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Abstract: Small-size cutting inserts for assembly cutters are widely used to manufacture a variety
of parts for the aerospace, automotive and mechanical engineering industries. Due to their high
hardness and chemical stability, cutting Al,O3-TiC ceramics significantly outperform hard alloys in
machining heat-resistant and difficult-to-machine materials. However, grinding on CNC machines,
the most common technology for manufacturing ceramic inserts, is associated with numerous issues
when it comes to manufacturing small-size cutting inserts. For example, high cutting forces and
high grinding wheel wear rates cause a rapid loss of dimensional accuracy and deterioration of the
quality of the surface being machined, while the interference of the grinding wheel with the surface
being treated imposes serious limitations on the geometry of the small-size ceramic inserts to be
grinded. Here we show that Wire Electrical Discharge Machining (WEDM), which is a contactless
and, thus, a more flexible method in terms of the size and geometrical properties of a workpiece
to be machined, can be used as a replacement for grinding operations in machining small ceramic
inserts. A composite of 70% aluminum oxide and 30% titanium carbide was chosen as a ceramic
material because a further increase in the TiC fraction causes a marked decrease in wear resistance,
while its decrease results in an undesirable loss of electrical conductivity. While in order to replace
grinding with WEDM, WEDM has to be stable in the sense of occurring without frequent wire
breakages, achieving WEDM stability is not an easy task due to the low electrical conductivity of
Al,O3-TiC ceramics and high operational temperatures, which promote the diffusion of dielectric
and electrode products in the surface layer of the cutting inserts being machined. These factors
may lower the quality of the final product due to damage to the insert surface, marked increases in
the roughness RA and in diffusion in the surface layer, which increases the friction coefficient and,
hence, reduces the life of the manufactured cutting inserts. We have increased stability of the WEDM
process by identifying and applying rational process conditions that lead to a reduced, by a factor of
2.63, roughness Ra and also a reduced, by a factor of 1.3, depth of craters. Performing a chemical
and structural analysis, we found that the application of high energies combined with an increasing
interelectrode gap (IG) (technological parameter SSol, a complex indicator that determines the speed
of the wire electrode depending on the number of pulses per unit of time and the IG size, is set at 80,
EDMS3 technology) causes increased surface damage and contamination, while a small IG (SSol = 45,
EDML1 technology) reduces the material removal rate due to contamination of the working zone
between the surface being machined and the electrodes. After reducing the IG by lowering SSol from
80 to 45, the roughness Ra of 0.344 um was achieved, which allows for replacing grinding operations
with WEDM in machining hardening chamfers, front surfaces and, to a lesser degree, the rear and
support surfaces of cutting inserts. In this case, when the IG is reduced to SSol = 45, the electroerosion
products in the dielectric promote local breakdowns, which in turn produce a large number of deep
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craters which adversely affect the performance of cutting inserts. However, we found that a slight
increase in SSol from 45 to 55 (EDM3 technology) significantly reduces the number of craters and
lowers their depth from 50 um to 37 um. Although in this case the roughness grows to 0.534 um due
to increased discharge energy, the improved flushing of the IG and the reduced occurrence of local
high-temperature breakdowns—evidenced by a decrease in the depth and number of deep craters
formed due to current localization during short circuits—significantly reduced contamination of
the surface layer and the crater formation rate. Therefore, WEDM can be recommended for use in
machining reinforcing chamfers and, to a lesser degree, front surfaces. These considerations lead us
to conclude that WEDM is a viable alternative to grinding in machining Al,O3-TiC ceramic cutting
inserts of a small size and a complex shape, and that its application to manufacturing cutting inserts
from poorly conductive cutting ceramics should be studied further.

