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Electrical-discharge machining (EDM) of advanced ceramics allows the miniaturization of parts with complex
shapes. Since electrical conductivity is required, non-conductive ceramics need a conductive second phase. This
work assesses the feasibility of industrial EDM in advanced yttria-stabilized tetragonal zirconia (3YTZP) com-
posites with 20 vol% graphene nanostructures with different morphology using different EDM energies. The
structural integrity of the graphene nanostructures, the roughness of the machined surfaces and the geometrical

tolerances have been evaluated by Raman spectroscopy, confocal microscopy and scanning electron microscopy,
showing that it is possible to obtain a stable and efficient EDM process in these composites using low electrode
energies. The use of the largest and thickest graphene nanostructures led to the best performance in terms of EDM
machinability, the smallest nanostructures produced the best surface finish for low electrode energy and the
thinnest nanostructures allowed the highest material removal rate at medium energy in the composites.

1. Introduction

Thanks to their elevated values of hardness, resistance to tempera-
ture and wear, chemical stability and biocompatibility, structural
ceramic materials are commonly used in a wide variety of applications
in the aeronautical, aerospace and biomedical industries. However, one
of the major drawbacks in the use of ceramics in these sectors is the high
cost and complexity of their machining, especially to obtain micro-parts,
as a consequence of their high hardness and brittleness. While conven-
tional mechanical machining techniques show major drawbacks such as
high tool wear, long processes and high costs, chemical machining
techniques have also serious drawbacks such as the possibility of asso-
ciated environmental risk due to the waste generated during the process
[1,2].

In this context, the search for techniques that allow the erosion of the
material - and finally the manufacture of micro-parts with highly precise
complex shapes - without compromising the properties of the material
and in an economical and eco-sustainable way is one of the major
challenges in the area of ceramic materials.
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Among the processes known as "non-contact" machining, the elec-
trical discharge machining (EDM) stands out. This technique, commonly
used for metal machining, has revolutionized the ceramic machining
process due to the particular mechanisms generated to erode the ma-
terial. It consists of an electro-thermal process that uses the electrical
energy from a discharge to erode the material, being independent of its
hardness. Additionally, EDM has a low environmental impact, which
makes it an ideal technique for manufacture industries to adapt to the
ISO 14,000 standard for environmental management [2]. However, this
technique requires materials with a certain electrical conductivity, so its
use for the machining of ceramics, mostly non-conductive, is still very
limited and poses an interesting scientific and technological challenge.
Although alternative techniques with an assisting electrode, AEM
(Assisting Electrode Machining) have been explored for these
non-conductive ceramics, they present disadvantages such as lower
process stability and lower material removal rates, and their use is
mainly limited to a laboratory scale [1].

One of the approaches used to confer electrical conductivity to
structural ceramics is the introduction of a conductive second phase,
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usually in the form of micro or nanoparticles of transition metal car-
bides, nitrides or borides, to matrices of alumina, zirconia, silicon nitride
or silicon carbide. Some of these materials are already patented or can be
purchased commercially with sufficient conductivity for EDM [3].

Tetragonal zirconia is an advanced ceramic with exceptional me-
chanical properties such as high fracture toughness and mechanical
resistance, as well as high biocompatibility. In the specific case of this
ceramic, EDM studies have been published with promising results with
the introduction of NbC, TiN or WC particles [3-5].

In recent years, carbon nanostructures - carbon nanotubes (CNT) or
graphene nanoplatelets (GNP) - have been approached as conductive
second phase to allow the ED-machinability of ceramics, given the
exceptional electrical conductivity presented by these nanomaterials. In
the case of carbon nanotubes, a few studies have been published on
composites with alumina [6], zirconia [7] and silicon nitride [8]
matrices. Even the manufacture of a micro gear from a composite of
silicon nitride with multilayer carbon nanotubes has been achieved [9].
Recently, promising results have also been published in alumina, silicon
carbide and boron carbide composites with GNP [10-12]. However, to
our knowledge, there is only one published work in which the EDM of
zirconia composites with graphene nanoplatelets has been addressed,
without achieving the desired results [13]. There is also a lack of sys-
tematic studies on the influence of the graphene nanoplatelets features
(such as dimensions or number of layers) or the influence of the pro-
cessing route on the ED machinability of the resulting GNP ceramic
composites.

