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Abstract
Ultrasonic assisted grinding (UAG) is one of the most suitable methods for the processing of hard and brittle materials such as
silicon carbide (SiC). During UAG of SiC, the machining quality is directly determined by the material removal mechanism.
However, the research on the material removal mechanism for UAG of SiC is still not sufficiently developed. To achieve better
comprehension of the material removal mechanism in UAG of SiC, this study conducted both UAG and conventional grinding
(CG) tests with a brazed grinding wheel with defined grain distribution. The material removal mechanism in UAG of SiC was
studied by comparing the ground surface/subsurface micro-morphology, surface roughness, grinding force, and specific grinding
energy between both processes. The results showed that the material removal mechanism experienced a transition from ductile
removal to brittle fracture with increasing undeformed chip thickness in both UAG and CG. In addition, the ground surface
roughness, grinding force, and subsurface breakage size increased with increasing undeformed chip thickness, while the specific
grinding energy first decreased rapidly and then stabilised. Compared with conventional grinding, UAG always resulted in lower
surface/subsurface breakage, surface roughness grinding force, and specific grinding energy under identical operating conditions.

Keywords Material removalmechanism .Ultrasonicassistedgrinding .Definedgraindistributionbrazedgrindingwheel .Ground
surface/subsurfacemicro-morphology . Specific grinding energy

1 Introduction

Silicon carbide (SiC) ceramics possesses superior properties
such as high specific stiffness, good thermal stability, low
thermal deformation coefficient, and low density. Because of
these advantages, today, SiC is widely used to prepare space
reflection mirrors. Generally, because of the high hardness
and brittleness of this material, conventional grinding (CG,
without ultrasonic) or ultrasonic assisted grinding (UAG) with
a diamond wheel has always been considered as the most
suitable process [1, 2].

UAG is a hybrid process that combines diamond grinding
with ultrasonic machining [3–5]. Over the last few decades,
many studies have confirmed that UAG offers many advan-
tages for the processing of hard and brittle materials such as
low grinding force, high machining quality, and low surface/
subsurface breakage. Uhlmann [6] used UAG on Si3N4 and
ZrO2 ceramics and found that UAG caused a reduction in
thermal loads and process forces. Gao et al. [7] concluded that
in comparison to CG, UAG of nano-zirconia could more eas-
ily implement ductile-regime grinding and acquire higher
quality ground surface. Wang et al. [8] conducted grinding
tests of Si3N4, the results of which indicated that UAG signif-
icantly reduced the grinding force and ground surface rough-
ness. Zheng et al. [9] demonstrated that UAG caused lower
grinding force and higher material removal rate compared
with CG. Thus, UAG is most suitable for the machining of
hard and brittle materials such as advanced ceramics. Guo
et al. [1] demonstrated that there were no cracks on the ground
micro-structured surfaces produced by ultrasonic assisted
grinding, and the ductile material remove behaviour dominat-
ed the grinding process.
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When used for optical components (such as reflection mir-
rors), these require a high-quality processed surface. In gener-
al, the machined surface quality of advanced ceramics is di-
rectly affected by the material removal mechanisms during the
grinding process [10, 11]. In 1991, Bifano [12] proposed a
ductile-regime grinding method for the processing of brittle
materials and concluded that if the dimensional scale of ma-
terial removal was sufficiently small, material removal would
proceed by a mechanism of plastic flow rather than fracture.
To this day, the generally accepted criteria for the ductile-
regime grinding of hard and brittle materials are that the max-
imum undeformed chip thickness is smaller than the critical
depth of the cut. It can be concluded that this criterion is also
true for UAG, and it forms the base for carrying out analysis of
material removal modes for hard brittle materials. A number
of research findings about material removal mechanisms dur-
ing UAG have been reported before. In 1995, Pei et al. [13]
demonstrated that under specific conditions, plastic flow dom-
inated the material removal process during rotary ultrasonic
machining of hot-pressed silicon nitride and proposed a ma-
terial removal rate model based on the ductile mode [14].
Liang et al. [15] conducted elliptical UAG of monocrystal
sapphire using a single diamond abrasive grain. Their studies
showed that the critical depth of the resulting cut was signif-
icantly increased via ultrasonic assistance, i.e. elliptical UAG
was highly effective for ductile-mode machining of mono-
crystal sapphire. Jain [16] reported that the percentage of duc-
tile mode as well as the surface finish achieved in rotary ul-
trasonic machining was higher compared with that of the
grinding process. Chen et al. [17] and Zhou et al. [18] also
reported similar results in their studies of simulation analysis
and single grit scratching method, respectively. Li et al. [19]
conducted grinding experiments with or without vibration as-
sistance and concluded that vibration facilitated the ductile
removal of brittle material because it decreases the unde-
formed chip thickness and changes of stress condition within
the undeformed chip zone. Zhao et al. [20] designed an ultra-
sonic assisted elliptical vibration system and conducted grind-
ing experiments of nano-ZrO2. The results showed that UAG
could expand the plastic processing domain, as well as im-
prove the surface and fatigue strength of nano-ZrO2 (to some
extent). In summary, intensive research on material removal
mechanisms during UAG of hard brittle materials has been
conducted. However, the effect of ultrasonic vibration on the
material removal mechanisms during grinding process still
remains insufficient and requires further work.

