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Abstract

Silicon carbide (SiC) ceramics play a key role in various engineering applications due to their desirable properties, however, they
are typical hard-brittle materials and famous for their poor machinability. Ultrasonic-assisted grinding, a processing method
hybridizing the conventional grinding and ultrasonic vibration (UV) machining, is employed as the one applicable machining
method for hard-brittle materials. This study focuses on internal grinding of SiC ceramics with the assistance of the UV, and its
ductile-brittle transition behavior in the grinding process were investigated experimentally. Following the processing principal of
internal grinding and UV machining (i.e., UV-assisted internal grinding, UVAIG), the UVAIG experiment rig were constructed.
Conventional internal grinding (CIG) tests, i.e., internal grinding without UV, were also performed on the constructed rig for
comparison. In addition, the grinding force and the grinding chips variation behavior with the UV amplitude were also investi-
gated to explore the ductile-brittle transition mechanism in UVAIG. The experiment results evidence that (1) ductile mode
grinding is easily achieved in UVAIG, and the critical depth of the cut is deeper in UVAIG than that in CIG, i.e., 0.072 um in
CIG and 0.093 um in UVAIG; (2) increasing of the critical depth of cut in UVAIG is likely owing to the lower grinding force in
UVAIG than that in CIG; and (3) the ultrasonic vibration acted on the axis of the grinding wheel helps in the removal of material
on the work-surface, but decreases the grinding energy in the ductile-brittle transition.
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reduction mechanism

1 Introduction

Until now, mechanical precision components with internal
cylindrical surface, such as outer and/or inner races of bear-
ings, injection nozzles for automotive engine, and sleeve mold
for small glass lenses, have been widely used in various engi-
neering applications [1, 2]. Ceramics, especially, silicon car-
bide (SiC) ceramics is an ideal material for components with
internal cylindrical surface that used in a high temperature and
pressure environment, owing to its desirable material proper-
ties that are superior to those of other materials. On the other
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hand, SiC ceramics is considered as a difficult-to-machine
material because of its high brittle and hardness properties
[3, 4]. Currently, conventional internal grinding (CIG) is a
major method used for precision machining the mechanical
components with internal surface, especially for SiC ceramics
molding dies [5]. However, there are some problems in CIG of
SiC ceramics have been elucidated, e.g., the frequent occur-
rence of the grinding wheel loading, severe surface cracks and
sub-surface damage, and quick grinding wheel wear, thus, it is
hard to get a high precision internal surface [6].
Ultrasonic-assisted grinding (UVG), a processing method
combining the conventional grinding and ultrasonic vibration
(UV) machining, has been introduced as a method to carry out
UV-assisted internal grinding (UVAIG) of difficult-to-
machine materials. Kumabe et al. found that improved grind-
ing efficiency and reduced grinding forces were reduced in
UVAIG of aluminum, copper, and steel compared to those in
CIG [7, 8]. Wu et al. performed UVAIG for the internal grind-
ing of stainless steel and experiment results showed that the
tangential and normal forces in UVAIG were 70 and 65%
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smaller than those in CIG, respectively [9]. Fujimoto et al.
demonstrated that the surface roughness, the normal and tan-
gential grinding forces in UVAIG of tungsten decreased by 53,
11, and 41%, compared to those in CIG [10]. In our previous
study on grinding characteristics of UVAIG of SiC ceramics
[1], we found that that grinding forces in UVAIG were also
obviously reduced relative to those in CIG. Additionally, a
high accuracy of surface roughness and form accuracy were
achieved in UVAIG.

