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Abstract Surface and subsurface damages appear inevitably
in the grinding process, which will influence the performance
and lifetime of the machined components. In this paper, ultra-
precision grinding experiments were performed on reaction-
bonded silicon carbide (RB-SiC) ceramics to investigate sur-
face and subsurface damages characteristics and formation
mechanisms in atomic scale. The surface and subsurface dam-
ages were measured by a combination of scanning electron
microscopy (SEM), atomic force microscopy (AFM), raman
spectroscopy, and transmission electron microscope (TEM)
techniques. Ductile-regime removal mode is achieved below
critical cutting depth, exhibiting with obvious plow stripes and
pile-up. The brittle fracture behavior is noticeably influenced
by the microstructures of RB-SiC such as impurities, phase
boundary, and grain boundary. It was found that subsurface
damages in plastic zone mainly consist of stacking faults
(SFs), twins, and limited dislocations. No amorphous structure
can be observed in both 6H-SiC and Si particles in RB-SiC
ceramics. Additionally, with the aid of high-resolution TEM
analysis, SFs and twins were found within the 6H-SiC closed
packed plane, i.e., (0001). At last, based on the SiC structure
characteristic, the formation mechanisms of SFs and twins
were discussed, and a schematic model was proposed to clar-
ify the relationship between plastic deformation-induced de-
fects and brittle fractures.
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1 Introduction

In the family of SiC, RB-SiC material has received ever
increasing attention as a promising mirror material for
space optical applications due to its high strength, high
chemical inertness, enhanced radiation stability, thermal
shock resistance and high specific stiffness (E/ρ) [1, 2].
However, due to its extremely high hardness, brittleness,
and low fracture toughness, machining RB-SiC becomes a
very challenging task. To obtain high form accuracy and
surface integrity parts, grinding with diamond wheels is
often employed to machine hard and brittle ceramics in
various abrasive machining methods [3–5]. But some un-
desirable surface and subsurface damage such as micro
cracks, pulverization layer induced by brittle fracture,
and plastic deformation defects are easy to generate in
the grinding process, which will impact the surface integ-
rity and reduce the lifetime of the machined components
[6]. Conversely, the ductile regime machining method is
emerging as a good way to solve the fracture problem, in
which work materials are removed in the form of sheared
machining chips and leave a crack-free machined surface.
Based on the Griffith energy criterion, Bifano et al. [7]
proposed that the critical grinding depth for ductile mode
grinding of brittle materials was associated with material
intrinsic properties. It indicated that the energy required
for plastically deformation is less than that for fracture
especially at small material removal scale. Also, the dam-
age characters and severity are strongly depend on the
material removal mechanism.
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As a consequence, tremendous efforts have been made to
investigate material removal mechanism and the correspond-
ing surface and subsurface damages during grinding of
difficult-to-machine material such as alumina [8], silicon ni-
tride [9–12], zirconia [13], glasses [14, 15], and particulate
reinforced titanium matrix composites [16, 17]. Specific to
silicon carbide ceramics, Agarwal et al. [18] conducted a high
machining rate grinding experiments to study the surface/
subsurface damage formation and material removal mecha-
nism. It was found that individual grains dislodgement act as
the primary removal mode due to micro cracks propagation
along the grain boundaries. The increased depth of cut led to a
higher grinding force thus generating larger sized cracks and
deeper damage layer. Zhang et al. [19] experimentally distin-
guished four types of advanced ceramics damage induced in
grinding. The results showed that pulverization and scattered
cracks are the main grinding damage in the subsurface of SiC,
and the damage depth is related to the brittleness property of
the work material. Zhang et al. [20] investigated the surface
generation mechanism of micro-grinding of RB-SiC/Si com-
posites, and detected that SiC and Si phases amorphous tran-
sition and C segregation were occurred in machining by graz-
ing incidence X-ray diffraction and Raman techniques.