In general, the maximum undeformed chip thickness is a
comprehensive coefficient that is determined by both grinding
parameters and the surface status of the grinding wheel and
exerts an important influence on the grinding forces and grind-
ing energy [21–23]. Therefore, it is very important to obtain
quantitative descriptions of the maximum undeformed chip
thickness both for CG and UAG. However, for a traditional

grains disorderly arranged grinding wheel, because of the sto-
chastic nature of grains, break out, or quick wear at wheel
working layers, the maximum undeformed chip thicknesses
are distributed over an interval rather than being single valued
[23]. Under this condition, many researchers are beginning to
develop defined grain distribution grinding wheels to achieve
uniform maximum undeformed chip thickness during the
grinding process. Currently, the main preparation methods
for defined grain distribution grinding wheels are
electroplating and brazing processes [24–27]. Compared with
electroplated grinding wheels, brazed grinding wheels possess
high grit protrusion, strong grit bond adhesion, and long ser-
vice life [28–30]. Accordingly, the brazed grinding wheel has
become one of the most suitable tools for the grinding of hard
and brittle materials. To this day, many researchers have re-
ported applications of brazed diamond wheels in the CG of
hard brittle materials such as oxide ceramic [31], SiC [28],
silicon nitride [32], alumina, and zirconia [33]. However, re-
lated studies during UAG have not been reported to date.

However, building the maximum undeformed chip
thickness model forms the base for conducting quantita-
tive analyses of material removal mechanisms during
the grinding process. For the CG method, Hecker
et al. [34] proposed an undeformed chip thickness mod-
el that considers kinematic conditions, material proper-
ties, wheel micro-structure, and dynamic effects. Malkin
[35] built an undeformed chip thickness model based on
the analysis of the geometrical relationship between the
grain and the workpiece. Agarwal et al. [36, 37] devel-
oped a new analytical undeformed chip thickness model
for ceramics via calculating the average volume of
grinding layer based on the stochastic nature (i.e., the
random geometry and the random distribution of cutting
edges) of the grinding process. For UAG, Jain et al.
[16] and Bertsche et al. [38] presented undeformed chip
thickness models under the approximation condition, i.e.
using a triangular wave rather than a sinusoidal wave.
Obviously, this study can draw on the experience of the
above studies.

In this paper, with the objective to study the material re-
moval mechanisms for UAG of SiC, grinding tests were con-
ducted with a defined grain distribution brazed diamond
grinding wheel both with and without ultrasonic vibration,
i.e. with the methods of UAG and CG, respectively. The
ground surface micro-morphology produced under different
grinding parameters, i.e. different maximum undeformed chip
thicknesses for both processes were observed. Additionally,
subsurface breakage, ground surface roughness, grinding
force, and specific grinding energy were also compared be-
tween both processes. Based on this approach, the effect of
ultrasonic vibration on the material removal mechanism
(based on the defined grain distribution brazed diamond
grinding wheel) was studied.
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2 Assessing the method of the material
removal mechanism during UAG

2.1 Kinematic analysis and undeformed chip thickness

The UAG process is illustrated in Fig. 1. In this study, the
ultrasonic vibration is applied parallel to the ground surface.
During UAG, a cup diamond wheel rotates at a certain speed
and vibrates along the Z-direction at a frequency of 20–
30.4 kHz while simultaneously continuing to move toward
the Y-direction. The trajectory of a single diamond grain can
be described by the set of Eq. (1):

X tð Þ ¼ Rsin ωtð Þ þ vwt
Y tð Þ ¼ Rcos ωtð Þ
Z tð Þ ¼ Asin 2πftð Þ

8
<

:
ð1Þ

where R represents the radius of the tool, A represents the
amplitude of vibration, ω represents the angular velocity, vw
represents the feed rate, f represents the vibration frequency,
and t represents the time.

Based on Eq. (1), the trajectory of a single grain during
UAG is shown in Fig. 2. It follows a three-dimensional (3D)
sinusoidal curve and grain trajectories in the grinding zone
overlap accordingly.