To obtain a high surface quality, hard-brittle materials
should be grinded in the ductile mode, i.e., materials are clas-
tically or/and plastically removed in grinding process, finally
there are no post-processing are necessary after grinding. In
grinding, if the depth of cut is smaller than a critical depth,
material in the grinding zone is removed in a shearing likes
that in metal cutting due to microscopic plasticity [11].
Therefore, the determination of the critical depth of cut is
crucial to achieve the ductile mode grinding. J. Cheng and
Y.D. Gong performed single-crystal silicon grinding experi-
ments and found that the material was ductilely removed
when critical depth of cut is below 20 nm, and brittlely when
the critical depth of cut is deeper than 100 nm [12]. Chen et al.
investigated the ductile-brittle transition condition in dy-
namic grinding. They found that ductile-brittle transition
has a strong relation to the micro-hardness of the mate-
rial, the dynamic fracture toughness, and the coolant
and so on [13]. Donald Golini and Stephen D. Jacobs
found that the grinding coolant slurry played a key role
in ductile-brittle transition in the grinding of ULE
(Corning Code 7971Titanium Silicate Low Expansion
Glass) [14]. Liang et al. found that the critical depth
of cut in UV-assisted scratching (UAS) of monocrystal
sapphire is much deeper than that in conventional
scratching (CS) without vibration [15]. In our previous
study, the critical depth of cut was 0.08 um in the CS
of SiC ceramics to 0.125 um in UAS, an increase of
56.25% [16].

Although there are many studies on the ductile-brittle tran-
sition in the grinding of hard-brittle materials, the ductile-
brittle transition phenomenon and mechanism in UAG brittle
materials, especially the ductile-brittle transition in UV-
assisted grinding of SiC ceramics, have not been fully ex-
plored. In this study, the ductile-brittle transition behavior in
UVAIG of SiC ceramics was explored by observing the
ground work-surfaces, and then the differences between CIG
and UVAIG were compared. Furthermore, an ultrasonic-
assisted scratching (UAS) of SiC ceramics simulation using
a single abrasive grain in UVAIG process was conducted, to
provide a comprehensive understanding of physics process in
ductile-brittle transition of UVAIG process. At last, the
ductile-brittle transition mechanism has been discussed.
UVAIG tests were performed on an existing NC internal
grinder with an installed ultrasonic spindle. This report
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describes the design of the tests, the construction of the exper-
imental setup, and the experimental investigations of ductile-
brittle transition characteristics in CIG and UVAIG, accompa-
nied by detailed discussions.

2 Ductile-brittle transition nature
2.1 Kinematic characteristics in UVAIG

Figure 1 shows the processing principle of UVAIG. In grind-
ing process, the workpiece and grinding wheel rotate at a
speed of n,, and n,, respectively; the grinding wheel feeds
toward the internal surface at a feed rate of V, in its radial
direction. In the meantime, UV vibrates along the axis of the
grinding wheel (frequency f, amplitude A, in y-direction and
A in z-direction). In addition, the oscillation of the grinding
wheel (frequency f,, amplitude A,) helps to expand the grind-
ing surface area.

Grinding is a cutting performance composed by mi-
croscopic cutting actions of individual abrasive grains,
thus, a better understanding of grain-workpiece interac-
tion is important for reveal the ductile-brittle transition
characteristics in UVAIG. The grain-workpiece interac-
tions in UVAIG is schematically given in Fig. 1b, c. In
the grinding process, as the ultrasonic vibration is added
on the grinding wheel, the abrasive grain on the grind-
ing wheel will engage in a sinusoid movement. The
relative motion of the abrasive grains with respect to
the workpiece surface generates a removed chip with a
sinusoid shape, as shown in Fig. lc.

Let the global coordinate system be fixed on the workpiece.
The origin is the cutting start point in grinding at time =0,
thus, the cutting trajectory of a single abrasive grain in the
generated in global coordinate system during UVAIG process
can be expressed by Eq. (1).

X(1) = Vet + Rgsin (27ngyt)

¥(1) = ~Aysin(2r)

z(t) = Aysin(27ft) + Ry—Rgcos (2mngt) + Aosin(27f 1)
(1)

where R, is the grinding wheel radius.