Moreover, studies have shown that material removal mech-
anisms and damage patterns were significantly controlled by
the material microstructures. Xu et al. [21] demonstrated that
appropriately tailoring SiC microstructure can result in chang-
ing material removal mechanism from macroscopic chipping
to grain dislodgment. The tolerance to machining damage can
be improved by suppress the formation of strength-degrading
cracks. Gao et al. [22] found that the subsurface damage of
silicon carbide samples with elongated grain only contain
plastic deformation during polishing, while the sample with
equiaxed grain appeared lateral cracks both in grinding and
polishing.

However, the abrasive-workpiece interaction is very
complicated. It is also related to the grit geometry, cata-
strophic wear of the cutting tool, stress state, machining
parameters, intrinsic material properties and crystal an-
isotropy [23–25]. Therefore, in order to minimize the im-
pact of uncertain factors and monitor what occurred at
atomic scale during material removal process in real-
time several molecular simulations that only consider the
atomic nuclei was performed. Mishra et al. [26] used mo-
lecular dynamics simulations (MD) to investigate poly-
crystalline SiC wear in the nanoscale range with a nano-
scale cutting tool. They attributed atomic scale deforma-
tion mechanisms of SiC to grain-boundary sliding, which
is accommodated by heterogeneous nucleation of partial
dislocations, formation of voids at the triple junctions due
to dislocation restrained and grain pull-out. Whereas,
Goel et al. [27] attributed the ductile respond of SiC to
sp3-sp2 structure transition and amorphization in the

nanometric cutting process through MD simulation study.
Xiao et al. [28] revealed that intensive dislocation activi-
ties, including Frank partial dislocations and basal plane
edge dislocations play a major role in the ductile defor-
mation. These MD simulation studies provide a funda-
mental understanding of material removal and subsurface
defects formation mechanisms. However, the simulation
conditions are different from real machining process
which limits the applicability of the simulation results in
real machining practice. Through the research aforemen-
tioned, it can be found that the direct observation of the
subsurface microstructure in atomic scale under the mac-
roscopic plastic removal mode during ultra-precision
grinding of RB-SiC still have not been performed yet.

In this paper, various microcopy techniques will be used to
detect surface and subsurface damages of RB-SiC ceramics
induced in the ultra-precision grinding experiments.
Discussions will be mainly focused on the subsurface damage
characteristics and formation mechanisms in the ductile grind-
ing process of RB-SiC and the role of grinding depth played in
controlling material removal behavior. At last, based on the
stress distribution around the abrasives and RB-SiC composite
microstructures, the correlation of the plastic deformation de-
fects with the crack nucleation and propagation is also
analyzed.

2 Experimental details

2.1 Microstructure and material properties of the RB-SiC
specimen

A RB-SiC ceramics cube (dimension, 12.5 × 12.5 × 5 mm;
Goodfellow Cambridge Ltd., UK) with grain size of about
10 μm was used in this study. The specimen was polished
until the surface roughness less than 5 nm Ra in order to
eliminate surface defects. The X-ray diffraction (XRD) pattern
(Fig. 1) collected from RB-SiC sample indicates that its com-
posite mainly consists of three phases, i.e., 6H-SiC, 3C-SiC,
and Si. The SEM backscattered electron image of the RB-SiC
sample, shown in Fig. 2a, revealed SiC grains (dark phase)
were strongly bonded together into a continuous network and
the remaining volume (nearly 10%) was occupied by silicon
(gray phase). While the light parts around SiC particles are
epitaxial overlayers of “new” SiC, which nucleates heteroge-
neously on the pre-existing SiC particles during reaction-
bonding, as marked in SEM secondary electron image
Fig. 2b. Some typical material properties of the RB-SiC are
listed as follows (obtained from the supplier’s official
website): elastic modulus E, 390 GPa; Vickers hardness H,
3000 kgf·mm−2; compressive strength, 2000 MPa; and frac-
ture toughness KIC, 4.0 MPa·m1/2.
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2.2 Machining conditions and characterization methods