This work reports the efficient ED-machining of zirconia ceramic
composites with different graphene based-nanomaterials (GBN) using a
conventional industrial EDM equipment, by the die-sinking technique.
Spark plasma sintered yttria tetragonal zirconia polycrystalline (3YTZP)
composites with 20 vol% different graphene nanostructures: (i) low-cost
GNP, ii) exfoliated GNP and iii) few layered graphene (FLG), have been
EDMed with different energy parameters. The best conditions for a high
EDM efficiency are assessed in terms of the material removal rate (MRR)
and by the analysis of significant surface finish parameters such as
angular tolerance, roughness, carbon nanostructures’ integrity, surface
composition and the microstructural material removal mechanisms.

2. Materials and methods
2.1. Composite fabrication

3YTZP powder with 40 nm particle size, ref. TZ-3YB-E, supplied by
Tosoh Europe (Amsterdam, Netherlands) was annealed at 850 °C for 30
min in air and then it was mixed with 20 vol% graphene-based nano-
materials. The GBN used in this work were graphene nanoplatelets, with
more than 10 graphene layers, less than 5 ym planar diameter and
10-20 nm thickness supplied by Angstron Materials (Dayton, Ohio,
USA) and few layer graphene, with less than 5 graphene layers and a
specific surface area of 400 mm?2/gm, supplied by Grolman Iberia S.L.
(Barcelona, Spain). Three different composites were fabricated:

i) GNP composite. The GNP were mixed with the ceramic powder in
isopropyl alcohol using ultrasonic agitation probe, and the com-
posite powder was sintered by spark plasma at 1250 °C as
described in a previous work [14].

ii) e-GNP composite. The GNP were mixed with the ceramic powder
by planetary ball milling (PBM) in dry conditions, and the com-
posite powder was SPSed at 1250 °C as described in a previous
work [15]. The high-energy milling process breaks and exfoliates
the GNP, so they are referred as exfoliated GNP (e-GNP).

FLG composite. The FLG were mixed with the ceramic powder in

isopropyl alcohol using an ultrasonic bath, as detailed in a pre-

vious work and the composite powder was SPSed at 1300 °C. The
higher sintering temperature was chosen to obtain composites
with higher electrical conductivity [16].

iif)
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The resulting dense composites were discs with 15 mm diameter and
~3 mm thickness. The density of the composites was measured by the
Archimedes’ method, according to the ASTM International Standard B
311-93/02: “Test Method for Density Determination for Powder Met-
allurgy (PM)”. The theoretical density was calculated using a GBN
density of 2.2 g/cm® and a 3YTZP density of 6.05 g/cm®.

2.2. Microstructural and electrical characterization of the as-sintered
composites

The different as-sintered microstructures, emphasizing the different
GBN size and distribution are shown in Fig. 1, where polished cross
sections of the three composites are imaged. The dark areas correspond
to the GBN phases while the light areas show the 3YTZP matrix. The
GBN arrange themselves surrounding areas comprising several ceramic
grains, and do not usually surround individual grains. The ceramic grain
boundaries cannot be distinguished in these micrographs. While the e-
GNP are the smallest GBN and produce the most homogeneous com-
posite, the GNP are the largest structures and the corresponding com-
posites show the largest oval GBN-free ceramic areas. Further
comparative microstructural aspects and additional micrographs can be
consulted in previous works [14-17].