Therefore, Due to the UV in y-direction, the grain
moves upward and downward alternatively in the cut-
ting process, leading to the periodic variation of the
grain depth of cut (Fig. 2a). Turing to z-direction as
shown in Fig. 2b, similar to that in y-direction, the
sinusoidal cutting trace of the grain is generated in the
xz-plane, owing to the UV of the grain in the z--
direction. This indicates that the grinding force of the
single abrasive grain will be periodically varied owing
to the periodic variation of the grain depth of cut.
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Fig. 1 Processing principle of Workpiece Grinding wheel
UVAIG

(a) isometric view

Grinding whed

Grinding wheel

Oscillatioy

:
Abrasive grain:
Ultrasol

(b) xy-plane view

Fig. 2 Cutting trajectory of an Feed direction
abrasive grain in UVAIG process ’

Intermittent grinding Continuous grinding

(b) Cutting Trajectory in xz-plane
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2.2 Grinding force modeling

In grinding, the normal and tangential forces, £, and f, acting
on a single abrasive grain depends on the cross-sectional area
of the undeformed chip A, (Fig. 3). According to [17], it is
can be expressed as:

Jn = kAcs (2)
S = kikAcs (3)
where k and k; are the chip thickness coefficient and the ratio

of the tangential force to the normal force, respectively.
In the grinding process, A s can be written as [17]:

Acs = aeanw/Cngnch (4)

where R, cq, ae, Ny, ng, and L. are the workpiece radius, the
active cutting edge density, the wheel depth of the cut, the
workpiece rotational speed, the grinding wheel rotational
speed, and the undeformed chip length, respectively.

Thus, f;, and f;, acting on the grain in the grinding process
can be expressed as:

fn = kacRyny[ciRongLc (5)
[ = kikacR,n,,/cqRongL. (6)

Thus, the grinding force F, and F; in the in the grinding
process can be expressed as:

Fy = NkacRyny, [caRongLc (7)
F = NkikacRyny [caRgngLe (8)

where N is the total number of active cutting abrasives in
grinding zone.

2.3 Ductile-brittle transition in grinding process

In UVAIG process, the arbitrary abrasive grain on the grinding
wheel takes part in the cutting action at point Py and gets out
of the action at point P, accordingly, the cutting depth of a

Cutting direction
—_—

+ Abrasive grain

Fig. 3 Schematic illustration of a single abrasive grain cutting force in
grinding
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single grain increases from zero to maximum g, together with
the cutting force of the abrasive grain f; and f; are increased
(Fig. 4). The crack mechanism of ceramics material in the
grinding process can be described as [18, 19]:

(a) At a low grinding force, the abrasive grain plows a
groove and the material is removed in plastic deforma-
tion, resulting in a sub-surface region with plastically
deformed material and a ductile-ground groove;

(b) As the grain continues to travel, the groove depth and
plastic deformation zone are increased with the increase
of the grinding force, leading to a radical/median crack
forms beneath the abrasive grain when the grinding force
reaches some critical value;

(c) Lateral cracks occur when the grinding force is bigger
than the threshold for median crack formation. The for-
mation and propagation of the lateral cracks facilitates
brittle material removal. However, it should be noted that
a plastically deformed zone remains though material is
removed by crack propagation.

According to the energy conservation law, the energy con-
sumed in ductile mode grinding Uy can be calculated from the
cutting velocity and the normal cutting force, thus, it can be
written as [20]:

Ud:fnv (9)

where f; is the normal force of an abrasive grain in the grind-
ing, and v is the cutting velocity of the abrasive grain.

As mentioned above, material is removed by crack propa-
gation in brittle-mode grinding, leading to two major types of
cracks, i.e., radial/median and lateral cracks. The energy con-
sumed in brittle-mode grinding is expressed below [21]:

Up = (2C1 + 2Cp) v, (10)

where C) and C, are the length of the lateral and radial/median
crack, respectively, and ~; is the surface energy of the material.

In grinding, C,,, is determined by fracture toughness and the
critical grinding force of fracture [21]:

4P\’
Cm:(;((lc) (11)

where x is the geometric constant (0.064 for SiC ceramics)
[20], Kjc is the fracture toughness, P, is normal load of an
abrasive grain acted in the direction of the radial/median
crack, i.e., the normal force of an abrasive grain in the grinding
process, here P, =f;.