The maximum undeformed chip thickness aCgmax during
CG is illustrated in Fig. 3(a). This figure shows that the rela-
tive motion of the cutting grain, with respect to the ground
surface, generates a removed chip with a curved longitudinal
shape in CG [37]. Regarding the ideal grains spacing on the
grinding wheel working surface during CG, Malkin [35] pro-
posed a widely accepted maximum undeformed chip thick-
ness model aCgmax as:

aCgmax ¼ 2Δx
vw
vs

� �
ap
ds

� �1=2

ð2Þ

where Δx represents the ideal grains circumferential interval,
vs represents the grinding speed, ap represents the grinding
depth, and ds represents the diameter of the grinding wheel.

However, compared with CG, the ultrasonic vibration is
superimposed on the z direction during UAG, and the maxi-
mum undeformed chip thickness aUgmax is consequently for-
matted as illustrated in Fig. 3(b). As can be seen in Figures 2
and 3(b), a complex 3D geometric relationship exists between
the grain and the ground surface. Bertsche et al. [38] and Jain
et al. [16] proposed the models of aUgmax in rotary ultrasonic
machining (RUM) independently as Eqs. (3) and (4):

aUgmax ¼ vw
vs

� �2
3 4

27

ρπd3g
C

 !1
3

ð3Þ

where vw represents the feed rate, vs represents the grinding
speed, ρ represents the density of the abrasive grains, dg rep-
resents the diamond grain diameter, and C represents the dia-
mond tool concentration.

aUgmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vwλ2

vsCdus4ruse2

ffiffiffiffiffiffi

da
Do

sv
u
u
t ð4Þ

where λ represents the ultrasonic wavelength, Cdus represents
the number of cutting edges per unit area in dynamic condition
in RUM, rus represents the ratio of mean chip width to mean
un-deformed chip thickness in RUM, e represents the distance
travelled by an abrasive grain in quarter ultrasonic wave-
length, da represents the axial depth of cut, and Do represents
the outer diameter of the wheel.

Based on their own mathematical models, Bertsche et al.
[38] concluded that the amplitude and frequency in RUM had
no effect on the aUgmax, i.e. aUgmax was identical with aCgmax,
while Jain et al. [16] concluded that aUgmax was lower than
aCgmax. In summary, there is no widely applicable theoretical
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model for aUgmax in UAG until now. However, what the two
models have in common is that for a certain amplitude and
frequency in RUM, aUgmax also increases with increasing feed
rate vw while decreases with increasing grinding speed vs. In
addition, Eq. (4) also illustrates that aUgmax increases with
increasing axial depth of cut da. Thus, with the objective to
study the transition of material removal mechanisms with
changing aUgmax in UAG of SiC, experimental parameters
are set to produce different aUgmax based on Eqs. (3) and (4).
In addition, corresponding aCgmax calculated by Eq. (2) in CG
are supplied as reference values.

2.2 The critical depth of the cut

As stated in the introduction, regarding the CG of hard brittle
materials, the material removal mechanism will change from
fracture to plastic flow when the aCgmax reduces to a certain
value (i.e. the critical depth of the cut). Based on the Griffith
fracture propagation criterion and microindentation tech-
niques, Bifano [12] proposed a critical depth of the cut model,
which can be expressed as:

hc ¼ 0:15
E
H

� �
K lc

H

� �2

ð5Þ

where E represents the elastic modulus,H represents the hard-
ness, and Klc represents the static fracture toughness.

Eq. (5) was acquired by microindentation techniques under
slow loading, similar to static conditions. However, during the
actual grinding process, grinding forces emerge that are
caused by elastic-plastic deformation and friction between
the workpiece and grinding wheel. Therefore, to accurately
study the material removal mechanism, a number of scholars

[39, 40] revised the critical depth of the cut model under con-
ditions closer to the grinding process. Their results showed
that the dynamic fracture toughness Kld is about 30% of Klc.
Accordingly, Eq. (6) can be revised as:

hc ¼ 0:15
E
H

� �
K ld

H

� �2

¼ 0:15
E
H

� �
0:30K lc

H

� �2

ð6Þ

Based on Eqs. (2) and (6), the quantitative judging criteria
of the material removal mechanism during CG of hard brittle
materials is determined, i.e. brittle fracture will be the domi-
nant material removal mechanism when aCgmax > hc.
Otherwise, plastic flow (i.e. ductile-regime grinding) will be
the dominant mechanism when aCgmax < hc. However, the
effect of ultrasonic vibration on hc is still uncertain.
Consequently, it is difficult to directly build the quantitative
judging criteria of the material removal mechanism during
UAG of SiC. Thus, assessing the method of the material re-
moval mechanism during UAG in this study is to conduct
comparative analysis on experimental results between CG
and UAG under the same experimental conditions. More spe-
cifically, experimental results for CG are mainly used as ref-
erence objects to help discuss the material removal mecha-
nism during UAG of SiC.