Keywords: Wire Electrical Discharge Machining (WEDM); metalworking; assembly cutters; poorly
conductive cutting ceramics; process conditions; roughness; contamination; SEM; EDX

1. Introduction

Ceramics are a common class of materials for assembly cutters, which are widely used
in metalworking in a number of sensitive industries such as the aerospace, automotive and
shipbuilding industries [1-4]. Cutting inserts made of Al,O3-TiC composite possess unique
physical and chemical properties that are critically important for machining heat-resistant
and difficult-to-machine materials [5] such as high compressive strength, low ductility, high
corrosion resistance, low specific gravity, and high hardness, which retains at very high
temperatures [6,7]. Relatively low operational reliability of assembly cutting tools with
cutters made of ceramic materials is caused by low impact toughness and strength [8-12],
as shown in [13-18]. Ceramic cutting inserts are usually manufactured on CNC grinding
machines using diamond grinding wheels with a fine abrasive grain size [19]. However, in
the case of inserts of small size and/or complex shape, grinding is associated with high
loads in the cutting zone, which cause chipping of the cutting edge [20] due to the low
impact strength and toughness of the cutter material, the appearance of defects in the
form of cracks on the surface being machined [21], and high wear rates of the grinding
wheels [22,23]. The range of non-contact methods, which are naturally better suited for
machining ceramic inserts of a small size and complex shape, include laser [24], plasma [25],
electrochemical [26], ultrasonic [27,28], WaterJet [29], and WEDM [30-35]. The productivity
of WEDM is higher than that of laser, plasma, electron beam and ultrasonic processing
methods, while its precision and quality of machined surface are better than those provided
by more productive electrochemical and WaterJet methods. This makes WEDM—which, in
addition, is virtually non-invasive and, thus, does not significantly damage surfaces and
cutting edges being machined [36]—one of the most promising methods of manufacturing
cutting inserts of a small size and complex shape from ceramic materials.

In this work, we explore the possibility of replacing grinding operations with WEDM
in manufacturing small-size cutting inserts of a complex shape made of Al,O3-TiC ceramics,
identify and apply rational process conditions, and investigate the extent to which WEDM
can be used as a grinding replacement. Electroerosion, the central process of WEDM
technology, requires the minimum electrical conductivity of a material being treated to be
in the order of 1072 S/cm [37]. WEDM of non-conductive ceramics, such as pure aluminum
oxide (Al,O3), is very complicated due to the low probability of the existence of cyclic
electrical pulses during the entire machining process. The stability of electroerosion can be
enhanced by doping Al,O3 with a conductive material, such as TiC, to boost the electrical
conductivity of the composite to at least ~102 S/cm [37]. Although pure Al,O3 cuts heat-
resistant steels better than Al;O3 doped with TiC due to the loss of mechanical properties
after doping [38,39], the use of Al,O3 doped with up to 30% of TiC allows for electrical
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conductivity of up to >~1072 S/cm, which is needed to maintain the stability of WEDM at
minimum loss of mechanical properties.

Hot Hydrostatic Pressing (HHP), which is the most efficient way of obtaining compos-
ites from Al,O3 ceramics, produces samples with large grains, which adversely affects both
the mechanical properties of the produced material and WEDM stability. The reduction in
grain size with a simultaneous improvement in the uniformity of the material structure can
be achieved by using the Spark Plasma Sintering (SPS) technology [39]. SPS produces dense
composites and prevents grain growth, which enhances the stability of the electroerosion
process. However, the reduced grain size and improved uniformity of material structure
can increase thermal conductivity and heat resistance which may adversely affect the EDM
stability. One can also expect that increased heat resistance may promote diffusion of the
electrode and dielectric materials on the surface of the sample being treated during the
melting of the electrode and burning of the dielectric.

In order to achieve the goals of the present study—to explore the possibility of re-
placing grinding operations with WEDM in manufacturing small-size cutting inserts of
a complex shape made of Al,O3-TiC ceramics, and to investigate the extent to which
WEDM can be used as a grinding replacement—we studied the impact of different process
conditions on the roughness Ra and the diffusion of electrode and dielectric materials in
the surface layer of Al,O3-TiC ceramic cutters being machined. Here we show how WEDM
stability can be increased by applying special process conditions in hydrocarbon oil, which
increases electrical conductivity due to the formation of highly conductive carbon (soot) in
the cutting zone and helps to flush out contaminants from the working area.

2. EDM of Al,O3-TiC Ceramics

EDM is the process of removing electrically conductive materials through fast and
repetitive spark discharges that occur between the tool electrode and workpiece in the
water, gases and dielectric oil [40]. An electrical discharge is introduced by applying
voltage between the wire and the workpiece. When the breakdown voltage of the dielectric
is reached, a discharge, which creates a plasma channel through which current is flowing,
occurs [41,42].