In abrasive machining, C; could be approximately
expressed as [21]:

c
G2t (12)
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Fig. 4 Crack mechanism of ceramics material in the grinding process

In brittle-mode grinding, the total consumed energy in
brittle-mode grinding is given by:

Utotal = Uqg + Up = (2C1 + 2Cm)vys + [V

4xfn)2/3
S+ n
(ch Y+,

16
=—v

7

(13)

In grinding, if the consumed total energy is transferred into
the workpiece material done by the abrasive grain through the
cutting event and exceeds its threshold energy for crack initi-
ation U}, the material removal transferred into brittle mode;
otherwise, the material is removed in a ductile mode [22, 23].
Therefore, it can be considered that:

If

Ul < Utotalv (14)

the lateral crack and material can be removed by cracks prop-
agation in a brittle grinding mode.
If

Ul = Utotah (15)

i Precision chuick

EZzoelectric sdynamometer
Fig. 5 Experimental setup for UVAIG

Lateral crack

N

—

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ductile grinding mode allows energy transits into the brittle
grinding mode, and the transition point is considered the crit-
ical depth of cut.

3 Experiment and simulation detail
3.1 Experiment setup

UVAIG experiments were performed using a SiC ceramics
workpiece that is ¢12 mm in the inner diameter, ¢$22 mm in
the outer diameter, and 13 mm in thickness. Figure 5 shows
the constructed experimental setup for UVAIG. An ultrasonic
spindle with a diamond grinding wheel screwed onto its the
end face (URT40 by Takesho Co., Ltd.) is installed on a com-
mercial NC internal grinder (GRIND-X IGMI15EX by
Okamoto Machine Tool Works, Ltd.). In the grinding process,
the grinding forces are recorded by a 3-component piezoelec-
tric dynamometer (9256A by Kistler Co., Ltd.). In grinding
process, the coolant slurry (solution type, 1.6% dilution) is
flowed into the grinding zone. The topographies of the

(um)
Fig. 6 UV traces of grinding wheel
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Table 1 Experiment conditions for the observation of the ductile-brittle transition

No. Wheel Workpiece rotational Wheel rotational Stock removal Feed rate V, Ultrasonic
speed ny, (rpm) speed n, (rpm) (pm) (um/min) amplitude (um)

1 SD400P100M 300 4000 50 10 0/4

2 SD1000P100M 300 3000 50 10 0/4

3 SD1000P100M 300 4000 50 10 0/4

4 SD3000P100M 300 4000 50 10 0/4

work-surface were examined by using a scanning electron
microscope (SEM) (ERA-8900S by Elionix Co., Ltd.). The
vibration amplitudes of the grinding wheel were measured
with a laser Doppler vibrometers (LV-1610 by Ono Sokki
Co., Ltd.). The UV amplitudes were 4 um for the z-axis and
0.25 wm for the y-axis with frequency f=40 kHz (Fig. 6).

3.2 Experimental design

In order to observe the ductile-brittle transition behavior of the
SiC ceramics in UVAIG, grinding tests compared with CIG
were carried out under different groups of experimental con-
ditions as shown in Table 1.

In grinding, the maximum cutting depth of a single grain
2 1s determined by [24]:

Ve [A
&n=2a\ 7 (16)
g e

where a is the successive cutting edge spacing, V,, and V, are
the workpiece and the grinding wheel tangential speed, re-
spectively, A is the grinding wheel depth of cut, and D, is
the equivalent wheel diameter. In internal grinding, D, can
be written by [24]:

Dy

e I_Dg/D ,

where D, and Dy, are the grinding wheel and the workpiece
diameter, respectively.
Successive cutting edge spacing a is determined by [25]:

2
a=137.9M"4} =2 (18)
Ty

where M is the grit number and 1), is the density of the wheel,
(%).

(17)

Table2 g, in different experiment conditions
No.1 No.2 No.3 No.4
Zm (Lm) 0.251 um 0.093 um 0.072 pum 0.019 um
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Table 2 shows the gm obtained from Eq. (16)—(18) under
the condition as shown in Table 1.

3.3 Simulation detail

In order to simplify the analysis of the grinding wheel-
workpiece interaction, the cutting edge shape of the
abrasive grain should be approximated by a well-
defined geometry. Figure 7 shows the 3D-SEM images
of SD1000P100M used for UVAIG. It can be seen that
the shapes of the abrasive grains are similar with the tip
tops and round bottoms. In this work, the shape of the
grains was simplified to a spherical tip just like that
proposed by Shaw [26], Sanjay Agarwal [27], and oc-
tahedron by DeFu Liu [28].

