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Single-crystal silicon carbide (SiC) is an important semiconductor material used in power electronics.
Due to its high hardness and brittleness, SiC is very difficult to machine using mechanical methods.
Electrical discharge machining (EDM) has recently garnered extensive research interest as a potential
machining method for SiC. However, this technique induces severe subsurface damage on the workpiece.
To date, mechanisms leading to EDM-induced subsurface damage in SiC have not been clarified. This
study aims to investigate the atomic-scale subsurface damage in SiC induced by EDM using Raman
spectroscopy and transmission electron microscopy (TEM). In cross-sectional TEM observations, three
regions of subsurface damage were identified, namely, the re-solidified layers, heat-affected zones, and
microcracks. It was found that SiC decomposed into silicon and carbon in the re-solidified layers, and the
degree of decomposition depended on the discharge energy and workpiece polarity. The re-solidified
layer was a mixture of crystalline/amorphous silicon, crystalline/amorphous carbon, and nano-
crystalline SiC. The presence of an extremely thin graphite layer was observed in the re-solidified
layer. The heat-affected zone remained crystalline but showed a different crystal structure distinct
from that of the bulk.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Single-crystal silicon carbide (SiC) is a hard and brittle material
with high melting and boiling points. Due to its excellent physical,
chemical, and electrical properties, such as high thermal stability,
resistance to corrosion, and wide bandgap, SiC has become an
important candidate material for applications exposed to high
temperatures pressures, as well as corrosive environments. Owing
to its wide bandgap, SiC also has the potential to replace silicon in
high-power applications. The demand for SiC devices is predicted
to rise rapidly in the near future. Ultraprecision machining of SiC is
an essential step to ensure quality, reliability, and cost efficiency for
SiC-based device manufacture, and is becoming increasingly
important when the above technology trends are considered.

However, owing to its high hardness and brittleness, SiC is
extremely difficult to machine using conventional methods such as
Elsevier Ltd. All rights reserved.
mechanical polishing. On the other hand, SiC is electrically
conductive, implying it can be finished by electrical machining
methods. As a nonconventional machining technology, electrical
discharge machining (EDM) has recently garnered research interest
as a potential precision machining method for SiC. EDM does not
involve mechanical contact between the tool and workpiece, and is
therefore less affected by the workpiece hardness and brittleness.

Slicing of SiC ingots to produce thin wafers using wire-EDM
(WEDM) has been an active area of research in recent decades.
Kato et al. [1] compared the processes of WEDM slicing and dia-
mond wire sawing of SiC ingots and concluded that WEDM ach-
ieved lower surface roughness but produced damaged layers
containing SiO2 and graphite. Yamamoto et al. [2] investigated the
cutting of SiC ingots using a rotating WEDM slicing method and
achieved a large kerf loss and improved surface roughness (3.4 mm
Ra). Itokazu et al. [3] performed multi-wire EDM on a poly-
crystalline SiC ingot and achieved satisfactory thickness variation.
Yamamoto et al. [4] used a fluorine-based dielectric fluid in the
WEDM of single-crystal SiC and concluded that improvement of
surface roughness and kerf loss was achieved. Zhao et al. [5]
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Fig. 1. Schematic diagram of the EDM experimental setup.
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conducted EDM on single-crystal SiC ingots using a tensioned
copper foil as an electrode for slicing, and concluded that this
slicing technique performed better than the WEDM wafer slicing.
Ishikawa et al. [6] compared the surface quality induced by fixed
and loose abrasives wire cut with wire-EDM and found that the
crystal lattice distortion produced by EDMwas smaller than that by
abrasives wire cut.

Despite the aforementioned advantages, a few problems still
remain in the EDM of SiC. One is that EDM causes severe subsurface
damage to SiC workpieces. A thick re-solidified layer and thermally
inducedmicrocracks will remain on the surface after EDM.Multiple
subsequent polishing processes are required to remove the sub-
surface damage, but polishing is extremely time consuming. In light
of this, understanding the subsurface damage and microstructural
changes in SiC caused by EDM is essential for developing new
processes for damage removal.