3 Experimental setup and conditions

3.1 Experimental setup

UAG and CG tests were conducted at the DMGUltrasonic 20
Linear high-speed machining centre. Fig. 4 shows the photo-
graph of the experimental setup. In this study, the workpiece
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was spliced on a fixture with paraffin. The fixture was secured
to a dynamometer via bolts. Both UAG and CG tests were
conducted with an ultrasonic tool holder. The maximum rota-
tional speed of this ultrasonic tool holder was 40000 r/min.
During UAG, the ultrasonic generator converts the industrial
electric signal into a high frequency electric signal (about 20–
30.4 kHz). Then, this high frequency signal is transferred to a
primary coil located at the end of the spindle and the second-
ary coil which is connected to the piezoelectric ceramic trans-
ducer. The piezoelectric ceramic transducer converts electric
energy into mechanical energy, which, to conduct UAG test,
is then amplified and transferred to the end face of the tool by
the amplitude transformer horn. The CG test is conducted by
shutting down the ultrasonic vibration system.

3.2 Experimental conditions

The workpiece material was non-pressurised sintering SiC.
The micro-morphology of its polished surface is shown in
Fig. 5. A number of primary randomly distributed porosities

with an apparent porosity of about 0.5% can be found. The
mechanical properties of the workpiece are shown in Table 1.
Substituting these parameters into Eq. (6), hc of SiC for CG
can be calculated as 0.0026 μm. The dimensions of the work-
piece for observing the ground surface were 25 mm × 10 mm
× 6mm and for observing the subsurface, these were 25 mm ×
10 mm × 3 mm.

With the objective to acquire an accurate aCgmax, a defined
diamond grain distribution brazed grinding wheel, with nearly
uniform grain circumferential interval Δx, was used for both
UAG and CG tests, as illustrated in Fig. 6. The outer diameter,
wall thickness, and abrasive layer width of the wheel were 30
mm, 3 mm, and 6 mm, respectively. The average grain size
was about 150–160 μm. The grain circumferential interval
was 1.25 mm, and the grain arrangement angle α was 45°.
Before UAG and CG tests were conducted, the original work-
ing surface topography of the grinding wheel was observed, as
shown in Fig. 7a. Abrasive grains were wrapped by a large
volume of brazed filler metal. To remove these brazed
filler metals and improve machining quality, a mechanical
chemical method [23] was adopted to dress the brazed
grinding wheel. The dressing process is shown in Fig. 8.
In detail, the dressing tool contained an abrasive stone
(SiC) and a Q235 steel workpiece. During the dressing
process, the grinding wheel feed along the Z direction,
thus cutting the abrasive stone and the Q235 steel work-
piece in sequence. Fig. 7 b shows the grinding wheel
topography when the volume of the removal material
from the Q235 steel workpiece reached 600 mm3. The
excrescent filler alloy around the abrasive grains was ef-
fectively removed. In addition, this dressing process could
improve the exposure height uniformity of grains [23].
The dressing parameters were grinding speed vs = 9.4
m/s, feed rate vw = 100 mm/min, and grinding depth ap
= 10 μm. For both the dressing process and grinding tests,
Castrol emulsion was used as coolant through an external
cooling nozzle as shown in Fig. 4. Its concentration was
about 4%, and its pressure was 0.4 MPa. Table 2 summa-
rises the set t ings of the machining parameters .
Accordingly, aCgmax of each group of machining parameter
is calculated via Eq. (2) and listed in Table 2. In addition,
although no specific values available for aUgmax, it can be
inferred that aUgmax increases gradually with increasing group
number from Eqs. (3) to (4), just as aCgmax.

Spindle coil Tool holder coil

Dynamometer

Workpiece

Fixture

Cooling nozzle

Tool holder Gimbal

Grinding wheel

Fig. 4 Experimental setup

Table 1 Mechanical properties of SiC

Parameters Value

Static fracture toughness Klc/(MPa·m1/2) 3.2

Microhardness HV/(GPa) 28

Elastic modulus E/(MPa) 4.1 × 105

Fig. 5 Micro-morphology of SiC ceramic
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3.3 Measurement and analysis

The vibration frequency and amplitude of the tool end face
were measured by a Polytec single-point vibrometer (OFV
5000). The sampling frequency was set to 300 kHz. In this
study, the measured vibration frequency and amplitude of the
prepared brazed grinding wheels were f = 21.5 kHz and A =
3.85μm, respectively. The balance of the ultrasonic tool hold-
er was measured by a Benstong dynamic banlance instrument.
The grinding force was measured by a Kistler four-component
piezoelectric quartz crystal dynamometer (9272) and a charge
amplifier (5070A). The testing system is shown in both Fig. 4.
A data acquisition card (PC-CARD D24/CTR3) was used to
collect grinding force data and perform A/D conversion and
was installed on the computer. DynoWare 2825D1-2 was
adopted as grinding force measurement software to set mea-
suring parameters and process the data obtained from the dy-
namometer. The grinding wheel topography was observed by
a Hirox KH-7700 3D Video Microscope.