Figure 8 shows simulation model of the UAS. The
grain was defined as rigid part with a vertical angle and
nose radius of the grain are 80° and 15 um, respective-
ly. The workpiece was generated by smoothed particle
hydrodynamics method with the geometry of 90 pm X
80 um =30 wm. In the scratching process, the bottom
of the workpiece was fully constrained. The amplitudes
of UV is A,=0.25 um in y-direction (the vertical direc-
tion relative to the workpiece in the UVAIG) and A, =
4 pum in z-direction (the axis direction of the grinding
wheel in the UVAIG), and frequency of /=40 kHz, and
feed speed at a speed of V.=0.5 m/s along the x--
direction are added on the grain. For comparison, a
conventional scratching (CS) without UV was also per-
formed by moving the tool along on the workpiece at
the same speed V. used in UAS.

4 Results and discussion
4.1 Ductile-brittle transition behavior

Figure 9 shows the SEM images of the work-surface by
CIG and UVAIG for different experimental conditions.
As shown in Fig. 9a, b, brittle cracks and fractures can
be clearly observed in the work-surface both in CIG and
UVAIG, indicating that the brittle fracture was predom-
inant material removal mode when g, =0.251 pum due



Int J Adv Manuf Technol (2018) 96:3251-3262

3257

Fig. 7 3D image of
SD400P100M grinding wheel

to the cooperative action of the shear stress and high
compressive stress [29]. When g,,,=0.093 um, obvious
macro-brittle fractures and cracks were also generated in
the work-surface formed by CIG (Fig. 9c). Unlike that
in CIG, a smooth surface outside of the cracks and
macro-brittle fractures that are formed in the work-
surface by UVAIG, indicating that a ductile-brittle tran-
sition occurred when g,,=0.093 pm (Fig. 9d).

However, as observed in Fig. 9e, a smooth surface
near the macro-brittle fractures and cracks formed in the
work-surface formed by CIG when g,,=0.072 pum. In
contrast, although some cracks can be observed in the
work-surface, almost of the work-surface was smooth in
UVAIG when g,=0.072 um (Fig. 9f), indicating that
the grinding mode was predominantly ductile.
Considering the images in Fig. 9g, h, almost all of the
work-surface was smooth both in CIG and UVAIG, sug-
gesting that the grinding mode was predominantly duc-
tile when g,,=0.019 pm.

Therefore, the ductile-brittle transition occurs at g, =
0.072 um in CIG, and at g,=0.093 um in UVAIG.
This means that the critical depth of cut (ductile-brittle
transition depth) is increased in UVAIG compared with
that in CIG, and ductile mode grinding is more easily
achieved in UVAIG (Fig. 10). These consistent with the

Workpiece ~ Diamond tool

80

S
7 X

Fig. 8 Simulation model

experimental observations carried out by Liang et al.
[15], Cao et al. [16], and Chen et al. [30]., in UAS of
single-crystal silicon, SiC ceramics, and UAG of silicon,
respectively.

4.2 Grinding force behavior

The grinding force is an indicator parameter to charac-
terize the material removal mode. The grinding force in
the grinding processes were plotted in Fig. 11. It can be
found from Fig. 11 that both the tangential force F; and
the normal force F,, either in CIG or UVAIG increased
with increasing of g,,. It was interesting that the values
for both the F, or F; in UVAIG were much smaller than
those in CIG. Particularly, the grinding F, and F; are
10 N and 3 N in UVAIG and 15 N and 5 N in CIG at
2m=0.072 pm, while F,, and F; are 15 and 3.5 N in
UVAIG and 18 and 6 N in CIG at g,,=0.093 pum.
Because the grinding force in UVAIG is smaller than
that in CIG, it is deduced from Eq. (13) that the total
grinding energy consumed in brittle-mode grinding Uyar
in UVAIG is smaller than that in CIG.