The main objective of this study is to investigate the subsurface
damage induced by EDM. The emphasis is placed on characteriza-
tion of the atomic-scale microstructural changes in SiC subjected to
EDM. Elucidation of these microstructural changes will provide
insights into the physics underlying the EDM of SiC, and enable
process optimization for improving surface integrity.

Murray et al. [7] used transmission electron microscopy (TEM)
and Raman spectroscopy to characterize the subsurface damage of
single-crystal silicon caused by EDM, and found amorphous and
crystalline silicon phases as well as subsurface cracks in the
damaged layer. As single-crystal SiC has distinctly different mate-
rial properties from silicon, the response of SiC to EDM might be
different from that of silicon. However, to date, there has been no
report in literature on the atomic-scale microstructural changes of
SiC upon EDM. In the present study, TEM and Raman spectroscopy
will be used to investigate the mechanisms causing atomic-scale
subsurface damage to single-crystal SiC subjected to EDM.

2. Experimental procedures

2.1. Material

The workpiece used in this study was an n-type single-crystal
4H-SiC wafer with a surface plane of (0001). The wafer was
50 mm in diameter and 0.36 mm in thickness, with a chemo-
mechanically polished finish. The 4H-SiC has a hexagonal struc-
turewith lattice constants of a¼ 3.073 Å and c¼ 10.053 Å. Themain
properties of the SiC workpiece are summarized in Table 1.

2.2. EDM setup and experimental conditions

EDM tests of single-crystal SiC were conducted on a RC-type
EDM machine MG-ED72. As shown in Fig. 1, pulse generation of
the RC-type EDM depends on the charging and discharging ca-
pacitors in the generator circuit. The EDM system uses a servo
Table 1
Properties of the SiC workpiece.

Property item Value

Workpiece material 4H-SiC
Surface plane (0 0 0 1)
Doping type n-type
Electrical resistivity, [U$m] 1.3e2.5 � 10�4

Mohs hardness ~9
Thermal conductivity, [W/(m$K)] 370
Melting point, [�C] 2730
Sublimation temperature, [�C] 2830
Dielectric constant 9.76
Band gap, [eV] 3.26
controlledmachining system. The on-time/off-time of the electrical
discharge pulse is controlled by the capacitor in the RC-circuit. A
sintered polycrystalline diamond (PCD) rod (diameter 1.0 mm,
diamond grain size 0.5 mm) was used as a tool electrode. As
demonstrated by Yan and Tan [8], the PCD tool electrode has a very
low wear rate and enables subsequent grinding after EDM for
subsurface damage removal.

In this study, single-discharge and multiple-discharge
machining tests were performed. Single discharge tests were per-
formed to study the effect of discharge energy on crater generation
by Raman spectroscopy, while multiple discharge tests were per-
formed to create a sufficient surface area with a re-solidified layer
for TEM analysis. In multiple discharge tests, grooves that were
1800 mm in length, 1000 mm in width, and 50 mm in depth were
machined. The EDM conditions and the properties of the PCD
electrodes are summarized in Table 2, and the corresponding dis-
charged energy per pulse in Table 3.
2.3. Surface/subsurface characterization

Field emission scanning electron microscopy (FE-SEM, JEOL
JSM-7600F) was used to observe the surface structures of the
EDMed workpiece, and material compositions were characterized
using an energy dispersive X-ray spectroscopy (EDS) system
(Bruker AXS). A Taylor Hobson CCI type white-light interferometer
with a 50 � objective lens was used to measure the surface to-
pographies of the discharge-induced craters. The surface profile
and crater depth were quantitatively measured with the assistance
of the commercially available software TalyMap Platinum 6.2.

Laser micro-Raman spectroscopy was conducted at the centers
of the electrical discharge induced micro-craters using a JASCO
NRS-3100 Raman spectrometer to identify possible phase trans-
formations in SiC. The excitation source used was a solid-state
Table 2
EDM conditions.