Subsurface breakage tests were conducted through section
microscopic method as shown in Fig. 9. Before tests, all sur-
faces to be observed were lapped and polished to a mirror
finish. Then, the two polished surfaces were glued together
with paraffin. After tests, the workpieces were cleaned, and
the ground surface/subsurface were gold sputtered. Then, the
micro-morphology of the ground surface/subsurface produced
during UAG and CG was observed by a Hitachi S-3400N II
scanning electron microscope. For ease of analysis and de-
scription, the maximum depth (b) between the ground surface

and the subsurface breakage area, as shown in Fig. 10, was
adopted to evaluate the degree of ground subsurface
breakage. In addition, in UAG, b caused was marked
as bU and as bC in CG.

The ground surface roughness was measured with a Mahr
M1 measuring instrument. The sampling length was 5.6 mm,
and the measuring direction was vertical to the feed direction.
The presented values represent the average of six repeated
measurements.

4 Experimental results and discussion

4.1 Micro-morphology of the ground surface

Fig. 11 presents the ground surface micro-morphology of SiC,
obtained in both UAG and CG under four groups of typical
grinding parameters. In the order from Fig. 11 (1) to (4), the
corresponding values of aCgmax and aUgmax gradually increase.
As shown in Fig. 11, independent of whether UAG or CG are
used, different maximum undeformed chip thicknesses caused
different ground surface micro-characteristics, i.e. different
material removal mechanisms. Fig. 11 (1) (a) shows the
ground surface micro-morphology, obtained in CG for vs =
30m/s, vw = 0.05m/min, and ap = 5 μm. Under this condition,
the value of aCgmax is 0.0009 μm, which is smaller than hc =
0.0026 μm. Accordingly, the ground surface is dominated by
smooth areas produced by plastic removal mechanism and
supplemented with porosities of different sizes. These

α

xFig. 6 Defined diamond grain
distribution brazed grinding
wheel

(a) Original topography                    (b) Dressed topography

Fig. 7 Topography of the brazed
grinding wheel. a Original
topography and b dressed
topography
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porosities mainly consist of two types, primary porosities in the
workpiece as shown in Fig. 5 and porosities caused by brittle
fracture during grinding. As grinding parameters changed and
aCgmax increased to 0.00232 μm, which is very close to 0.0026
μm, although smooth areas and plastic grooves still remain the
main micro-characteristics on the ground surface as shown in
Fig. 11 (2) (a), the brittle fracture removal ratio increased appar-
ently compared with that shown in Fig. 11 (1) (a). When aCgmax
increased to 0.0268 μm, as seen in Fig. 11 (3) (a), brittle fracture
becomes the main material removal mechanism and nearly no
smooth areas remain. Finally, as aCgmax increased to 0.0928 μm,
which far exceeds the critical depth of 0.0026 μm, as shown in
Fig. 11 (4) (a), the surface breakage (including brittle fracture
areas and micro cracks caused by CG) deteriorate dramatically,
and the plastic removal surface completely disappeared. Instead,
the ground surface shows many crushing characteristics such as
micro-cracks, which resulted from the brittle fracture removal
mechanisms of the material. In addition, SiC grain shedding hap-
pens locally, and micro-cracks form because of grinding stress.

The effect of ultrasonic vibration on the ground surface
micro-morphology during the grinding of SiC ceramics can
be analysed via comparison of the ground surface micro-
morphology obtained in CG and UAG. The ground surface
characteristics for CG and UAG differ with changing machin-
ing parameters, i.e. aCgmax and aUgmax. For example, for vs =
30 m/s, vw = 0.05 m/min, and ap = 5 μm, the ground surface
characteristics obtained in UAG are also smooth areas, pro-
duced by plastic removal mechanism and brittle fracture areas
as shown in Fig. 11 (1) (b), which is identical with that ob-
tained in CG. Compared with the ground surface obtained in
CG, as presented in Fig. 11 (1) (a), nearly no difference can be
seen between them. As the aCgmax and aUgmax increase further,
these differences become obvious, i.e. UAG produces less
brittle fracture areas than CG. As illustrated in Fig. 11 (2),
for vs = 20 m/s, vw = 0.05 m/min, ap = 15 μm, UAG produces
more smooth area and plastic grooves compared with CG in
this case. Fig. 11 (3) shows the same comparative features
between CG and UAG as Fig. 11 (2). For vs = 10 m/s, vw =
1 m/min, and ap = 15 μm, the surface breakage (including