The grinding experiments were conducted on an ultra-
precision machine (Moore Nanotech 350FG). The set-up is
shown in Fig. 3. The machining conditions and wheel geo-
metrical parameters are tabulated in Table 1. After completion
of the grinding experiments, surface morphology was
inspected by a SEM (Dual beam FEI Helios Nanolab 600i)
to study the material removal characteristics and the influence
of the RB-SiC microstructures. The three-dimensional surface
topography of the ground surface was measured by an AFM
(Germany Bruker, dimension icon). The Raman spectra of the
RB-SiC ceramics was obtained by using a J-Y HR 800 Raman
system to identify the change of the subsurface microstructure
before and after grinding. An argon ion laser with 488 nm line
excitation wavelength was used in the Raman Microscope.
The laser beam was focused to a spot size of 0.8 μm in diam-
eter. To minimize experimental error induced by non-uniform
distribution of the particles in the matrix of the workpiece, all
measurements were performed over five random locations on
each machined surface. The cross-sectional lamellae for TEM
analysis was prepared by focused ion beam (FIB) in-situ etch-
ing (Helios Nanolab600i). The TEM studies were carried out

using a FEI Talos F200x, operated at 300 kV, to observe
subsurface defects more intuitively.

3 Results

3.1 Surface morphology observed by SEM

Figure 4 shows the SEM images of the ground surface under
different depth of cut depicted in section 2. In Fig. 4a, b, the
plowing stripes and micro-fracture pits appeared on the final
machined surface as the depth of cut was set up to 1 and 2 μm.
The irregular fracture pits were mostly nucleated at the sites of
SiC: Si phase boundary (P.B.) and SiC: SiC grain boundary
(G.B.). They were distributed parallel to the direction of grind-
ing as marked by arrows. This observation is consistent with
previous study by Zhang et al. [20]. In the high spindle speed
grinding of RB-SiC/Si trial, they found that P. B. always acted
as the first site and preference path for crack nucleation and
propagation. Such fact is closely associated with the defects
evolutionmechanism and influenced by themicrostructures of
RB-SiC (to be discussed in detail later). In addition, Fig. 4b
also revealed that some trans-crystalline and inter-granular

Fig. 3 Experimental set-up of ultra-precision grinding of RB-SiC

SiC

Si

10µm 10µm

“new”SiC

a bFig. 2 SEM image of the
polished RB-SiC. a backscattered
electron. b Secondary electron

Fig. 1 The XRD pattern collected from RB-SiC
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micro-cracks were lied on the machined surface due to not
fully developed. Abovementioned results indicate that the
ground surface was generated by the combination of brittle
and ductile removal modes.

In contrast to Fig. 4a, b, a high-quality surface barely free
from any defects was obtainedwhen the depth of cut was set at
0.1 and 0.5 μm, as presented in Fig. 4c, d. It was interesting to
see that even at the sites of material flaws (such as pores),
where always act as sources of stress concentration to amplify
the applied stress, any brittle fracture manner was not ob-
served. Instead, the ductile stripes exist in both cases. It can,
therefore, confirm that plastically removal mode of RB-SiC
can be achieved when conforms to the ductile-regime criteria.

Additionally, plastic deformation characteristics on the
ground RB-SiC surface were also evaluated by the AFM as
shown in Fig. 5. The plowing stripes akin to metal cutting
stripes were clearly seen on the three-dimensional ground sur-
face textures (Fig. 5a). The profiles of a cross-section of the
stripes exhibited continuous zigzag pattern, as shown in

Fig. 5b, with the surface roughness about 34.3 nm (Ra) and
43.5 nm (Rq). The piled-up materials at the sides of the
plowing grooves once again proved that plastic deformation
occurred during the grinding process.