Considering again the data presented in Fig. 11, the
normal force in CIG at g,=0.072 pm was almost equal
to that in UVAIG at 0.093 um. At g,=0.072 um, a
ductile-brittle transition occurs in CIG because the total
energy consumed in the brittle-mode grinding exceeds its
threshold energy for brittle crack initiation. However, be-
cause the normal force f;, in UVAIG is smaller than that in
CIG, the total energy consumed in the brittle-mode grind-
ing is lower than the threshold energy for crack initiation,
resulting in UVAIG remaining in ductile grinding mode.
As the grinding force increased at g,,=0.093 um, CIG
totally transferred into brittle grinding mode. The ductile-
brittle transition occurred in UVAIG because to the total

@ Springer
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Fig. 9 Work-surface by CIG and
UVAIG at different experimental
conditions. a Work-surface
integrity by CIG at g;,, =

0.251 um. b Work-surface
integrity by UVAIG at g,,, =
0.251 um. ¢ Work-surface
integrity by CIG at g;,, =

0.093 um. d Work-surface
integrity by UVAIG at g,,, =
0.093 um. e Work-surface
integrity by CIG at g;,, =

0.072 um. f Work-surface
integrity by UVAIG at g,,, =
0.072 pm. g Work-surface
integrity by CIG at g;,, =

0.019 um. h Work-surface
integrity by UVAIG at g,,, =
0.019 pm

(2

grinding energy consumed in brittle-mode grinding
exceeded the threshold energy for brittle crack initiation.
Chen et al. [30] carried out an experimental and theo-
retical research on UV grinding of silicon. Results
showed that the grinding energy in ductile mode in
UVG is smaller than that in conventional grinding.
Zhou et al. [31] also found that the specific cutting
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(h)

energies decreased with the cutting depth in UAG of
BK7 optical glass. Therefore, it is also concluded that
the critical depth of cut is increased in UVAIG com-
pared with that in CIG is due to the decreased grinding
force in UVAIG relative to that in CIG, finally leading
to the grinding energy consumed in brittle-mode grind-
ing being smaller than that in CIG.
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CIG

Ductile-brittle transition

Ductile mode Brittle mode
gm 0.019p. 0.072p 0.093p 0.25]' -
P o
Ductile mode Brittle mode

Ductile-brittle transition

UAIG

Fig. 10 Tllustration of ductile-brittle transition in CIG and UVAIG

As discussed above, the grinding force, especially the
normal force, has a direct influence on the ductile-brittle
transition. It is inferred from Egs. (2) and (3) that the
larger cross-sectional area A is, the larger value of the
grinding forces become. The grinding forces in UVAIG
are lower than that in CIG is also likely due to the
smaller A, in UVAIG relative to that in CIG. If this
is correct, the cross-sectional area of the chips formed
in UVAIG ought to be smaller than those in CIG. To
confirm this hypothesis, the chips formed both in
UVAIG and in CIG of SiC ceramics were gathered un-
der the condition g,,=0.251 um with a UV amplitude A
that changed from 4 to 0 pum. The cross-sectional pro-
files of the chips were observed by a 3D-SEM. The
cross-sectional area was calculated by measuring the
depths and widths of the chips.

Figure 12 shows the SEM images of chips formed in
UVAIG and CIG, and Fig. 13 shows the variation of the

cross-sectional area of the chips formed in UVAIG and CIG
as measured by 3D-SEM. The mean cross-sectional area of
the chips became smaller with the increasing of UV amplitude
A, accordingly, the grinding force also decreased with the
increasing of UV amplitude A (Fig. 14). Therefore, it is con-
cluded that a significant decreasing of grinding force primarily
due to the great reduction of mean cross-sectional area of the
chips in UVAIG compared to that in CIG.

4.3 Physics process

The cutting depth g, of the UAS and CS in this work
are set to be 0.093 um to investigate the physics pro-
cess in UCAIG and CIG. It is widely accepted that
knowledge of stress states during the cutting process is
key to understanding material removal mechanism [32].
The effective stress field on the cross surface along the
cutting direction during the UAS and CS processes were
investigated (Fig. 15).