Z
direction

SiC
abrasivestone

Q235 steel

Brazed
grinding wheel

Fig. 8 Dressing setup of the brazed grinding wheel

Polished 

Ground surface

Workpiec

Grinding 

Fig. 9 Illustration of the section microscopic method

Table 2 Machining parameters of
UAG and CG tests No. Grinding speed

vs (m/s)

Feed rate

vw (m/min)

Grinding depths

ap (μm)

aCgmax (μm) aUgmax

1 30 0.05 5 0.0009

G
rad

u
ally

in
creasin

g

2 30 0.05 10 0.0013

3 30 0.05 15 0.00154

4 20 0.05 10 0.0019

5 20 0.05 15 0.00232

6 10 0.05 10 0.00378

7 10 0.05 15 0.00464

8 10 0.5 5 0.0268

9 10 0.5 10 0.0378

10 10 0.5 15 0.0446

11 10 1 5 0.0536

12 10 1 10 0.0756

13 10 1 15 0.0928
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brittle fracture areas and micro-cracks) caused by UAG also
deteriorate significantly. However, it is still seen that UAG
produces less breakage than CG. In general, comparison of
the ground surface micro-morphology obtained in UAG and
CG presented in Fig. 11 illustrates that ultrasonic vibration is
beneficial for the reduction of machining breakage such as
brittle fracture and micro-cracks, especially for ground sur-
faces that contain more brittle fracture removal mechanism
as shown in Fig. 11 (2), (3), and (4).

4.2 Ground surface roughness

To study the effects of aCgmax and aUgmax on the roughness of
the ground surface, 13 groups of grinding parameters (as listed
in Table 2) were set to conduct UAG and CG tests. The ex-
perimental results are shown in Fig. 12. Under the conditions
used in this study, the scales of aCgmax is 0.0009–0.0928 μm.
In addition, aCgmax and aUgmax both increases with increasing
test number shown in Table 2. Because of the different values,
test number was set on the bottom X-axis, and aCgmax was set
on the top X-axis. Fig. 12 shows that the ground surface
roughness (both in CG and UAG) increases with increasing
aCgmax and aUgmax. In addition, the ground surface roughness
obtained in UAG was always smaller than that obtained in
CG. The coefficient KR was defined to express the reduction
percentage in the ground surface roughness for UAG com-
pared with CG under the same conditions. As shown in
Fig. 12, the KR first increased slowly (about from 8.3 to
22.8%) with increasing aCgmax and aUgmax and then stabilised
(about 18.4–22%). This phenomenon coincides with the char-
acteristics shown in Fig. 11. Under experimental conditions,
the surface roughness values obtained by UAG and CG were
Ra 0.21–0.96 μm and Ra 0.23–1.23 μm, respectively.

4.3 Grinding force and specific grinding energy

Figs. 13 and 14 present the effects of aUgmax and aCgmax on
both the normal grinding force and tangential grinding force.
The presentation these two figures use is the same as that
adopted in Fig. 12. As shown in Figs. 13 and 14, both normal
grinding force and tangential grinding force increased with
increasing aCgmax and aUgmax. In addition, the grinding forces
produced by UAG were always lower than those produced by
CG. The coefficient KF was defined to express the reduction

percentage in the grinding force for UAG compared with CG
under identical conditions. The change trend of KF with in-
creasing aCgmax and aUgmax has the similar law as KR, as
shown in Figs. 13 and 14. With increasing aCgmax and
aUgmax, the KF of Fn first increased from 9.2 to 17.8%, and
the KF of Ft first increased from 8.1 to 16.7%. Then KF of Fn

and Ft stabilised at 15–19% and 12.7–16%, respectively.
The specific grinding energy is the energy consumed for

the removal of volume material (per unit) during grinding.
This is an important parameter to assess grinding mechanism
and can be obtained by Eq. (7):

E ¼ Ftvs
vwapb

ð7Þ

Based on the measured tangential grinding force and cor-
responding grinding parameters, the specific grinding energy
can be directly calculated according to Eq. (7). Fig. 15 shows
the effects of aCgmax and aUgmax on the specific grinding en-
ergy. Clearly, the specific grinding energy decreased rapidly
both in CG and UAGwith increasing aCgmax and aUgmax. This
phenomenon is named the “size effect” in grinding theory
[30]. Concretely, when aCgmax and aUgmax are low, more plas-
tic deformation, resulting from the ductile removal mecha-
n i sm, happens , wh ich consumes more ene rgy .
Consequently, the specific grinding energy is higher.
However, with increasing aCgmax or aUgmax, brittle fracture
gradually becomes the dominant material removal mecha-
nism, and this mode requires less energy. Accordingly, the
specific grinding energy decreases. In addition, as shown in
Fig. 15, the specific grinding energy for CG stabilised when
aCgmax increased to about 0.0037–0.0045 μm, which slightly
exceeds hc = 0.0026 μm. This indicates that the brittle fracture
removal ratio enlarges apparently when aCgmax is near hc.
Similarly, the specific grinding energy for UAG also shows
this regularity. These results mainly match the ground surface
micro-morphology as shown in Fig. 11. However, since the
tangential grinding force obtained in UAG is always smaller
than that obtained in CG, the specific grinding energy con-
sumed by UAG is always smaller than that consumed by CG.