As a result, the temperature rises by more than 40,000 K, which leads to the melting
and evaporation of the material, which then create a rapidly expanding gas bubble. After
the power supply is cut off, the plasma channel is destroyed, the discharge is interrupted,
and the gas bubble collapses.

The choice of electrical current regimes in the processing of ceramic materials is limited
because ceramics need higher energy to remove material by melting and evaporation
compared to metals. In the case of EDM of ceramics, overcoming a higher electrical
resistance is needed. In this case, as a result of the energy storage during the formation of a
plasma channel, the dielectric breakdown occurs and the plasma temperature reaches up
to 40,000 K, causing the evaporation of ceramic materials [41,42].

In this work, a comparative analysis of the EDM conditions of the Agie Charmilles CUT
1000 OilTech machine (GF AgieCharmilles, Schaffhausen, Switzerland) with the dielectric
hydrocarbon oil has been carried out. Sorepi LM oil manufactured by Blazer Swisslube
AG, Switzerland was used. This erosion oil was especially developed for electroerosive
machining and is suitable for rough machining, finishing, and fine finishing with graphite
and copper electrodes. For cutting standard profiles on EDM machines with a constant
linear generatrix, wire electrodes of various materials and diameters are used. Due to
specific requirements related to the stability and reliability of EDM, AC Cut A 900 wire
with a diameter of 0.1 mm, properties of which are shown in Table 1, was used. Figure 1
shows the working area of the Agie Charmilles CUT 1000 OilTech machine during the
processing of ceramic workpieces in hydrocarbon oil.



Metals 2021, 11, 882 40f13

Table 1. Properties of coated copper wire used in the WEDM process. IACS refers to International
Annealed Copper Standard. The conductivity in % IACS is calculated based on the conductivity of
standard “pure copper” according to IACS.

. .. . . Tensile Strength
o, o,
Coating Conductivity (% IACS)  Elongation (%) Material (N/mm?)
Brass
Zn 22 1.5 CuZn37 900

(b)

Figure 1. (a) Cutting insert, its geometry and requirements for Ra. (b) Working zone of the Agie Charmilles CUT 1000

OilTech machine: 1—wire; 2—dielectric oil; 3—device for clamping the workpiece; 4—table.



Metals 2021, 11, 882

50f13

The directrix of the path of the wire movement in the form of a straight line was
chosen due to the absence of concave areas—which could induce errors in the correlation
between operational/technological parameters and properties of the surface layer—on
the cutting inserts with the curvature radius smaller than 0.15 mm. Requirements for the
roughness of the surface layer of cutting inserts are high [2,5,43], and require stable elec-
troerosion without wire breakages. In addition to taking care of the surface microstructure,
it is also necessary to ensure the stability of the formation of the surface layer itself [44].
However, due to the thermal effects accompanying the energy release, the working fluid
decomposes [45,46]. The decomposition products can penetrate easily into the surface
layer, diffuse into it and react in the surface layer to produce chemicals that can signifi-
cantly reduce the strength and hardness of the ceramic cutter. Moreover, wire material can
not only get onto the workpiece surface, but can also diffuse into the deeper layers. For
example, in the case, when copper wire was used, copper could be found in the working
zone. Diffusion in the surface layer is extremely undesirable because it reduces tool life by
the deterioration of the mechanical properties of the surface layer and by boosting chip
adhesion during the cutting insert operation [2].

3. Results and Discussion
3.1. WEDM Technologies

The main economic efficiency indicator for WEDM is its productivity [47-49], which
is largely controlled by the material removal rate (MRR) defined as the ratio of the mass
of material removed to the processing time and affected by number of sparks per second,
capacitance of the capacitor, and the gap voltage. The most important technological
parameters of WEDM is the pulse power—which is a complex parameter that is controlled
by a number of factors such as the electrical current and plasma discharge properties— the
plasma discharge, chemical identity and physical properties of the dielectric fluid, and
the interelectrode gap (IG). The IG is the most important property that directly affects
productivity and is determined by the machine parameter SSol [44], a complex indicator
that determines the speed of the wire electrode depending on the number of pulses per
unit of time and IG size.