Parameter Value

Input voltage, V [V] 70, 80, 90, 100, 110
Capacitance, C [pF] 3300
Polarity Tool (þ/�), Workpiece (�/þ)
Tool electrode Polycrystalline diamond (PCD)
Tool diameter, [mm] 1.0
Diamond grain size, [mm] 0.5
Binder (Co) concentration [%] 90
Electrical resistance, [U$m] 1.5 � 10�2

Tool rotation rate [rev/min] ~3000
Dielectric fluid Casty EDM oil



Table 3
Discharge energy per pulse with respect to input voltage.

Input voltage, V [V] Discharge energy per pulse, E [mJ]

70 8.085
80 10.560
90 13.365
100 16.500
110 19.965
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green laser with a 532 nmwavelength and a spot size of 1 mm. The
laser exposure time for each measurement was 5 s, and each
measurement was repeated 10 times. The laser output was
controlled below 4.5 mW to prevent any thermal effects on the
specimen.

In order to investigate the subsurface structure of the re-
solidified layers on the EDMed surface, cross-sectional trans-
mission electron microscopy (TEM) was performed using a FEI
Tecnai G2 microscope at an acceleration voltage of 200 kV. For
preparation of the samples, focused-ion beam (FIB) milling was
performed using a FEI Quanta 3D filed emission gun (FEG), which
has a gallium ion source, to produce a thin slice of the specimen
(thickness ~100 nm). Before FIB operation, the surface was coated
with osmium and platinum to prevent thermal damage to the
specimen from the ion beam. The specimen was then cut perpen-
dicularly to the EDMed surface (~10 mm in depth) by FIB milling.
After the ion thinning process, the specimen was then lifted out by
an in-situ micromanipulator on to the specimen holder for TEM
observation.

3. Characterization of surface phenomena

3.1. Surface topography

Fig. 2 shows SEM micrographs of typical micro-craters on SiC
induced by single discharge under different conditions. The to-
pographies of the micro-craters vary with discharge energy and
polarity. For each polarity, the size of the micro-crater increases
when discharge energy increases. However, the crater size for
positive workpiece polarity is larger than that for negative work-
piece polarity even at the same discharge energy level. In addition,
the micro-craters generated on a positive polarity workpiece
appear to be smoother with a well-defined geometry. In contrast,
the micro-craters generated on a negative polarity workpiece are
ruggedwithout awell-defined shape. The distinct differences in the
appearance of the craters indicate different thermal erosion
mechanisms.

As seen in Fig. 2, a common feature is that while a small portion
of material has been vaporized and ejected from the micro-crater, a
larger portion of material has melted and then re-solidified onto
the top and fringe of the micro-crater. This is especially evident in
Fig. 2(c), where a ring of pileup is formed around the crater,
showing a significant degree of melting and flow. As shown in
previous studies, the plasma temperature in a single electrical
discharge can reach as high as 10000 K [9e11], which is far above
the vaporization temperature of many materials, including SiC.
Although some of the thermal energy dissipates into the sur-
rounding dielectric fluid, generating both visible and invisible
electromagnetic radiation [12], a large portion of the thermal en-
ergy is directed towards the workpiece and electrode. The intense
thermal energy of the plasma channel from the electrical discharge
vaporizes and melts the workpiece material.

Fig. 3 (a) shows a surface topography map of a micro-crater in
which the height is depicted by color. The depth of the micro-crater
can be obtained from the cross-sectional profile of the crater. Fig. 3
(b) presents the relation between crater depth and discharge en-
ergy. The error bars indicate the standard deviation of the crater
depths measured for 25 single-discharge craters under each EDM
condition. With increase in discharge energy, the depth of the
craters increases for both workpiece polarities. The crater depth
obtained for positive workpiece polarity is greater than that for
negativeworkpiece polarity. The dependence of the crater depth on
the workpiece polarity again demonstrates a difference in the
thermal erosion mechanisms under the different conditions.