4.4 Micro-morphology of the ground subsurface

Fig. 16 presents the subsurface micro-morphology produced
by CG and UAG under different grinding parameters (i.e.
different aCgmax and aUgmax). For vs = 30 m/s, vw = 0.05
m/min, and ap = 5 μm, Fig. 16 (1) shows a comparison of

b

Ground surface

Subsurface breakage

Fig. 10 Subsurface breakage size (b)

�Fig. 11 Topographies of the ground surface obtained in UAG and CG. (I)
Smooth area, (II) porosity, (III) plastic groove, (IV) brittle fracture, and
(V) micro-crack. (1) vs = 30 m/s, vw = 0.05 m/min, ap = 5 μm. (2) vs = 20
m/s, vw = 0.05 m/min, ap = 15 μm. (3) vs = 10m/s, vw = 0.5 m/min, ap = 5
μm. (4) vs = 10 m/s, vw = 1 m/min, ap = 15 μm
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subsurface breakage between UAG and CG. Under this con-
dition, aCgmax was 0.0009 μm. Accordingly, the subsurface
breakages produced by the two grinding processes were both
small-sized disperse micro-fracture. In addition, bC and bU
were both about 10 μm.

For vs = 20 m/s, vw = 0.05 m/min, and ap = 10 μm, the
aCgmax was 0.0019 μm. The aUgmax also increased. The cor-
responding subsurface micro-morphology is shown in Fig. 16
(2). Compared with Fig. 16 (1), bC and bU increased from 10
to 40 μm and 25 μm, respectively. The parameter Δb = bC -
bU is defined to evaluate the difference between UAG and
CG, and it was also found that Δb increased from 0 to 15
μm. In addition, it can be seen that the dispersed micro frac-
ture areas enlarged and followed a connectivity trend. As
shown in Fig. 16 (3), bC increased to 60 μm when aCgmax
increased to 0.0268. Meanwhile, bU increased to 45 μm with
increasing of aUgmax. However, the corresponding Δb still
remains 15 μm. Under this condition, the breakage areas are
full of large-sized brittle fractures and exfoliation. Fig. 16 (4)
shows the subsurface micro-morphology obtained in CG and
UAG for vs = 10 m/s, vw = 1 m/min, and ap = 15 μm. The
related aCgmax was 0.0928 μm, and aUgmax further increased.
Accordingly, bC and bU increased to 90 μm and 60 μm,

respectively. Moreover, Δb significantly increased to 30
μm. In particular, large-sized cracks form under this
condition.

Subsurface breakage is a common phenomenon during the
grinding of ceramics, in both UAG and CG. Its formation can
be attributed to the “edge fragmentation” effect [41]. In detail,
the edge fragmentation effect indicates that during the machining
of the workpiece, the edge areas are always subject to high stress,
which results in brittle fracture and exfoliation of the material. In
addition, the formation mechanism of the edge fragmentation ef-
fect is similar to that of the lateral cracks caused by grinding force
according to the indentation fracture mechanics model [42]. Thus,
when aCgmax and aUgmax are small, the grinding forces are also
small. Accordingly, the subsurface breakages produced in CG and
UAG are both dispersedmicro-fracture as illustrated in Fig. 16 (1).
These results correspondwell to the plastic removalmechanism of
the ground surface as shown in Fig. 11 (1). While grinding forces
grow with increasing aCgmax and aUgmax, dispersed micro-fracture
gradually expand and connect with each other. As a result, large
pieces ofmaterial peel from theworkpiece, and cracks are induced
duringCG as shown in Fig. 16 (4).Moreover, the deviations of the
subsurface breakage between CG andUAG increase with increas-
ing aCgmax, aUgmax, and KF.
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In summary, in UAG of SiC ceramics, based on the defined
diamond grain distribution brazed grinding wheel, ultrasonic

vibration is beneficial to cause ductile removal mode com-
pared to CG, as reflected by the ground surface micro-

