 108010. [CrossRef]

21. ISO 4287; Geometrical Product Specifications (GPS)-Surface Texture: Profile Method-Terms, Definitions and Surface Texture
Parameters. International Organization for Standardization: Geneva, Switzerland, 1997.

22. Mouralova, K.; Benes, L.; Prokes, T.; Bednar, J.; Zahradnicek, R.; Jankovych, R.; Fries, J.; Vontor, J. Analysis of the machinability of
copper alloy ampcoloy by WEDM. Materials 2020, 13, 893. [CrossRef]

23. Venkateswarlu, G.; Devaraj, P. Optimization of Machining Parameters in Wire EDM of Copper Using Taguchi Analysis. Int. J.
Adv. Mater. Res. 2015, 1, 126–131.

24. Chaudhari, R.; Vora, J.; Parikh, D.M.; Wankhede, V.; Khanna, S. Multi-response optimization of WEDM parameters using an
integrated approach of RSM–GRA analysis for pure titanium. J. Inst. Eng. Ser. D 2020, 101, 117–126. [CrossRef]

25. Chaudhari, R.; Vora, J.J.; Prabu, S.S.M.; Palani, I.A.; Patel, V.K.; Parikh, D.M.; de Lacalle, L.N.L. Multi-response optimization of
WEDM process parameters for machining of superelastic nitinol shape-memory alloy using a heat-transfer search algorithm.
Materials 2019, 12, 1277. [CrossRef] [PubMed]

26. Vignesh, M.; Ramanujam, R. Numerical modelling and experimental validation of crater formation in WEDM hybrid turning of
Ti-6Al-4V alloy. Proc. Inst. Mech. Eng. Part E J. Process Mech. Eng. 2021, 235, 392–404. [CrossRef]

27. Esteves, P.M.; Wiessner, M.; Costa, J.V.; Sikora, M.; Wegener, K. WEDM single crater asymmetry. Int. J. Adv. Manuf. Technol. 2021,
117, 2421–2427. [CrossRef]

28. Zhang, Y.; Liu, Z.; Pan, H.; Qiu, M. Motion Characteristics of Discharge Channel in WEDM. Mater. Manuf. Process. 2021, 36,
583–598. [CrossRef]

http://doi.org/10.1088/1757-899X/404/1/012007
http://doi.org/10.1088/1757-899X/390/1/012051
http://doi.org/10.1016/j.proeng.2015.12.543
https://www.ampcometal.com/documents/AMPCO_PLASTIC_INDUSTRY_BROCHURE.pdf
https://www.ampcometal.com/documents/AMPCO_PLASTIC_INDUSTRY_BROCHURE.pdf
http://doi.org/10.1016/j.fusengdes.2005.06.056
http://doi.org/10.1016/j.surfcoat.2020.125455
http://doi.org/10.3390/mi11020173
http://doi.org/10.1016/j.matpr.2020.06.120
http://doi.org/10.1088/1742-6596/1605/1/012054
http://doi.org/10.1016/j.matpr.2020.07.123
http://doi.org/10.1080/17458080.2019.1708331
http://doi.org/10.1680/jemmr.20.00088
http://doi.org/10.1016/j.procir.2020.02.268
http://doi.org/10.1007/s00170-006-0672-6
http://doi.org/10.1016/j.jmatprotec.2006.05.008
http://doi.org/10.3390/ma12223758
http://www.ncbi.nlm.nih.gov/pubmed/31731642
http://doi.org/10.1080/10910344.2019.1669166
http://doi.org/10.1007/s00170-018-2626-1
http://doi.org/10.1016/j.measurement.2020.108010
http://doi.org/10.3390/ma13040893
http://doi.org/10.1007/s40033-020-00204-7
http://doi.org/10.3390/ma12081277
http://www.ncbi.nlm.nih.gov/pubmed/31003478
http://doi.org/10.1177/0954408920964687
http://doi.org/10.1007/s00170-021-07023-4
http://doi.org/10.1080/10426914.2020.1854462


Materials 2023, 16, 100 16 of 16

29. Mouralova, K.; Kovar, J.; Klakurkova, L.; Prokes, T.; Horynova, M. Comparison of morphology and topography of surfaces of
WEDM machined structural materials. Measurement 2017, 104, 12–20. [CrossRef]
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