It is known from previous studies [13e15] that the size of the
electrical discharge induced plasma near an anode is bigger than
that near a cathode. A plasma channel is generated when electrons
are emitted from a cathode. Since the mass of an electron is smaller
than that of an ion by several orders of magnitude, electrons tend to
travel and bombard the anode faster than ions. Therefore, the
anode is heated and bombarded first by electrons, which are fol-
lowed by negative ions travelling from the cathode, resulting in a
larger and deeper crater cavity. In contrast, positive ions reach and
heat up the cathodemore slowly, andwith a greater time delay, and
thus result in a smaller and shallower crater cavity. In other words,
the fraction of thermal energy transferred to the anode is larger
when compared to the cathode.

3.2. Formation of silicon components

Many researchers [7,16e18] have reported that rapid melting/
cooling of the workpiece material leads to formation of a re-
solidified layer with different microstructures and phases. In this
study, laser micro-Raman microscopy was performed on the re-
solidified SiC surfaces inside the craters.

Fig. 4 shows Raman spectra of micro-craters in the range of
100e900 cm�1 for various discharge energy levels and workpiece
polarities. The as-received 4H-SiC (0001) shows distinctive Raman
peaks at 774.4 cm�1 and 795.1 cm�1, which is consistent with
previous results by Nakashima and Harima [19]. After EDM, how-
ever, sharp peaks appear around 520 cm�1 at all discharge energy
levels, indicating the formation of crystalline Si. The presence of Si
indicates the decomposition of SiC into Si and C. As discharge en-
ergy increases from8.085 mJ to 19.965 mJ, the intensity of the Si peak
at 520 cm�1 shows a corresponding increase. This trend is similar
for both workpiece polarities. For EDM with the workpiece at
positive polarity (Fig. 4 (a)), the intensity of the 4H-SiC signature
peak at 774.4 cm�1 decreases sharply as discharge energy increases,
indicating a higher degree of SiC decomposition. For negative
workpiece polarity, as shown in Fig. 4 (b), the signature Raman shift
of 4H-SiC at 774.4 cm�1 remains evident throughout the discharge
energy range. This suggests that 4H-SiC remains in the re-solidified
layer even at high discharge energy.

The energy influx into a cathode workpiece (negative) is not as
intense as to an anode workpiece (positive) even at the same level
of discharge energy. The n-type 4H-SiC consists of free flowing
electrons donated by the dopant, thus creating a resistive force in
the workpiece against current flow from the cathode tool during
electrical discharge. Such behavior is attributed to the diode-like
rectifying phenomena in a semiconducting material [20]. Heat
generation decreases due to such phenomena, with the result that
correspondingly less SiC is decomposed in comparison with a
cathode workpiece.

As discharge energy increases, together with the increase in Si
peak intensity mentioned earlier, the peak at 520 cm�1 is also
slightly broadened (Fig. 4). Broadening of a Si peak indicates the
existence of nano-crystalline Si [21,22]. The existence of nano-
crystalline Si was further confirmed by TEM studies of the re-
solidified layer, as described in Section 4.

We note that amorphous Si has also been identified via Raman



Fig. 2. SEM micrographs of micro-craters generated by single electrical discharges at various discharge energies and tool polarities: (a) workpiece positive, E ¼ 8.085 mJ, (b)
workpiece negative, E ¼ 8.085 mJ, (c) workpiece positive, E ¼ 19.965 mJ, (d) workpiece negative, E ¼ 19.965 mJ.

Fig. 3. (a) Surface topography of a micro-crater and (b) change of crater depth with discharge energy.
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spectroscopy. Fig. 5 is a magnified view of a part of the Raman
spectrum obtained at 19.965 mJ in Fig. 4 (b). A broad peak at around
470 cm�1 is clearly seen, which indicates the presence of amor-
phous Si [23,24]. The rapid cooling of the melt pool inside the
micro-crater may lead to formation of an amorphous phase of Si in
the outermost layer of the re-solidified surface, although crystalline
Si remains the dominant phase that constitutes the re-solidified
layer below the amorphous Si.