3.2 Raman spectroscopy analysis of RB-SiC

Raman spectroscopy has been approved to be an effective and
simple tool for the characterization of polytypes, disorder,
damages, and impurities properties of SiC [29–31]. The
Raman scattering efficiency is relative high for SiC because
of its strong covalent chemical bond. So Raman spectrum can
be easily obtained with no destructive, no contact and no spe-
cial preparation of the samples.

Figure 6 shows the whole Raman spectrum of RB-SiC
obtained before grinding in the range of 0–2000 cm−1. The
weak bands at the points of 143.5 and 234.2 cm−1 correspond-
ing to the folded modes of transverse acoustic (FTA) of 6H-
SiC at q/q0 = 1/3 and q/q0 = 2/3 (q is wave vector),

a b

c d

Si

SiC

Fig. 4 SEM micrograph of
typical ultra-precision grinding
morphology under different depth
of cut. a ap = 2 μm. b ap = 1 μm.
c ap = 0.5 μm. d ap = 0.1 μm

Table 1 Grinding conditions and
wheel geometrical parameters Diamond wheel Resin-bonded, 7 μm diamond grit, diameter 75 mm, width 6 mm, concentration: 75%.

Truing condition Green silicon carbon (GC) rod, #800, hardness: P

Coolant Water-based, challenge 300-HT,

concentrations: 2–3%, jet speed:5 m/s, cross-sectional area of nozzle: 12.56 mm2

Spindle speed 5000 rpm

Feed rate 2 mm/min

Depth of cut 0.1, 0.5, 1, 2 μm
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respectively. According to the literature [31], the folded
modes of transverse optic (FTO) of 6H-SiC Raman peaks
were at 762.9 and 784.8 cm−1, and longitudinal optic (LO)
mode peak was at 964.1 cm−1. While, FTO(0) (q = 0) at
792.8 cm−1 Raman shift should be ascribed to the stacking
faults (SFs), which is associated with both 3C-SiC and 4H-
SiC polytypes.

In the high-frequency region, the Raman shift features at
about 1509.9 and 1709.1 cm−1 shift are attributed to the
second-order Raman scattering band of 6H-SiC. Another
sharp Raman line observed at the point of 515.9 cm−1 is as-
cribed to the crystalline Si, arising from the substrate of the
bulk crystalline region [32]. We should note that compared
with the stress free 6H-SiC and Si, both their transverse optic
(TO) modes have a lower frequency shifts of −5 cm−1, indi-
cating tensile residual stress existed in the pristine material.

To discover the change in detail after grinding, Fig. 7a
shows the magnification of Raman spectra that belongs to

the shift frequency of Si. It can be seen that the Si bands is
separated into two components at about 515 cm−1 and
533~537 cm−1 with the increasing of grinding depth from 1
to 2 μm. The same results also occurred at the brittle fracture
micro pits (see Fig. 4a), as shown in Fig. 7a the saffron yellow
curve, which suggest the deformation degree in silicon is re-
lated to the depth of cut. This phenomenon is presumably
aroused by the non-uniform distribution of stress which of-
fered by the plastic deformation of dislocations [33, 34].
Under the effect of the anisotropic stress of Si threefold de-
generacy phonon modes at Brillouin zone q = 0 was broken,
resulting in the split of different phonon frequencies.

The main features of partial spectrum of SiC amplified in
the wavenumber range of 700–1100 cm−1 are also shown in
Fig. 7b. Compared to the spectrum obtained in pristine RB-
SiC, there is no significant differences in the positions of the
6H-SiC Raman peaks, except for 4H-SiC TO peak located at
770 cm‐1 appeared occasionally, which has also found in
Ref. [35]. They attribute it to the SFs deformation induced
short range ordering 4H-SiC like structure with a small vol-
ume. Besides, no indication of amorphous phase signal of
SiC was shown up in spectrum. The evidence of the above
arguments will be further confirmed by TEM inspection in
the next section.