When the grain is cutting into the workpiece, consid-
erable stress is generated in the area around the grain
and in the sub-surface underneath the grain. In the CS
process, the stress fields are basically stabilized after the
grain cuts entirely into the workpiece both in the cross
surface and the top surface. Turing to the UAS process,
it is observed that the stress fields are un-continuous,
owing to the ultrasonic vibrates in y-direction and its
amplitude is larger than the g,,. Further, it is also ob-
served that the stress fields on both surfaces suddenly
expand further at 18.75 ps (Fig. 15g) and also become
wider at 25 us than those in the CS process (Fig. 15¢,

Fig. 11 Maximum cutting depth 30 T : z T ; T T T v T
gm versus the grinding force —#— Normal Force-UAIG
—e— Tangential Force-UAIG
25 [ —&— Normal Force-CIG T
- —v— Tangential Force-CIG
Zz 20t d
[0
3 i
S
o0 15 -1
R=
5 i
.E
j= » -
o) 10
5k —e -
0 I L I L I ¥ I % I
0.00 0.05 0.10 0.15 0.20 0.25

Maximum cutting depth g (pm)
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10kV_05en x40 At8 300mn x 225w o9
(c) A=Opm
Fig. 12 Chips formed in CIG and UVAIG

g). These are attributed to the impact arising from the
UV against the workpiece.
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800
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Fig. 13 Cross-sectional area Acs versus amplitude A

In the grinding process, UV vibrates along the axis
of the grinding wheel, leading to engagement of the
abrasive grain in a sinusoid movement (as shown in
Figs. 9d, 6f, and 6h), generating a removed chip with
a sinusoid shape. This leads to a longer undeformed
chip length L. in UVAIG compared to that in CIG,
eventually reducing the grinding force in UVAIG rela-
tive to that in CIG (as mentioned in Eq. (4), a longer L,
results in a smaller A of the chips). On the other hand,
due to the UV of the grain vibrates in axis directions of
the grinding wheel (z-direction in UAS), not only does
the grain motion direction change, but also the grinding
energy changes in the material removal process. The
grinding energy from UV is released and acts on the
workpiece, leading to the impact of the grain on the
workpiece in the z-directions. Upon impact of the grain
on the workpiece, the stress field spreads from the im-
pact site, benefiting in the removal of material on the
work-surface (Fig. 15). As a consequence, a large por-
tion of the grinding energy consumed in the material
removal process on the work-surface, resulting in a

30 . . . . . . . . .
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Fig. 14 Grinding force versus the amplitude A
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Fig. 15 Effective stress distribution on the work-surface

significant reduction of the grinding energy consumed
in brittle-mode grinding. Finally, the critical depth of
cut is increased in UVAIG compared with that in CIG.

5 Conclusion

To understand ductile-brittle transition behavior in the
ultrasonic vibration assisted internal grinding (UVAIG)
of SiC ceramics, an UVAIG test was performed on a
SiC ceramic sample using an in-house-produced experi-
mental setup. The ductile-brittle transition behavior in
the UVAIG test was compared to that in the conven-
tional internal grinding (CIG) test without ultrasonic vi-
bration. The results and conclusions can be summarized
as follows:

(1) The ductile-brittle transition occured at g,,, = 0.072 um in
CIG and at g,,, =0.093 um in UVAIG, meaning that crit-
ical depth of cut was increased in UVAIG compared with
that in CIG, thus, ductile mode grinding was more easily
achieved in UVAIG.

(2) The ultrasonic vibration amplitude results in a sig-
nificant reduction of grinding force primarily due
to the great influence upon mean cross-sectional
area of the chips. Additionally, the grinding force
in UVAIG decreases the total energy consumed in
brittle-mode grinding.

(3) The investigations of the stress distribution on the
work-surface of the workpiece along the cutting
direction show that the stress fields becomes wider
in the UAS process than in the CS process because
of the impact arising from the ultrasonic vibration.
Thus, the ultrasonic vibration acted on the axis of

40 35 30 25 20 A5 -0 5

35 30 25 20 5 -0

(¢) Time=18.75us, CS (d) Time=25ps, CS

@ %0 25 20 A5 -0 35 80 25 20 15 0

(g) Time=18.75ps, UAS  (h) Time=25 ps, UAS

the grinding wheel helps in the removal of material
on the work-surface, but decreases the grinding en-
ergy in the ductile-brittle transition.
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