To estimate the grain size of the ceramic matrix, cross section sur-
faces of the composites were polished with diamond paste up to 1 um,
annealed for 15 min in air at a temperature 100 °C lower than the
composite sintering temperature, and analyzed by low magnification
conventional scanning electron microscopy (SEM, FEI-Teneo, FEI, USA,
Centro de Investigacion, Tecnologia e Innovacion de la Universidad de
Sevilla, CITIUS). The equivalent planar diameter, d = 2(area/n)"?,
namely the diameter corresponding to a circle with the same area as the
measured grain, was taken as a measure of the ceramic grain size. The
shape factor of the grains was calculated as F = 4x area/(perimeter)?.
The ImageJ and Origin software were used to quantify these morpho-
logical parameters, averaging 200-300 grains, according to UNE-EN ISO
13383-1:2016 standard.

In order to estimate the electrical conductivity, the samples were cut
into parallelepipedic specimens, two parallel faces were coated with
colloidal silver paste, and the electrodes were fired at 600 °C for 30 min
under Ar flow to avoid any degradation of the GBN during the process.
The measurements were performed at room temperature in a four-point
configuration with a Solartron SI 1260 A (Ametek Scientific In-
struments, Berwyn, PA, USA, CITIUS) using a potentiodynamic method
with a 0-10 mV range in steps of 1 mV. In order to account for any
degree of electrical anisotropy in the composites, two different electrode
configurations were used to obtain the electrical conductivity in the
directions parallel (c,,) and perpendicular (6, ) to the compression axis
during SPS.

2.3. EDM tests

The ED-machining tests were performed by a die sinking machine
(AEG Elotherm, Germany) with oil-based dielectric and copper elec-
trodes. This machine operates with fixed parameters, not allowing self-
optimization algorithm. Three different energies (discharge current
levels) measured in situ with a measuring clamp (ILA SMZ 200, Uni-
versity of Stuttgart, Germany) coupled to an oscilloscope (DS4022,
RIGOL Technologies, Inc., China) were tested on the composites. The
experimental eroding conditions: discharge current, pulse duration and
time lapse between pulses for each experiment are summarized in
Table 1. The material removal rate (MRR) was calculated from the
weight loss of the sample after machining a rectangular 3 x 5 mm?
cavity for 15 min. The corresponding weight loss of the electrode was
also measured to determine electrode wear. The electrodes were applied
to the external curved surface of the cylinder-shaped samples, in the
radial direction, as can be seen in Fig. 1.
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Fig. 1. Pictures of the three EDMed composites with rectangular electrodes’ imprints at different electrode energies (low energy LE, medium ME and high HE) and
the corresponding SEM-BSE micrographs showing the graphene nanostructures’ distribution (dark phase) in the 3YTZP matrix (light phase) in each composite (cross
sections). (a) e-GNP composite, with exfoliated nanostuctures, (b) composite with largest graphene nanoplatelets, GNP and (c) composite with the thinnest nano-

structures, few layer graphene or FLG.

Table 1
Experimental EDM eroding parameters. LE, ME and HE stand for low, medium
and high energy, respectively, regarding the discharge current.

Material ~ Energy Experiment Discharge Pulse Time lapse
code Current [A] duration between
[us] pulses [ps]
e-GNP Low 1-LE 3.5 8 35
2-LE 3.5 8 30
Medium 1-ME ~ 6.4 ~16 _
2-ME ~ 6.4 ~16 _
GNP Low 1-LE 3.5 7 40
2-LE 3.5 8 40
Medium 1-ME 6.4 15 35
High 1-HE 9.4 20 35
FLG Low 1-LE 3.3 7 40
Medium 1-ME 6.5 14 35
High 1-HE ~9 _ _