In the high-frequency region, however, the additional
broad bands center at 1356 and 1579 cm−1 always appeared
in Raman spectrum which was taken from the surface fracture
points (shown in Fig. 8). As testified in Ness JN and Page TF
[36], the graphite was trapped by the growing grains before its
reaction with liquid silicon during RB-SiC fabrication.
Therefore, those two peaks should be caused by the D peak
(disorder-induced A1g mode) and G peak (E2g mode) of
graphite, respectively [37]. Hence, it implied that graphite
impurities play an important role on material fracture
behavior. They can offer a potential fracture point for
crack nucleation.

Fig. 5 a AFM image of RB-SiC surface ground under a depth of cut of 0.1 μm. b the corresponding cross section profile

Fig. 6 The whole Raman spectra of RB-SiC before grinding
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3.3 Cross-section of the ground SiC surface observed
by TEM

The SiC sample was prepared from the plastic zone of the
ground surface under the depth of cut of 0.1 μm. Figure 9a
shows a TEM image of the cross section with the whole view
of subsurface structure that contains three different orienta-
tions of SiC crystals and one Si grain. The proportion of Si
is too small to play a dominant role in deciding the degree of
machined subsurface damage. Hence, the observation was
mainly placed on the 6H-SiC grain for this part. The TEM
image shows that the crystalline defect layer is deeper than
the depth of cut. No crack was observed. To future explore the
subsurface damage patterns, some magnified images of the
locations marked in Fig. 9a are shown in b, d, and e. Fig. 9b
is the corresponding magnification bright field image (BF) of

area “a,” imaged down < 1210 > zone axes, showing a high
density of straight and narrow streaks, whose features are con-
sistent with the SiC stacking faults (SFs) microstructure ob-
served by SONG et al. as highlighted by arrows [38]. Those
SFs planar defects are responsible for the appearance of

FTO(0) Raman peak at about 794 cm−1 shift signal before
grinding (shown in Fig. 7b). The corresponding selected area
diffraction (SAD) pattern, which inserted in Fig. 9b displays a
set of brightness spots varies with a period of six if excludes
the twins spots. According to the previous study, such charac-
teristics can be used to depict 6H-SiC polytype (This SiC
grain structure was further confirmed by titling the sample to
take other SAD. For simplicity the result is not shown in this
paper). The diffraction spots streaks develop perpendicularly
to the fault plane along the (0001) direction, indicating SFs are
within the basal plane (0001). Such fault plane is common in
HCP structure and is easy to generate in the sintering process
due to its lower stacking faults energy (SFE) [39].

A dark straight line was found to occur parallel to the < 1

012 > direction, of which projection is at about 80°from the
basal plane (circled by the elliptical dotted line in Fig. 10a).
Therefore, the propagation of SFs was blocked and terminated
in the SiC grain. Such defects will hinder the plastic deforma-
tion in the following grinding process. For the aim of explor-
ing this defects, a higher-magnification view was taken at
another orientation and was shown in Fig. 9c, revealing the
dark straight line is a low-angle grain boundary surrounded
with a high density of discrete dislocations. Moreover, a Si
grain that contains several dislocation lines embedded in this
6H-SiC grain are visible, which correspond to the Raman shift
peaks at about 515 and 533~537cm‐1, respectively.

Figure 9d is an enlarged image of region “b” with the
sample tilting at another orientation, showing SFs with weak
contrast and some edge on dislocations at the ends of fringes
(marked by arrows) and no twins microstructure inside the
grains. Such faults are similar to the phenomenon obtained
in the dynamically ruptured SiC-I fragments in modified split
Hopkinson bars test, indicating one of the contributions for
this portation of SFs is coming from the plastic deformation of
the SiC workpiece [40]. They are formed by the motion of
partial dislocations in the basal planes, leaving behind stack-
ing errors in the perfect SiC crystals. What is more, from the
magnified image of location marked “c” in Fig. 9e, only a few
of dislocations can be found in the grains and no stacking fault