The chemical composition of the ceramic workpieces—measured using Phenom ProX
(Phenom World BV, Eindhoven, Netherlands) combining capabilities of the Scanning
Electron Microscope (SEM) with the integrated energy-dispersive X-ray diffraction (EDS)
detector for robust, easy-to-use, rapid elemental analysis—is shown in Figure 2. As seen in
Figure 2, the workpiece material contains 65.7% of oxygen, 21.46% of aluminum, 11.59% of
Ti and 1.25% of carbon. Figure 2 also includes a colored image, where oxygen, aluminum,
titanium and carbon are shown in purple, turquoise, blue and green colors, respectively.

oz
>

Element | Element | Element Atomic | Weight
Number | Symbol | Name Conc. | Conc.
8 O Oxygen 65.70 47.78
13 Al Aluminum | 21.46 26.32
22 Ti Titanium | 11.59 25.22

6 C Carbon 1.25 0.68

Figure 2. EDS micrographs depicting chemical composition of the ceramic workpiece measured using Phenom ProX.
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The impact of the machine parameter SSol on the material removal rate is shown in
Figure 3. EDM regimes with SSol = 45, 55, and 80 are denoted as EDM1, EDM2, and EDM3,
respectively. As seen in Figure 3, the material removal rate increases as SSol grows.

Material removal rate as a function of Machine parameter - SSol

o0

|

__——TFEDM3

/
/EDM[Q

Ao

Material Removal Rate
(mm>/min)
\72)

Figure 3. Material removal rate (MRR) as a function of machine parameter SSol.

The surface roughness Ra was measured using the Hommel Tester T8000 (Hommel-
werke GmbH, Villingen-Schwenningen, Germany). The roughness Ra was measured in
one section at a distance of 1.5 mm from the front surface. This measurement scheme
is commonly accepted and regulated by the technical requirements for cutting inserts.
Figure 4 shows that the surface roughness worsens as SSol increases.
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Surface roughness as a function of Machine parameter - gap voltage
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Figure 4. Surface roughness Ra as a function of machine parameter SSol for EDM1 (SSol = 45, Ra 0.344 pm), EDM2
(SSol = 55, Ra 0.534 pm), and EDM3 (SSol = 80, Ra 0.907 pm) measured using the Hommel Tester T8000. 3D images of
surface roughness profiles shown in the three lower panels are given for illustration purposes only.

An important factor directly affecting the surface quality is the breakdown current
Ie [50]. While the electrical current Ie was set at 25 A for all the EDM1, EDM2, and EDM3
technologies, its value may vary within 2 A by the machine stabilization system in order to
stabilize the electroerosion process. The frequency of spark discharge was defined by the
machine parameter P set to 30, which is the recommended value in this case, and when
materials with low discharge stability are being processed. As mentioned earlier, three
EDM1, EDM2, and EDM3 technologies with individual SSol parameters were used. While
SSol, in addition to other functions, controls the IG size, the machine diagnostic and control
systems may slightly adjust the IG value in order to increase electroerosion stability. With
an increasing IG, the breakdown voltage increases, and, as a result, the growth. While this
allows for movement of the wire at a higher speed, the probability of wire breakage also
increases [44].

At the beginning, EDM1 and EDM3 technologies with SSol 45 u80, respectively, were
evaluated. We found that EDM1 provides 16 mm?/min, while EDM3 gives, as shown
in Figure 3, 30 mm?3/min. While it is clear that a further decrease in SSol (and in the IG)
will further lower the discharge energy and reduce the EDM productivity, our attempts to
increase SSol to over 80 made EDM unstable and led to a sharp growth in the number of
wire breakages occurring after every 2-3 mm of the surface was machined, and substantially
increased chipping, explained by the high energies applied locally at the chipping points.

As seen in Figure 4, the roughness Ra of the surface treated using EDM1 was 0.344 um,
while that obtained with EDM3 was 0.907 um. We have also measured the surface mi-
crostructure (shown in Figure 5) with the Hommel Tester T8000. It was found that while
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using EDM3 at higher SSol (and with a bigger IG), the material was removed by more pow-
erful pulses/discharges, which is evidenced by the presence of long deep craters located
along the entire wire in the form of two lateral traces of yellow and green colors. The first
crater, shown in yellow, is 15 pm deep, while the second, the green one, is much longer and
has a depth of 23 pm. The typical difference between the maximum and minimum residual
roughness heights is in the range of 10 um, denoted by pink to bright red colors. However,
there also exists one 40 um crater and two others, of 27 and 18 um, whose formation
could have been caused by the presence of a protrusion destroyed by a powerful energy
pulse. Figure 3 also shows that the entire surface machined using EDM3 is covered with
numerous small craters.