2.4. Microstructural characterization of the EDMed surfaces

The microstructure of the EDMed surfaces was analyzed by different
techniques. Confocal microscopy (DM3D, Leica, Germany) was used to
estimate the tolerances and the surface roughness. Raman spectroscopy
(3-4 spectra acquired from each eroded surface) was used to evaluate
the integrity of the graphene nanostructures after the EDM process. The
equipment was a spectrometer Raman Horiba Jobin Yvon LabRaman
HR800 with Olympus BX 4loptic system and Labsec 5.25.15 data
acquisition software (Instituto de Ciencia de Materiales de Sevilla,
ICMS), using a 20 mW power green He-Ne laser (532.1 nm), a diffrac-
tion grid of 600 lines/mm and a 100x objective with 100 um confocal
aperture. Finally, scanning electron microscopy, SEM,) and energy-
dispersive X-ray spectroscopy, EDS (JEOL 6460LV, FEI-Teneo, FEI,
CITIUS) were performed on the eroded surfaces and on polished cross
sections cut through the machined areas.
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3. Results and discussion
3.1. Material removal rate and stability of the EDM process

Table 2 shows the results regarding EDM performance or efficiency
in terms of material removal rate (MRR) and electrode wear rate (EWR)
of each EDM process. The energy of each process is indicated, as well as
some microstructural aspects characteristic of the composites (density
and grain size). The electrical conductivity value for each composite
(parallel and perpendicular to the sintering pressing axis) is also indi-
cated, since this is a clue parameter which influences the EDM process.

It should be noticed that a high material removal rate in ceramics
may correspond to a spalling mechanism, so it does not always indicate a
better performance than moderate MRR values. Roughness parameters
will be discussed in detail in Section 3.2.3.

Fig. 2 shows the morphology of the machined geometries as well as
the angle between the bottom and lateral surfaces depending on EDM
conditions. It can be seen that stronger deviations from 90° are obtained
in the cases of e-GNP and FLG-based nanocomposites. In contrast, the
materials filled with GNP showed lower lateral machining, with lesser
material removal, which can lead to high accuracy for finishing pro-
cesses. This fact can be attributed to the higher electrical conductivity of
the first ones: 6, and 6| in the case of e-GNP-based materials, and 6 in
the case of FLG-based nanocomposites.

The main result is that process stability is achieved in the three
composites at low energy, so the three composites are ED-machinable.
Focusing on the differences between the composites, the e-GNP com-
posite is stable only for low energy, showing the worst performance in
terms of EDM machinability and the GNP composite exhibits the best
performance in terms of machinability since the process is stable for low
and medium energy, and sufficient for high energy.
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Microstructural characteristics —density and grain size- and electrical conductivity of the studied composites. Efficiency parameters of each EDM process: material
removal rate (MRR), electrode wear rate (EWR) and surface roughness (Ra). LE, ME and HE stand for low, medium and high energy, respectively, regarding the

discharge current.

Material Density [g/cm®] Grain size D planar (pm+- sd) Electrical conductivity (S/m) x10° EDM Energy MRR [mm?®/min] EWR [%] Ra (um)
e-GNP 5.2 0.19+0.12 ¢, 2.84£0.2 LE 0.94 0.479 0.45+0.05
0.91 1.395 0.34+0.04
6| 1.67+0.11 ME Unstable 1.5+0.4
Unstable 0.95+0.12
GNP 5.3 0.14+0.06 6, 2.7+£0.2[18] LE 0.70 1.175 1.5+0.5
6 0.54+0.02[18] 0.73 1.329 1.2+0.4
ME 1.79 -0.501 1.0+0.3
HE 2.68* 0.056 0.7+0.3
FLG 5.0 0.29+0.16 6, 4.1+0.3 LE 1.06 -1.336 0.7+0.3
6] 0.30+0.02 ME 2.20 -0.340 0.7+0.3
HE unstable -2.205 0.78+0.13

" Process not completely stable but sufficient
3.2. Microstructural characterization of the EDMed surfaces

3.2.1. Damage assessment of the graphene-based nanostructures on the
EDMed surfaces

Raman spectroscopy is a powerful tool to analyze the possible
damage of the composites EDMed surface, such as GBN amorphization
or structural defects in the carbonaceous nanostructures. In this way,
Raman spectra were acquired on the surfaces EDMed at low, medium
and high energy of the three composites (Fig. 3).