3.3. Formation of carbonaceous components

Fig. 6 shows the Raman spectrum in the 1100-1900 cm�1 range
obtained from the re-solidified layers of the single-pulse discharge
craters. In Fig. 6, a carbonaceous element is evident through the
existence of D-band peaks at 1354 cm�1 and G-band peaks at
1590 cm�1. The D- and G-bands are associated with vibrations of
carbon in sp2 and sp3 bonding configurations. Specifically, the G-
band is attributed to the stretching vibration in the basal plane of
perfect graphite, while the D-band is associated with the breathing
mode of the graphite structure, and indicates the presence of de-
fects and disorder in the hexagonal sp2 carbon structure [25e27].
The intensity ratio of D- and G-bands is often used as a measure of
the degree of disorder in the graphitic structure [25,28], with
increasing intensity ratio indicating increasing disorder of the
graphite material.

In Fig. 6 (a), the D- and G-bands are not apparent at low



Fig. 4. Raman spectra of micro-craters formed by single discharge at various discharge energies using (a) positive and (b) negative workpiece polarity.
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Fig. 5. Magnified Raman spectrum showing crystalline Si and amorphous Si in a
micro-crater generated at 19.965 mJ using negative polarity.
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discharge energy levels from 8.085 mJ to 13.365 mJ, but become very
strong at discharge energy levels of 16.5 mJ and 19.965 mJ, and
Fig. 6. Raman spectra indicating the formation of carbonaceous ma
resonate with the Si peaks detected under the same conditions (see
Fig. 4 (a) in Section 3.2). This fact implies that when Si atoms
dissociate from SiC molecules during thermal decomposition, C
atoms form graphite crystallites in the re-solidified layer. TEM ob-
servations of this phenomenon will be presented in Section 4.
When using negative workpiece polarity, as shown in Fig. 6 (b),
very strong D- and G-bands are identified even at a very low
discharge energy level (8.085 mJ). Furthermore, in contrast to pos-
itive workpiece polarity, discharge with negative workpiece po-
larity produces more carbon on the re-solidified layer.

It should be pointed out that apart from the carbon generated by
the decomposition of SiC, some of the carbon detected on the re-
solidified layer may also originate from vaporized hydrocarbon
dielectric fluid and the PCD tool electrode. When the workpiece is
set as the anode, its surface is charged positively, attracting nega-
tively charged carbon ions to coalesce onto the surface. The heat in
the discharge plasma not only vaporizes the hydrocarbon fluid, but
also provides enough energy to ionize themolecule, thus producing
negatively charged carbon ion species and positively charged
hydrogen ions.
terial on the surface of re-solidified layers in the micro-craters.
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3.4. Debris formation

The phase diagram of the carbon-silicon binary system indicates
that SiC with a 1:1 stoichiometric composition sublimes at 2830 �C
into the gaseous state without going through a liquid phase [29,30].
When the vaporized SiC is cooled, it condenses into SiC particles.
Fig. 7 shows the SEM images and EDS analysis of debris formed
during EDM captured by filtering the dielectric fluid. The debris
composition is SiC, verifying the above vaporization-condensation
process of SiC.

The aforementioned Raman results and the EDS results strongly
indicate the coexistence of vaporization and decomposition of SiC
during EDM. As reported by previous studies, though SiC has strong
covalent bonding, it begins to decompose at temperatures lower
than the sublimation temperature [29,31]. In other words, at the
thermal-erosion zone where the temperature is below its subli-
mation point, SiC decomposes into Si and C and re-coagulates as
separate elements. The melting point of Si is lower (1414 �C),
causing melting and material flow of the surface layer on a micro-
crater (see Fig. 2(c) in Section 3.1).
4. Characterization of subsurface phenomena

4.1. Crack formation

A sample EDMed at 19.965 mJ per pulse (110V and 3300 pF) with
negative workpiece polarity was used for conducting TEM obser-
vations. Fig. 8 (a) is a SEM micrograph of the sample after ion
thinning and Fig. 8 (b) is the same sample lifted out by an in-situ
micromanipulator and attached to a specimen holder and ready
for TEM observation.