Fig. 7 Local amplification
Raman spectra of Si in the range
of 450–600 cm−1 (a) and SiC in
the range of 700–1000 cm−1 (b)

Fig. 8 Raman spectrum of graphite contained in RB-SiC
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streaks appeared. The limited or absent dislocations motion is
due to strong SiC valence bonds characteristic. All of the
above observations suggest that RB-SiC subsurface deforma-
tion mechanism is more complicated than single crystal SiC
because of its complex microstructure, i.e., differ crystallo-
graphic orientation, random distributions and P.B./G.B.

Additionally, even though a pronounced twining patterns
can be observed in SAD, it was difficult to distinguish the
twins from the extensively SFs streaks in the bright field im-
age. So high resolution TEM (HRTEM) was required to fur-
ther investigate the details of twins structure. Figure 10a
shows a HRTEM image obtained from the region circled in
Fig. 9b. Deformation twins exist inside the clustered SFs and

parallel to the basal plane. The thickness of the twin is about
3 nm and we do not find any evidence of amorphous phase
occurred in this area. Fig. 10b is the corresponding Fast
Fourier transform (FFT) on the area closed by the white box
in Fig. 10a, including both matrix and twin part diffraction
spots, in which two rhombohedral described the twins rela-
tionship. It indicates that the twins plane also lies on the basal
plane (0001) as expected in 6H-SiC.

Moreover, from the corresponding inverse FFT (IFFT) pat-
tern presented in Fig. 10c, the twins boundaries are ledges and
irregularities (marked by yellow lines), which is in agreement
with the features of deformed boron carbide reinforcement
particles (also in covalent bonds) within a nanostructured Al

Fig. 9 a TEM image of overall
cross-section of the RB-SiC
grounded surface, observed at the
region of 0.1 μm depth of cut. b,
d, and e local magnification
bright field image corresponding
to the location as marked by “a,”
“b,” and “c” in (a), respectively. c
Magnified TEM of area marked
by elliptical dotted line in (b)

Int J Adv Manuf Technol



5083/B4C metal matrix [41]. In this case, obviously incoher-
ent atoms scattered along the edge of twins, indicates that
dislocations are in existence in the deformation areas.
Fig. 10d corresponds to the IFFT pattern by choosing the

(0006) and 0006
� �

diffraction spots from the FFT pattern.
The dislocation structures have high density, which were la-
beled by ‘T’ to indicate half an atomic plane. In addition, the
curly and broken silicon carbide lattice that parallels to the
<0001> direction is also highlighted by ellipses. These ob-
served features can unambiguously identify that this twin mi-
crostructure is indeed plastic deformation-induced.

4 Discussions

4.1 Formation mechanisms of SFs and twinning

Through the direct TEM observation, it was found that the
subsurface damages under the ductile regime grinding
were mainly includes limited dislocations, basal plane

SFs and twins structures. The SFs and twins are mainly
concentrated on the easily shearable atomic plane (0001).
The basal plane of 6H-SiC has maximum inter-planar dis-

tance and within the basal plane < 1120 > is the close
packed direction with the shortest move distance
(c/a = 4.907 > 1.732 where c and a are the lattice param-
eter as 15.117 Å and 3.08065 Å, respectively). Thus, this
slip system was subjected to less Peierls-Nabarro force

than the potential 1010
� �

< 1120 > prismatic or

1011
� �

< 1101 > pyramidal glide system when activate
atoms slip. It suggests that the crystal structure factor
leads to lower critical resolved shear stresses to slip for
the basal plane than those for the prismatic or pyramidal
planes. Another possible factor affecting the activation of
slip systems is the temperature. High local temperature
occurs in the contact zone between the abrasives and
work material, especially at such a small cutting depth,
which will promote the plastic deformation. Fujita et al.
[42] have reported that mono-crystalline 6H-SiC undergo-

ing plastic deformation through active 0001ð Þ < 1120 >

Fig. 10 a The HRTEM image
taken from the region enclosed by
a rectangle in Fig. 9b. b
Corresponding SAD pattern of
the image a. c corresponding FFT
patterns of HRTEM image in (a).
d Inverse FFT pattern
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glide system at temperatures above 1273 K. Samant et al.
[43] also found that critical resolved shear stress for the

basal glide system along the < 1120 > direction de-
creased within 700 to 1300 °C temperature range.

