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Abstract Three-dimensional (3D) ultrasonic vibration-assisted ELID grinding, which
combines 3D ultrasonic vibration-assistance with electrolytic in-process grinding wheel dressing
(ELID), is a compound process that is designed to achieve high-efficiency precision machining.
A grinding force model of 3D ultrasonic vibration-assisted ELID grinding was first developed on
the basis of the kinematics of a single grit particle and was verified through experimentation.
The surface quality then was observed using white light interference profiling. It was
demonstrated during the present investigation that the grinding force during 3D ultrasonic
vibration-assisted ELID grinding was approximately 20 %~30 % lower than that of two-
dimensional (2D) ultrasonic vibration-assisted ELID grinding. In addition, the surface roughness
(Ra) achieved during 3D ultrasonic vibration-assisted ELID grinding was approximately
40 %~50 % smoother than was achieved under 2D ultrasonic vibration-assisted ELID, and thus
3D ultrasonic vibration-assisted ELID grinding can achieve better surface quality.

1. Introduction

Zirconia ceramics, as hard-brittle materials, are widely used for their particular properties,
such as high strength, hardness, wear- and corrosion-resistance. However, it is difficult for con-
ventional machining to process due to their high brittleness, low fracture toughness and an
elastic limit that is close to their maximum tensile strength [1-3]. In recent years, ultrasonic vi-
bration-assisted grinding has emerged as a more sophisticated method for the processing of
zirconia ceramics. It can increase the critical grinding depth, achieve greater ductile regime
machining, extend the life of the grinding wheel, reduce surface roughness and enhance sur-
face quality [4, 5]. It is known that the 2D ultrasonic vibration-assisted ELID grinding can ex-
pand the scope of ceramic plastic region grinding and improve the quality of the processed
surface [6, 7]. Whether 3D ultrasonic vibration-assisted ELID grinding is feasible and will make
best use of both the advantages of ultrasonic vibration and of grinding wheel electrolytic in-
process dressing (ELID) has not been concluded. In consequence, the present study should be
of value for clarifying machining theory of 3D ultrasonic vibration-assisted ELID grinding and
researching practical application of the technology for precision grinding of hard-brittle materials.

Grinding force is one of the most fundamental characteristics that affect the process and in-
fluences mainly the manufacturing accuracy and surface quality [8]. It is of great benefit, there-
fore, to study the effects of grinding force during ultrasonic vibration-assisted grinding of ce-
ramic materials. In the present study, the grinding force during 3D ultrasonic vibration-assisted
ELID grinding was first established on the basis of the kinematics of a single grit particle. The
surface quality was observed using white light interference surface profilometry. The outcome
of the investigation should be useful during future research into ultrasonic vibration-assisted
ELID grinding.

The report is presented in six sections. Following this introduction section, Sec. 2 describes
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Fig. 1. Schematic diagram of 3D ultrasonic vibration-assisted intemal grinding.

the equivalent structure of 3D ultrasonic vibration-assisted
ELID internal grinding. The analysis of grinding force in 3D
ultrasonic vibration-assisted ELID internal grinding is given in
Sec. 3. In Sec. 4, experimental tests and analyses of grinding
force are reported, and surface quality analysis after 3D ultra-
sonic vibration-assisted internal grinding is presented. Conclu-
sions from the investigation are given in Sec. 5.

2. Equivalent structure of 3D ultrasonic
vibration-assisted ELID internal grind-
ing

A schematic diagram to illustrate 3D ultrasonic vibration-
assisted internal grinding is given in Fig. 1. As shown, the
grinding wheel processes the internal surface (bore) of the
workpiece along the Z direction, and the workpiece is rotated
by the workpiece rotating device mounted on the workbench.
In 3D ultrasonic vibration-assisted ELID internal grinding, the
workpiece is driven in simple harmonic oscillation along X and
Y direction. At the same time, the grinding wheel is subjected
to Z-directional ultrasonic vibration. When the workpiece is
vibrated along two axes, the ultrasonic generator should pro-
vide two identical frequency excitation signals for realization
the 2D elliptical vibrations. Initially, although wireless transmis-
sion was employed to supply the power to the ultrasonic vibra-
tion system, the precision speed-regulation motor was not suf-
ficiently powerful to cope with the overall weight of the device,
workpiece, and the 2D ultrasonic vibration system. It was diffi-
cult, therefore, for the machine to run stably or to move nor-
mally, and therefore a 3D ultrasonic vibration-assisted ELID
internal grinding was proposed for the present study to allow
the mechanism of 3D ultrasonic vibration-assisted ELID grind-
ing to be investigated.

The processed surface of the ceramic specimen is equiva-
lent to an extension of the local contact between the grinding
wheel and the bore of the workpiece in 3D ultrasonic vibration-
assisted internal grinding, as shown in Fig. 2. The advantages
of equivalent structure are as follows [9]:

(1) Rotation of workpiece is simplified into a straight recipro-

Fig. 2. Equivalent schematic diagram for 3D ultrasonic vibration-assisted
intemal grinding.
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Fig. 3. Schematic diagram of 3D ultrasonic vibration-assisted ELID internal
grinding.
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cating motion of the workbench.

(2) It allows the surface appearance and roughness to be
observed after the workpiece is processed.

(3) It is convenient also to monitor the grinding force, tem-
perature, and ultrasonic cavitation behavior during the grinding
procedure.