Figure 5. Measurements and graphical representation of the surface roughness carried out using the
Hommel Tester T8000: (a)—EDM1; (b)—EDM2; (¢)—EDM3; 1—crater; 2—wire breakage.

After analysis of the surface processed using EDM1 technology, one can conclude that
its quality is better than that when using EDM2 and EDM3, which is confirmed by the
comparison of the surface roughness values Ra of 0.344 um (measurement in section A-A,
Figure 5a), 0.534 um (measurement in section B-B, Figure 5b), and 0.907 um (measurement
in section C-C, Figure 5c) for EDM1, EDM2, and EDM3, respectively. The typical difference
between the maximum and minimum height of typical residual roughness is in the range
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of 2-3 um and is shown in red in Figure 4. However, despite the overall good surface
quality, there exists many craters (craters marked “1” in Figure 6), which are smaller in area
and deeper than those found after EDM3 machining. Two craters with a depth of ~50 um,
three craters with a depth of ~32 um, and seven craters with a depth of 18 pm were found
on the surface machined with EDM1. This ensemble of craters is also seen on the SEM
microstructure image shown in Figure 3. Their appearance may be explained by assuming
that the application of too low SSol reduces electroerosion stability, because in this case the
IG becomes too small to flush contaminants in a timely way, which forms high conductivity
areas that increase the probability of short circuits in the working zone, and, thus, this
problem can be, fully or partly, resolved by increasing SSol. EDM technologies with low
wire speed/pulse frequency/SSol can be efficiently used for cutting materials with lower
conductivity than that of Al,O3 + TiC 30%. In this case, the local heating of the workpiece
surface due to the short circuits may have had a positive impact on the cutting performed
using a wire with a high resistance to loss of strength and hardness at high temperatures.

Atomic concentration as a function of Machine parameter - gap voltage

3.0

Chemical element

2.5+

2.0~

1.5+

1.04

0.5

0.0

EDM1
(a) Ssol 45 @
Cu 0.5 [

EDM2
(b) Ssol 55
Zn 0.06

@

EDM3
Ssol 80
(C) Zn 2.31
Cl1.74
K 0.66

Figure 6. Atomic concentration of impurities in the surface layer measured using Phenom ProX:
(a)—EDM1; (b)—EDM2; (c)—EDM3.
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In order to justify the aforementioned assumption, we conducted an additional exper-
iment with SSol increased from 45 to 55 (EDM2). The first result was that the roughness
of the machined surface increased from Ra 0.344 pm to 0.534 pum. Secondly, as seen in
Figure 3, the structure of the surface layer became more uniform and the number of deep
pores and craters substantially reduced, while the average porosity of the surface layer
increased. Finally, the productivity of the machining process, which is described by the
material removal rate, has grown 16 to 25 mm?/min. As seen in Figure 5, the assumption
of insufficient space for flushing the working area at SSol = 45 was correct. This conclusion
is confirmed by a substantial reduction in both the number of craters, from 12 to 5, and
their depth and diameter. Only one deep 38 um crater and four shallow ones of about
10-12 um were found after machining with EDM2, which is the best result among all the
three technologies.

These considerations lead to an important conclusion: WEDM can be used as a
grinding replacement in cases when the chemical purity of the processed surface allows
for the maintenance of EDM stability. In particular, we found that EDM2 can be used for
the processing of reinforcing chamfers (Ra < 0.63 um) and can be limitedly applied to the
front surfaces (Ra < 0.4 um) [51,52]. The surface roughness Ra after machining appears to
depend inversely on the MRR.

3.2. Chemical Properties of the Surface Layer

The analysis of the quality of the surface layer includes studying contamination of
the surface by dielectric and electrode materials. Diffusion in the surface layer adversely
affects mechanical properties of workpieces and can significantly reduce the performance
of ceramic cutting inserts. Figure 6 shows the change in the structure of workpieces
machined using different EDM technologies. As seen in Figure 6, surface porosity decreases
with increasing wire speed, which can be explained by a change in the material removal
mechanism from melting to evaporation.