Fig. 9 shows TEM images of the sample. A subsurface crack
(length ~1 mm) is observed beneath the re-solidified layer and heat-
affected zone. Though EDM is a non-contact machining process,
thermal effects play an important role in the formation of subsur-
face damage. Studies have shown that an electrical discharge
generates an impulse force through the rapid expansion of the
vapor of both the superheated material and the dielectric fluid
[32,33]. Also, thermal stress arises due to steep temperature gra-
dients generated on the surface during heating by plasma channels
Fig. 7. SEM and EDS results of debris c
and subsequent rapid cooling [34,35]. Formation of a crack is the
result of a tensile stress exerted on the material that exceeds its
fracture strength. The tensile stress might be induced by the
different rates of heating/cooling between the re-solidified layer
and the bulk material beneath it. In other words, the rapid
expansion/contraction between the re-solidified layer and the bulk
creates interfacial tensile stress and leads to initiation of crack
formation.

4.2. Heat-affected zone

Fig. 10 (a) presents an enlarged view of the interface between
the re-solidified layer and the unaffected bulk. A layer that is
different from the bulk and the re-solidified layer is distinguished
from its boundaries with both components. This layer is the heat-
affected zone, where heat generated from the electrical dis-
charges did not melt the material, but caused thermal effects. The
thickness of the heat-affected zone measures approximately
150 nm. The selected area electron diffraction (SAED) pattern of the
bulk shown in Fig. 10 (b) verifies the hexagonal lattice structure of
4H-SiC. The area of the heat-affected region is too small to perform
SAED. Instead, the fast Fourier transform (FFT) image of the area is
presented in Fig. 10 (c). The FFT image is a digital diffractogram
similar to SAED, derived from the digitalized TEM image using the
Gatan Micrograph software. The FFT result shows a crystalline
structure, but the lattice structure is different from that of the
unaffected 4H-SiC bulk. There are two possible reasons for the
generation of the heat-affected layer: i) thermal strain or ii) the
partial decomposition of SiC. The latter occurs when the tempera-
ture rises above 1600 �C but remains below the sublimation point
of SiC (2830 �C), and leads to selective desorption of Si atoms from
the SiC compound, leaving Si-rich and C-rich SiC phases, as
demonstrated by Salama et al. [36]. Therefore, the heat-affected
zone consists of alternating lamella of Si-rich and C-rich SiC pha-
ses, which appear as a banded structure in the bright field image.

4.3. Microstructure of the re-solidified layer

Fig.11 presents a close-up TEM image of the re-solidified layer of
the EDMed SiC sample. The re-solidified layer measures
ollected through filtering EDM oil.



Fig. 8. SEM micrographs of the FIB-thinned TEM specimen.

Fig. 9. (a) Bright field TEM image showing a subsurface crack beneath the re-solidified layer and heat-affected zone, (b) enlarged view of the region outlined by the square in (a).

Fig. 10. The heat-affected zone at the interface of the re-solidified layer and unaffected bulk. (a) Bright field TEM image, (b) SAED of unaffected bulk, (c) FFT image of heat-affected
zone.
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Fig. 11. Bright field TEM image of re-solidified layer on top of SiC bulk.
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approximately 1 mm in thickness, and has an inhomogeneous
microstructure with randomly distributed grains. The ripple-like
contours observed in the bulk region in Fig. 11 might be due to
bending of the TEM specimen.