For the three composites, the spectra acquired on the low energy
EDMed surfaces showed the characteristic bands of graphitic species
associated to GBN [14,18,19], i.e., D- (~1350 cm ™), G- (~1590 cm ™),
and 2D-bands (~2700 cm’l), with quite similar intensity ratios —Ip/Ig
and I5p/Ig- to the observed ones on the untested surfaces. This confirms
that this EDM energy level is not altering the GBN structure in any of the
composites.

When increasing the energy level to Medium, no significant differ-
ences in the Raman bands intensity ratios are observed for the GNP and
FLG composites (Fig. 3(b) and (c)). However, the shape and Ip/Ig ratio in
the spectra for the e-GNP composite are significantly altered (Fig. 3(a)).
The D- and G-bands are remarkably broadened with high Ip/Ig, and a
wide feature is observed between them, at ~1500 cm™!. Moreover, the
2D-band is not present in the spectra. All this reveals that the e-GNP on
the medium energy machined surface became highly damaged, and their
structure present a high amount of structural defects and amorphous
carbon [16].

The spectra acquired on the high energy EDMed surfaces of the GNP
and FLG composites also present the characteristic features for highly
damaged GBN: broadened D- and G-bands with high Ip/Ig, wide feature
at ~1500 cm ™! and significantly lower Iop/Ig ratio.

Therefore, the Raman spectra analysis indicates that the graphene in
e-GNP composite turns amorphous at medium electric discharge energy,
while in the case of GNP composites the graphene amorphization re-
quires a high discharge energy. In the FLG composites there is a gradual
shift towards amorphous, indicated by the disappearance of the peak at
2400 cm™!. However, the absence of amorphous carbon in the Raman
spectra cannot assure that it does not form. In the case of the e-GNP
composites, the amorphous carbon can be easily detected. There is a
significant amount of resolidified material, and the decomposition of
graphene is evident because the material containing it is still attached to
the surface (Fig. 4a). In the case of GNP and FLG composites up to
medium energy, the resolidified layers are very thin (Fig. 4b, ¢ and
Fig. 5), so if the graphene in the process zone has become amorphous, it
cannot be detected anymore since it has disappeared with the machining
debris. In the case of high energy machined surfaces for GNP and FLG
composites, there is a significant resolidified layer so the graphene
decomposition can be inferred (Figs. 5 and 6).

The remarkable damage observed after medium energy EDM of the
e-GNP composite, and after high energy EDM of the GNP and FLG
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composites can be related to the high temperatures achieved during
EDM with severe testing conditions, as previously reported [7]. The fact
that the e-GNP are damaged at a lower EDM energy level than the GNP
and the FLG could be a consequence of the possible presence of struc-
tural defects introduced on their structure during the planetary ball
milling process, as it has been previously suggested [15].

3.2.2. SEM characterization of the EDMed surfaces and cross sections

The EDMed surface of the three composites at low energy (corre-
sponding to EDM stable processes) is shown in Fig. 4. The common
features are a glassy melted surface with craters (circular voids). The
craters are a consequence of the gasses that get entrapped inside gran-
ules of the workpiece material during the machining due to the high
temperatures reached by the EDM process (6000-7000 °C) [20]. These
granules break off when the discharge duration and the neat heat flux
increase, allowing the entrapped gasses to escape. This leads to the
formation of voids, which is an undesired effect [21]. The melted regions
cover a great area percentage of the EDMed surfaces and present cracks,
as reported by other authors in CNT/zirconia composites [7] or zirconia
tungsten carbide composites [22]. The cracks on the melted layer, also a
common feature in the three composites, are the result of residual
stresses due to the rapid cooling after the EDM process.