Therefore, the observed stable SFs could likely be the out-

come of the full Burgers vector 1=3 < 1120 > which disso-
ciated into leading dislocation and trailing partial dislocations

with vector 1=3 < 1100 > and 1=3 < 1010 >, respectively.
In the present case, the basal SFs formation mechanism in 6H-
SiC is equivalent to Shockley partial dislocations 1/6 <112> in
cubic 3C-SiC. The slipped atoms in the layer “B” will
detained at the metastable “C” sites as shown in schematic
diagram Fig. 11a. As a result, this motion of partial dislocation

by Burgers vector 1=3 < 1100 > in the 6H-SiC lattice plane
leads to stable SFs formation on the (0001) plane.

What is more, those SFs are also closely related to the
formation of basal twinning which might originate from
the overlapping of the partial dislocations with SFs on

adjacent slip planes. In other words, three collinear 1=3

< 1100 > partials moving on parallel basal planes can

make up a full glide of a dissociated < 1100 > prism
plane dislocation as shown in Fig. 11b. Besides, there
have two potential ways for this twin partials dislocation
movement in view of 6H-SiC atomic structure, which
composed of the sequence stacked Si-C bilayers along
the <0001> direction. The first way is the glide mode,
i.e., shear occurred inside the bilayers and the second
way is the shuffle mode, i.e., shear occurred between
two bilayers. However, the results of electronic structure
calculations with density functional theory suggested that

the basal slip on the shuffle set dislocation along the < 1

100 > direction does not dissociate into partials separated
by a stacking fault due to lack of an intermediate energy
minimum along this path [44]. Therefore the observed
twins in this work should be originated from the glide

set along the < 1100 > direction.

4.2 The mechanism of brittle to ductile transition

In view of macroscopic removal behavior, the brittle to ductile
transition can be understood from a well-known critical pen-
etration depth dc formula established by Bifano et al. in 1991.
Many previous studies have verified that a low enough depth
of cut might implement ductile-regime removal for brittle ma-
terial if the maximum undeformed chip thickness hmax is not
exceeding dc, which can be specified as [7]:

dc ¼ 0:15
E
H

� �
KIC

H

� �2

ð1Þ

Based on the parameters given in Table 1, dcwas calculated
to be 36.83 nm. In addition, according to the kinematic

relationship between the abrasive and the workpiece in hori-
zontal surface grinding (shown in Fig. 12), the maximum un-
deformed chip thickness hmax can be expressed as [45]:

hmax ¼ 4

Cr
vw
vs

� �
ap
de

� �1=2

" #1=2

ð2Þ

where C is the active grit density, r is the chip-to-thickness
ratio, vw is the feed rate, vs is the grinding wheel velocity, ap is
the cutting depth, and de is the equivalent diameter of the
grinding wheel. In the present work, the value of C and r are
estimated to be equal to 100 and 10, respectively [46]. The
calculated maximum undeformed chip thickness hmax corre-
sponding to varies depth of cut over the range of 0 to 3 μm
was plotted in Fig. 12. It shows that under the first two sets of
depth of cut, the maximum undeformed chip thickness is low-
er than the critical chip thickness, prompting damage free
surface (as shown in Fig. 4c, d).