Fig. 12 (a) presents a higher magnification TEM image of the re-
solidified layer. Fig. 12 (b) is the FFT image of the entire area of
Fig. 12 (a). The broad fringe-like diffraction pattern without any
distinguishable bright spots indicates that an amorphous phase
[37,38] exists in the selected region, which is approximately
500e600 nm deep into the EDMed surface. This agrees with the
Raman spectroscopy result where peaks of amorphous Si
(470 cm�1) and amorphous carbon (1550 cm�1) are detected (see
Fig. 5 in Section 3.2 and Fig. 6 in Section 3.3). Despite the
Fig. 12. (a) Bright field TEM image of the re-solidified layer; (b) FFT diffractogram of the enti
showing a polycrystalline microstructure.
dominating amorphous phase, the sparsely distributed bright spots
in the FFT image of Region 2 in Fig. 12 (c) indicate the presence of a
polycrystalline phase. In the bright field TEM image in Fig. 12 (a),
nano-scale polycrystalline grains with distinguishable grain
boundaries are visible.
4.4. Nanostructure of the silicon components

Fig. 13 presents a high-resolution TEM image of a small region
inside the re-solidified layer. The TEM image in Fig. 13 (a) reveals
the existence of different phases of material with observable
boundaries. The FFT image in the inset shows a pattern of sporadic
bright spots which indicates polycrystalline and amorphous pha-
ses. A crystalline Si phase can be identified with clear lattice fringes
as seen in region 1 of Fig. 13 (a) and (c). Further confirmation is
performed by analyzing the corresponding FFT image of region 1 as
shown in Fig. 13 (b). The bright and distinctive spots shown in
Fig. 13 (b) indicate a highly crystalline Si phase. However, upon
closer examination, spots with weaker intensity can be observed in
the background as well. This phenomenon may be attributed to
crystalline grains with different orientations. By using analysis tools
in the Gatan Microscopy software, the inter-planar spacing of the
crystalline Si phasewasmeasured as 0.324 nm. Themeasured value
is close to that reported by Xu et al. [39] for crystalline Si with an fcc
crystal structure (0.334 nm). Due to the solubility of carbon in the
silicon matrix [40], the observed crystal lattices may contain trace
amounts of the SiC structure. Such phenomena can cause the inter-
planar lattice spacing to deviate from the theoretical value. How-
ever, in combination with the results from Raman spectroscopy, it
can be concluded that crystalline Si exists as a major phase in the
re-solidified layer.
4.5. Nanostructure of the carbonaceous components

Fig. 14 presents a high-resolution TEM image of a small region in
close proximity to the bottom of the re-solidified layer and above
the heat-affected layer. An embedded graphite layer is clearly seen,
which consists of approximately 7e8 sheets in stacking sequence.
re region of (a), showing the amorphous phase; (c) FFT diffractogram of region 2 in (a),



Fig. 13. Crystallization of silicon in the re-solidified layer. (a) Bright field TEM image of the re-solidified layer with different material phases. (b) Corresponding FFT image of region 1,
(c) inter-planar spacing of crystalline Si.
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The graphite layer is parallel to the workpiece surface, i.e., the
(0001) plane, and the thickness of the graphite layer is measured to
be about 3.2 nm, as indicated in region 2 of Fig. 14 (a). The FFT
images in Fig. 14 (b), (c) and (d) are obtained from regions 1, 2 and 3
indicated in Fig. 14 (a). Region 1 mainly consists of polycrystalline
SiC, while region 3 is mainly amorphous Si and C with a trace
amount of polycrystalline SiC.

A further enlarged TEM image of the graphite layer is presented
Fig. 14. High-resolution TEM images of the re-solidified layer, showing three regions: (1) p
in Fig. 15 (a). Individual graphite sheets can be observed in a
stacking structure, forming carbon ribbon bands. Analysis using
inverse FFT and profile measurement techniques in the Gatan
Micrography software, as shown in Fig. 15 (b) and (c) respectively,
indicate that the inter-planar distance among the graphite sheets is
0.379 nm. This value is close to the inter-sheet spacing of an ideal
hexagonal graphite structure [41,42]. However, the graphite layers
are not perfectly aligned, and some disordered graphite sheets are
olycrystalline SiC, (2) graphite layer, and (3) amorphous Si, C and nano-crystalline SiC.