The most striking difference observed in these EDMed surfaces in top
view with respect to the literature is that there is no clear splat structure
as in the case of metals or other ceramic composites such as TZP-WC
[22]. This absence of splats could be a consequence of the machining
direction. The composites in this study have been machined in the
perpendicular direction to the SPS pressing direction and along the
graphene main plane, while in the cases typically reported in the liter-
ature, the machining direction corresponds to the pressing direction.

Regarding the differences between the three composites’ EDMed
surface at low energy, in the GNP composite, the melted regions are
smoother and cover larger areas. Sparse micron and submicron sized
debris can be observed in the e-GNP composite (Fig. 4a). The light circles
observed in FLG specimen are due to charge effects in the electron mi-
croscope, because the recast layers are much thinner.

The increase in EDM energy produces, in the three composites, an
increase in the craters’ diameter [9], as well as in the spalling and the
surface roughness (see supplementary Figs. S1, S2 and S3). The melted
layers also show larger and uneven thicknesses. The increase in the
thickness of the recast layer has been correlated to an increase in the
graphene content in GNP-SiC composites [23].

The composite with e-GNP presents craters up to 10 um in diameter
combined with small submicrometric shallow ones which give the
medium-energy EDMed surface the appearance of a coral-like structure
(Fig. 5¢). The coral-like surface pattern or sponge-like aspect have only
been observed on the e-GNP composite and can be attributed to the
smaller lateral size of the e-GNP compared to the GNP and the FLG. The
SEM micrographs of the EDMed surfaces at low and medium energy at
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Fig. 2. (a) Optical micrographs showing the morphology of the machined
samples and (b) angle between bottom and lateral generated surfaces.

different magnifications can be compared in supplementary Fig. S1.

The EDMed surface of the composite with GNP, in Fig. 6, shows
similar features for the three conditions: low, medium and high EDM
energy, although the high energy surface presents a higher fraction of
melted region and more debris (Fig. 6b). This composite is therefore the
most resistant to the different EDM energy levels, showing a better
performance and machinability in terms of surface finish and EDM en-
ergy tolerance. The SEM micrographs of the EDMed surfaces at low,
medium and high energy at different magnifications can be compared in
supplementary Fig. S2.

The EDMed surfaces of the composite with FLG (Fig. 5b, d) exhibit
also the typical melted regions with craters and cracks (usually con-
necting the craters). When the EDM energy increases, the melted areas
become thicker, the debris content increase and the crystalline character
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of the melted areas becomes more evident (Fig. 5d). This crystalline
character of the recast layer has also been reported in zirconia-based
materials by Rapp et al. [22]. At high discharge energy, carbon nano-
tubes are clearly observed (Fig. 5b, d). The generation of carbon nano-
tubes due to arc discharges was first reported in the literature by Iijima
[24]. The high EDM energy can degrade some FLG nanostructures from
the surface and transform them into nanotubes, either directly or via
amorphous carbon or even carbo-thermally formed ZrC. These nano-
tubes have not been detected in the other specimens, maybe due to the
higher thickness of the GNP and the smaller lateral dimension of the
e-GNP. The SEM micrographs of the EDMed surfaces at low, medium and
high energy at different magnifications can be compared in supple-
mentary Fig. S3.

The cross sections of the EDMed surfaces of the three composites at
the different electrode energies can be observed and compared in Fig. 7.
The EDMed cross sections of the e-GNP composite (Fig. 7a) present a
very smooth surface in the case of low EDM energy, without any cracks.
The melted recast layer can reach only up to ~2 um depth which is the
best result in terms of surface finish among all the samples tested in this
work. This value is similar to published results in CNT/alumina com-
posites [6]. However, when the EDM energy increases to medium level
(unstable process), some ceramic zones without e-GNP appear near the
surface (clean ceramic areas in Fig. 7b). This effect has been observed
only in this e-GNP sample and can be the result of the smaller size of the
e-GNP and the possible structural damage to the GBN caused by the
highly energetic milling process, which make them more likely to burn
when EDM energy increases. Another unusual effect noticed only in
these medium energy EDMed samples are dendritic-like structures (see
supplementary Fig. S4) with darker and lighter areas. However, EDX
results do not show any difference in composition between these areas
(not shown). The surface roughness in these samples increases notice-
ably and sub-surface cracks appear over 50 um under the surface,
exhibiting a damaged structure (Fig. 7b). The accumulation of resoli-
dified material with cracks underneath indicates melting and spalling
[25]. This is the worst behavior in terms of surface finish among the
tested samples. Sub-surface cracks have also been reported by other
authors in EDM of zirconia with low electrical conductivity [7,22,25].