(1) vs = 30 m/s, vw = 0.05 m/min, ap = 5 μm

(2) vs = 20 m/s, vw = 0.05 m/min, ap = 10 μm

(3) vs = 10 m/s, vw = 0.5 m/min, ap = 5 μm

(4) vs = 10 m/s, vw = 1 m/min, ap = 15 μm

(a) CG: aCgmax = 0.0009 μm

Micro fracture

bC ≈ 10 μm

Ground surface

(b) UAG

Micro fracture

bU ≈ 10 μm

Δb ≈15 μm

bC ≈ 40 μm

Micro fracture

(a) CG: aCgmax = 0.0019 μm

bU ≈ 25 μm Micro fracture

(b) UAG

(a) CG: aCgmax = 0.0268 μm

bC ≈ 60 μm
Fracture

Δb =15 μm

(b) UAG

Fracture
bU ≈ 45 μm

Crack Large area fracture

bC ≈ 90 μm
Δb ≈ 30 μm

(a) CG: aCgmax = 0.0928 μm

Large area fracture
bU ≈ 60 μm

(b) UAG

Fig. 16 Subsurface breakage
during UAG and CG of SiC. (1)
vs = 30m/s, vw = 0.05m/min, ap =
5 μm. (2) vs = 20 m/s, vw = 0.05
m/min, ap = 10 μm. (3) vs = 10
m/s, vw = 0.5 m/min, ap = 5 μm.
(4) vs = 10m/s, vw = 1m/min, ap =
15 μm
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morphology, ground surface roughness, specific grinding en-
ergy, and subsurface micro-morphology. In addition, these
results also indicate the feasibility to use the defined diamond
grain distribution grinding wheel to control the material re-
moval mechanism via reasonable selection of grinding param-
eters to acquire high machining quality during UAG of hard
and brittle materials.

4.5 Discussion on ultrasonic vibration effect

The experimental results show that UAG produces less break-
age compared to CG, or in other words, UAG is beneficial to
obtain higher ductile removal ratio than CG on the ground
surface. For the mechanism of ultrasonic vibration effect on
the grinding process, there are two main academic views.

The first, it was the ductile-regime grinding theory of brittle
materials proposed by Bifano [12]. According to this theory,
whether the material removal mechanism during UAG is brit-
tle fracture or ductile mode depends on size relation between
the aUgmax and the critical depth of the cut. However, on the
one hand, just as stated in the Section 2, there is still no widely
accepted mathematical model for aUgmax. On the other hand,
through single abrasive grain grinding tests, Liang [15] and
Zhou [18] both showed that ultrasonic vibration could signif-
icantly increase the critical depth of cuts in hard and brittle
materials. While for SiC, the ultrasonic vibration effect on this
critical value is uncertain. Thus, although the research of UAG
theory has made great progress, ductile-regime grinding the-
ory in this field still needs further study.

The second, a number of researchers reported other theo-
retical perspectives compared with ductile regime grinding.
Yang and Zhang [43] suggested that during ultrasonically
assisted machining, the higher speed and acceleration led to
a high strain rate, which might evoke material embrittlement
in the machining process. Accordingly, the material resistance
ahead of the crack tip increased with the strain-rate and im-
peded crack propagation as shown in Fig. 17. In addition, they
also suggested that at a higher cutting speed, a median crack, if
nucleated, had less time to propagate before the cutting tool
passes by, which results in a smaller depth of the subsurface
damage. For UAG, these theoretical perspectives are interest-
ing and worthwhile for in-depth study.

5 Conclusions

(1) Analysis of the ground surface micro-morphology indi-
cates that with increasing of aUgmax, the material removal
mechanism in UAG of SiC changes from ductile mode to
brittle fracture. This phenomenon is highly consistent
with that in CG of SiC. In addition, the differences of
the ground surface micro-morphology between UAG
and CG under the same operating conditions gradually
increase with increasing aCgmax and aUgmax.

(2) Compared with CG, UAG can produce lower ground
surface roughness under similar operating conditions.
In addition, KR first increases slowly with increasing
aCgmax and aUgmax and then stabilises. The maximum
KR is 22.8% under experimental conditions.

(3) Under experimental conditions, the grinding force
used by UAG is always lower than that produced
by CG. The change trend of KF with changes in
aCgmax and aUgmax shows a similar regulation with
that of KR. Compared with CG, UAG can decrease
the KF of Fn by 9.2–19% and the KF of Ft by 8.1–
16.7%. Based on the tangential grinding force, it
can be concluded that the specific grinding energy
first decreases rapidly with increasing aCgmax and
aUgmax and then stabilises.

(4) For both UAG and CG, the type of subsurface breakage
changes from small-sized disperse micro-fractures to
large-sized brittle fracture with increasing aCgmax and
aUgmax. Compared with CG, UAG causes lower subsur-
face breakage, especially with increasing aCgmax, aUgmax,
and KF.
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