Contamination of the surface layer was studied using Phenom ProX via measuring
concentrations of dielectric and electrode materials and their products in the surface layer.
The measurements show that EDM3 technology featuring the highest discharge energy
produces the most contaminated surface, heavily polluted with the dielectric combustion
products (Cl 1.74%, K 0.66%) and the wire coating (Zn 2.31%).

This contamination leads to an undesirable increase in the friction coefficient, which
adversely affects tool life. EDMI1 technology with the smallest SSol and IG is next to
EDMB3 in terms of the surface contamination, with the primary contaminants coming from
diffusion of the wire materials (copper Cu 0.5% and zinc Zn 0.31%) onto the surface being
machined. This finding further supports our assumption about the formation of surface
defects (in the form of craters) due to insufficient space for flushing out the electroerosion
products. In this case, the local breakdown energies were so high that the electric discharge
completely melted the protective zinc coating in a fraction of a second, and then the surface
was machined with a copper core of the wire. This could occur only in the presence of
conductive inclusions—through which an electric current can flow with little resistance—in
the IG. EDM2 technology running at higher SSol than EDM1 provided the best purity of
surface layer, with contamination being limited to a small amount of the wire electrode
coating (Zn 0.06%). In the case, when EDM2 is used, the chemical purity of the surface
layer is comparable to that after grinding.

4. Conclusions

In this work, we have explored the possibility of replacing grinding operations with
WEDM in manufacturing small-size cutting inserts of a complex shape made of Al,O3—
TiC ceramics, identified rational process conditions, and investigated the extent to which
WEDM can be used as a grinding replacement. We showed that WEDM, which is a non-
contact and, thus, naturally, a more flexible method in terms of the size and complexity
of the geometrical parameters of parts being machined, can be used as a replacement for
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grinding operations when machining small ceramic cutting inserts. We achieved small
values of the surface roughness Ra on workpieces made of poorly conductive cutting
Al,O3-TiC ceramics using WEDM, which made it possible to use WEDM as a replacement
for grinding operations.

Three WEDM regimes with different machine parameter SSol, namely EDM1 (SSol = 45),
EDM2 (SSol = 55) and EDM2 (SSol = 80) were used to machine Al,O3-TiC ceramic inserts.
Surface roughness values Ra of 0.344 um, 0.534 um and 0.907 um were achieved for EDM1,
EDM2 and EDM3, respectively. EDM1 demonstrated the smallest Ra. However, in this case,
deep craters were present on the workpiece surface due to too small of a space between
the wire and the workpiece, which caused contamination of the working zone. While
transfer of the electrode and dielectric materials to the workpiece surface was small, if not
negligible, contamination may have reduced the quality of the product surface. Based on
the obtained results, we conclude that EDM1 is recommended for use in the machining of
reinforcing chamfers (Ra < 0.63 um) and the front surfaces (Ra < 0.4 pm) of cutting inserts,
and may also be used on the rear and support surfaces (Ra ~ 0.32 pm) of replaceable
cutting inserts [49,50].

In cases when EDM3 is used, both the roughness Ra = 0.907 um and the level of
contamination of the surface layer with dielectric and electrode materials were fairly
high, and, thus, this technology cannot be recommended for use in the production of
cutting inserts.

EDM2 technology, which allows for the achievement of roughness Ra = 0.534 um
and which is the best among the three technologies regarding contamination of the sur-
face layer and defect formation, can be recommended for use in machining reinforc-
ing chamfers (Ra < 0.63 pm) and should be used in a limited fashion for front surfaces
(Ra < 0.4 um) [51,52]. By having all the key processing parameters at the same level when
grinding, EDM2 has advantages over EDM1 and EDM3, such the absence of microcraters
on the workpiece surface, and also over grinding, such as machining of products of com-
plex shapes with hard-to-reach surfaces, whose curvature is smaller than the curvature of
the grinding wheel, and, thus, improved dimensional precession throughout the entire
machining cycle.

These considerations lead us to conclude that WEDM is a viable alternative to grinding
when machining ceramic cutting inserts of a small size and complex shape, and that its
application to manufacturing cutting inserts made of poorly conductive cutting ceramics
should be studied further.
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