The EDMed cross sections of composite with GNP are also very
similar for the three EDM energy conditions (Fig. 7c, d and e), with a
surface layer that can reach 10 pm in depth, and a roughness slightly
higher than the one for the low energy e-GNP surface. The increase in
surface roughness is due to the larger GNP dimensions. Large GNP areas
are observed on the EDMed surfaces, which indicates that the GNP
structures survive to the EDM process, in accordance with the Raman
analysis.

The EDMed cross sections of the FLG composite (Fig. 7f, g and h)
show a clearly increasing roughness with increasing EDM energy. This
indicates that the FLG composites are very sensitive to EDM energy.
While the sample EDMed at low energy presents a smooth surface with a
very fine surface melted layer (Fig. 7f), the medium energy one shows a
thicker melted layer with bubble like spherical formations (Fig. 7g),
which could be also acceptable in terms of surface finish. The sample
EDMed at high energy (unstable process) presents also sub-surface
vertical cracks (perpendicular to the EDMed surface) which seem to
be caused by the FLG, which are also oriented with their main plane
perpendicular to the EDMed surface (Fig. 7h). However, a few sub-
surface cracks parallel to the surface have also been observed just
below the melted layer, similarly to the reported ones by Melk et al. [7].

In order to have a global picture of the behavior of these composites
after EDM, some important facts can be highlighted from the SEM
analysis. If we compare the EDMed surfaces in this study, we can extract
some concluding remarks about the operating mechanisms and the role
of the electrical and thermal conductivity in view of the anisotropy in
the different microstructure of the composites. On the one hand, the
surface structures of the e-GNP ceramics machined with higher energy
show quite thick recast layers containing no visible graphene, spallation
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Fig. 7. SEM (with T1 detector) showing the cross sections of the EDMed surfaces of the three composites with different electrode energies. (b) and (h) correspond to

unstable EDM processes.

and formation of perpendicular and lateral cracks. This may be a result
of the more isotropic conductivity in these composites, which dissipate
the discharge heat not only into the bulk (as happens in the other
composites along the graphene platelets) but also in lateral direction.
This implies that the temperatures achieved locally are high enough to
melt the zirconia, so most of the melt re-solidifies and is not removed.
These re-solidified layers (which apparently contain no graphene) are
closely attached to the bulk material. The re-solidification is associated
with shrinkage which induces spallation and the formation of cracks.
This is probably promoted by the fact that the bulk contains a larger
fraction of graphene based nanostructures and has a lower thermal
expansion coefficient.

On the other hand, in the GNP and FLG composites the electrical
conductivity -and therefore the thermal conductivity- are highly

5949

anisotropic, showing a high conductivity value in plane (in the
machining direction) and a low conductivity out of plane (normal to the
machining direction in this study). The recast layers are much thinner
-especially in case of FLG at low energy- and it seems that the re-
solidified melt easily spalls off or is just loosely attached to the bulk.
The lower conductivity normal to the machining direction is likely to
reduce the energy dissipation to the sides, producing a narrower heat
affected zone and a higher temperature at the base of the discharges.
This would cause a melt of lower viscosity which is removed and does
not re-solidify, producing this thinner recast layers. However, in the case
of the FLG-HE machining test (at high energy) probably due to the un-
stable process there is again a thicker resolidified layer with some cracks
(Fig. 5b, d and Fig. 7h).
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3.2.3. Surface roughness parameters of the EDMed composites