As hmax increased from 38.57 to 45.87 nm, brittle fracture
appeared on the final machined surface (as shown in Fig. 4a, b)
and the density of fracture increased. But it can be seen that
even though hmax exceed the critical penetration depth, work
material was removed in the combined modes of brittle and
ductile rather than pure brittle mode. As shown schematically
in Fig. 12, cracks exist from the point of critical chip thickness
to the top un-machined surfaces along the tool nose. However,
some cracks will not penetrate below the machined surface as
they are carried away by the following cutting process.
Thereby, the mixed characteristics containing brittle and plastic
deformation behavior presented on the final machined surface.

Moreover, it is noteworthy that those brittle fractures are
distributed at P.B. and G.B. in the form of micro-pits, which
are induced by trans-granular crack extending to the free sur-
face in the SiC grain. This fracture behavior is thought to be
the result of tensile stress concentration impinged on the grain
boundary due to the SFs and twinning (as simply described in
Fig. 13). According to the scratching analytical model devel-
oped byAhn et al. [47], shear stress and compressive stress are
distributed in the front and beneath the moving indentation,
respectively. The former part is mainly responsible for
governing the nucleation and propagations of the SFs and
twinning, while under the influence of lateral stress a tensile
stress was generated perpendicular to the compressive stress
as proposed in Ref. [40].

Then, the induced tension stress initiates and propagates
a dilatant crack, leading to the trans-granular fracture which
is in agreement with previous SEM observation. As a result
some micro pits left on the final ground surface (shown in
Fig. 4a, b). Furthermore, high density of the planar defects
usually act as preferred crack nucleation sites and propaga-
tion paths during the plastic deformation process, since the
bonding across the faulting plane is weakened due to the
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irregular rearrangement of bonds between the boundary
atoms. It might also perhaps the presence of P.B./G.B. and
defects make SiC grains easier to cleavage than single crys-
tal SiC which enduring a tremendous lattice distortion dur-
ing grinding process. Therefore, it is reasonably inferred
that the cleavage of RB-SiC relieving stress prior to the
onset of amorphous phase, which is also proved by Raman
spectrum and TEM observation.

5 Conclusions

This paper investigated the surface and subsurface damages
characteristics and formation mechanism of RB-SiC ceramics
in ultra-precision grinding. The following results can be sum-
marized based on the above investigations:

1. Damage-free machined surface by ultra-precision grind-
ing of RB-SiC is possible under especially small depth of
cut. Below the critical transition depth, machined surface

exhibit abundance of plow stripes, pile-up, and free from
fracture. Above the critical transition depth, the removal
mechanism of RB-SiC ceramic was dominated by both
brittle fracture and ductile modes.

2. The major types of residual surface damages in the brit-
tle fracture removal mode were micro-pits, trans-crys-
talline, and inter-granular micro-cracks. Besides, RB-
SiC micro-structures such as impurities, P.B., and
G.B. can noticeably influence brittle fracture behavior.
The ductile to failure transition mechanisms were
discussed: micro crack nucleates at the P.B./G.B. or
plastic deformation defects, and consequent propagated
within the SiC grain.

3. Raman spectroscopy and TEM analysis show that there
is no amorphous transformation structure in the SiC and
Si grains, which possible due to the cleavage of RB-SiC
relieving stress. Additionally, anisotropy stress induced
by dislocations in the Si grain causes Si bond compo-
nent split into different phonon frequencies when depth
of cut increased.

Depth of cut (µm)

Fig. 12 Estimated undeformed
maximum chip thickness and the
corresponding removal
mechanism

Fig. 11 a the projection of SFs in 6H-SiC in < 1120 > (1–210) plane obtained through glide along 1120
� 	

. b Geometrically distinguishable basal
twins formation process
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4. Dislocations, SFs, and twins are the predominant subsur-
face damages underneath plastic zone of ultra-precision
grinding of RB-SiC ceramics. SFs and twins plane are
identified (0001), which can be attributed to the basal

plane slip on the glide set along the < 1100 > direction.
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