Fig. 15. Characterization results of the inter-planar distances of the multilayered graphite sheet: (a) Bright field TEM image, (b) inverse FFT image, (c) profile of inverse FFT.
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present. This is in agreement with the Raman spectroscopy obser-
vation of the D-band, that signifies the existence of carbonwith sp3

bonding [25,28]. An ideal hexagonal graphite crystal only contains
carbon atoms with sp2 bonding without breathing mode.

Formation of the graphite layers might involve both thermal and
mass transport of Si and C atoms during decomposition of SiC
[36,43,44]. A combination of the temporal nature of the generated
plasma channels, and the intense heating that occurs during elec-
trical discharge means that the outer most surface of the workpiece
experiences the highest temperature at the peak of discharge. Also,
due to thermal conductivity of 4H-SiC, some of the thermal energy
is transferred into the workpiece, forming temperature gradients
and isotherm contours as the heat penetrates deeper. Temperature
profiles and isotherm contours of discharge craters have been
studied and modeled by many researchers [12,13,45,46].

Yeo et al. [45] presented simulatedmodels of the thermal profile
of a discharge crater in an AISI 4140 stainless steel workpiece that
showed heat penetration up to 50 mm beneath the discharged
surface. In 4H-SiC, the heat from electrical discharge is expected to
penetrate even deeper, since the thermal conductivity of SiC is
approximately seven times higher than that of steel at ambient
temperature. Furthermore, the thermal conductivity of SiC is tem-
perature dependent, increasing in value as temperature increases
[47,48]. At temperatures above the boiling points of Si and C, which
are 3625 �C and 3828 �C, respectively [29], both elements and their
compounds exist in gaseous form. However, at temperatures be-
tween the peritectic point at 2830 �C [30] and the boiling point of
silicon, Si atoms dissociate from C atoms and forms liquid silicon.
This liquid dissolves small amounts of carbon. The remaining
undissolved or saturated C atoms segregate and form graphite
sheets in a stacking sequence.

A detailed examination of the graphite stacking in Fig. 15 (a)
reveals imperfections of the graphite lattice, such as planar dis-
continuities or openings, stacking faults, and irregularities in par-
allel planes. Planar discontinuities might be attributed to the
existence of vacancies on a planar hexagonal structure as a result of
the amorphization of C atoms around the graphite sheet opening.
Some graphite planes are observed to be bent and distorted. As the
graphite layers are embedded in the polycrystalline/amorphous
matrix, the graphite structures experience severe lattice strain due
to inhomogeneity of multiple material phases. Rearrangement of
carbon atoms to form graphite layers will also be disturbed by cyclic
rapid heating and cooling during EDM. A similar phenomenon was
reported by Salama et al. [36] in fabricating nanoribbons using
nanosecond pulsed laser on 4H-SiC, where the inter-planar spacing
of graphite layers was also 0.379 nm.
5. Conclusions

EDM tests of single-crystal 4H-SiC were performed under
various conditions. Raman spectroscopy and TEM analysis were
used to experimentally characterize the EDM-induced subsurface
damages and structural changes in the material. The following
conclusions were drawn:

(1) SiC is decomposed into silicon and carbon during EDM. The
extent of decomposition depends on the electrical discharge
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energy and workpiece polarity. Positive workpiece polarity
causes greater decomposition of SiC.

(2) Though SiC does not melt directly in EDM, the decomposed
silicon component undergoes melting and re-solidification,
leading to a recast layer on the discharged crater surface.

(3) From the cross-section of an EDMed surface, three layers of
subsurface damage can be identified: a re-solidified layer
(thickness~1 mm), a heat-affected zone (thickness ~150 nm),
and microcracks (length ~1 mm).

(4) Cracks are initiated beneath the re-solidified layer and heat-
affected zone. The heat-affected zone remains crystalline but
shows different crystal structures from that of the unaffected
bulk.

(5) The re-solidified layer is a mixture of crystalline/amorphous
silicon, crystalline/amorphous carbon, and nano-crystalline
SiC.

(6) The crystalline phase of carbon in the re-solidified layer has a
graphite structure and a thickness of several nanometers.
The inter-planar distance among the graphite sheets is
0.379 nm.
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