Surface finish and quality are key parameters in a wide range of
applications as they can strongly influence the mechanical and tribo-
logical behavior of components as well as the performance of contact
joints [26]. Fig. 8 shows representative 3D topographies of the EDMed
surfaces for the three studied composites. For the e-GNP processed
surfaces, the topography is homogeneous at low energy machining
conditions. Nevertheless, when medium energies are used, the process
became unstable, and some homogeneities emerge due to the already
mentioned increase of craters’ diameter (up to 25 pm) and spalling.
Similar topographic morphologies are obtained in the case of the GNP
and FLG composites, although inhomogeneities are more significant
when the process starts to be unstable (high energies).

In order to elucidate quantitative differences obtained on profiles, 3D
roughness parameters were evaluated. Fig. 9 shows the evolution of the
maximum valley depth (Rv), maximum peak height (Rp), peak-peak
height (Rz), surfaces kurtosis (Rku), surface skewness (Rsk), root
mean squeare (Rq) and arithmetic mean roughness (Ra). A diminution in
roughness parameters, compared to the surface of the unmachined
sample, occurs for the EDMed surfaces of the e-GNP composite, being Ra
below 0.5 pm. These values are lower than other reported data for
micro-EDM milling of non-conductive zirconia [27] and make possible
to use EDM as finish process [28]. When the process becomes unstable, a
significant increase can be observed in all the calculated parameters,
although Rku and Rsk remain mainly invariable, there is no increase in
the asymmetry of the profile.

It is relevant to point out that the EDMed surfaces of this composite
are considerably smoother than the ones on the other studied materials.
This fact can be attributed to the smaller size of the e-GNP and the higher
electrical conductivity (o1 exhibited by this composite (see Table 1),
promoted by the isotropic electrical network created through the
ceramic matrix, in contrast to the electrical anisotropy of GNP and FLG-
based composites.

In contrast, the machined surfaces of the GNP composite showed
higher roughness related values, which can be due, as mentioned, to the

1-LE

e-GNP
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larger GNP dimensions. In this case, higher energies in the process, with
the consequent augment of MRR, lead to lower roughness, diminishing
Rv, Rp. Rp. Rsk, Ra and Rq. This is consequent with the larger melted
regions observed by SEM when using higher machining energies.

In the case of the FLG composite, an increase of energy in the process
caused an asymmetry in topograhy increase (Rsk) in the medium energy
EDMed sample, due to the creation of bubble-like spherical formations
(Fig. 7h) but it did not cause significant changes in surface roughness,
which makes this composite attractive for EDM with medium electrode
energy.

4. Conclusions

The three types of 3YTZP composites with 20 vol% graphene nano-
structures studied are ED-machinable using a low electrode energy,
which makes these materials good candidates for fabrication of high
precision structural micro parts with complex shapes for different ap-
plications. This is supported by the stability of the EDM process, the
preserved integrity of the graphene nanostructures and the geometrical
tolerance maintained. The recast layers indicate melting mechanisms.

e The composite with small, exfoliated GNP, e-GNP, presented the best
surface finish at low energy, due to the reduced size of the nano-
structures, its homogeneous and isotropic microstructure, and the
highest average electrical conductivity. However, it could not stand a
stable EDM process nor microstructural preservation for medium
electrode energy, due to the pre-existent structural defects of the e-
GNP induced by ball milling.

e The composite with FLG presented the highest material removal rate
value for medium electrode energy with undamaged FLG and a good
surface finish. The low thickness of the few layer graphene may be
responsible for the limited tolerance to increasing EDM energy.

e The composite with GNP exhibited the best EDM machinability with
stable processes and a stable microstructure for low, medium and
high energy. Besides, decreasing roughness with increasing electrode

1-HE
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Fig. 8. Confocal 3D topography of the EDMed surfaces.
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energy has been measured. The higher thickness and lateral size of
the GNP used for this composite is beneficial for EDM.
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