3. Analysis of the grinding force during 3D
ultrasonic vibration-assisted ELID in-
ternal grinding

3.1 The kinematics analysis of single diamond
grit particle trajectory

As the grinding wheel rotates and feeds along the Z direction,
as shown in Fig. 3, the side of the workpiece is processed by
the grinding wheel and the workpiece is fed along the X direc-
tion of the workbench, which is subjected to, and is parallel to,
the 2D ultrasonic vibration in the X and Y directions during the
3D ultrasonic vibration-assisted internal grinding. The trajectory
of a single diamond grit particle is a compound of the rotation,
feed movement and ultrasonic vibration of the grinding wheel.
This assumption is justified as follows [10]:

(1) The amplitude and frequency of ultrasonic vibration re-
main fairly stable.

(2) The reciprocating linear velocity of the workbench re-
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Fig. 4. Cutting model for a single diamond grit particle.

mains unchanged.

(3) The diamond grit is distributed evenly on the circumfer-
ence of grinding wheel.

(4) The characteristics of the workpiece material are continu-
ous, homogeneous and isotropic.

(5) The ceramic materials is removed by plastic removal dur-
ing the grinding process.

In the sketch of 3D ultrasonic vibration-assisted ELID internal
grinding, the cutting model of a single diamond grit particle is
proposed as shown in Fig. 4. If the grinding wheel is regarded
as a particle when the specific simple harmonic is superim-
posed, the particle trajectory can be expressed as:

x'= A cosQr fit +¢)cosO+ A cos(2xm fit + @,)sin @
y'=Acosr fit + @,)sin0 + A4, cos(2z fit + p,)cosf (1)
z'= A, cosRr fit + ¢,)

where x', y' and z' denote the particle trajectory in the X,
Y, Z directions, respectively; f, is the frequency of 2D ultra-
sonic vibration on the workbench with synchronous vibration;
/, is the frequency in the Z direction, 8 is the fixed angle of L-
shaped plate with a two-dimensional ultrasound device on it;
4,, A4, and A4, denote the ultrasonic amplitude in the X, Y, Z
directions, respectively; and ¢,, ¢, and ¢, are the 3D ul-
trasonic vibration phase angles, respectively.

It is assumed that the single diamond grit particle begins to
contact with the workpiece at point A at ¢, , then reaches point
A'at t, and detaches from workpiece at point A". Taking the
time from contact to separation into consideration, the grit
movement could be broken down into a horizontal displace-
ment of Ax and then turned a around the O’, including:

Ax =V, (t—t,)
a=w(t—t,) (2)
@=2V/d,

where 7, is the speed of the workpiece; 7, is the speed of
grinding wheel; « is the angular speed of the grinding wheel,

and ds is the diameter of the grinding wheel.

According to Eq. (1), the A4x', Ady' and AAz' increase
due to the ultrasonic vibration, from contact to separation, can
be expressed as:

AAx'= A4 cos 9[c0s(27rfll +@)—cosLr fit, + ¢, )]+
4, sin 9[005(27rflt +@,)—cosQx fit, + (pz)]

Ady'= A sin 6 cos2x fit + @) — cos(Rz fit, + @) |+ (3)
A, cos H[cos(Z;rflt +@,)—cos2x fit, + (pz)]

Adz'= A[cosQr fit +¢,) —cosQr fit, + p,) ]

According to Egs. (1)-(3), single diamond grit particle (G) tra-
jectory can be conveyed as:

x=V (t—t,)+ %sin[a)(t - tU)]+ A cos 6?|:cos(27rflt +¢)
—cos(2x fit, + ¢, ):|+ 4, sin 9[cos(27rflt +@,)—cosQr fit, + @, ):|
y= %cos[a)(t - to)]— % + 4, sin 9[c0s(27rf|'t +9)

—cos(2z fit, + ¢, )]+ A, cos 9|:cos(27zf[t +,)—cos(2x fit, + (/)2):|
z=A[cosQrfit + ) —cosQrfit, +9,) |

“)

It is necessary for two mutually perpendicular simple har-
monic oscillations to simultaneously act up to two premises to
achieve a stable and closed elliptical trajectory as follows [11]:

(1) The frequency of simple harmonic oscillations in the syn-
thesis must be identical.

(2) The skewing of the two simple harmonic oscillations in-
volving elliptical vibrations is not a multiple of 1.

Provided that #,=0, ¢ =0, ¢@,=7/2, ¢,=0, the tra-
jectory of a single diamond grit particle in 3D ultrasonic vibra-
tion can be written as follows:

x=Vit+ %sin [%t} + A cos@cos(2r fit —1)+ A,sin@cos(2r fit + %)

y= %cos[%t] - % + A sin@cos(27x fit —1) + A4, cos O cos(27x fit + %)

z=4, [cos(271{fzt) -1]

®)

The trajectory of a single abrasive under 2D and 3D ultra-
sonic vibration-assisted grinding was simulated by the software
MATLAB as shown in Fig. 5. It can be seen that the trajectory
of a single abrasive particle in 2D ultrasonic vibration-assisted
grinding is a sinusoidal curve on the plane, while it is a spiral in
space during 3D ultrasonic vibration-assisted grinding. This will
be similar to rotary cutting for the existence of a spiral trajectory,
and thus it is beneficial to keep the cutting edge sharpened to
reduce the grinding temperature.
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Fig. 5. Simulation results for the trajectory of a single abrasive particle
during 2D and 3D ultrasonic vibration grinding.

3.2 The mathematical model of 3D ultrasonic
vibration-assisted ELID grinding force

The grinding force is composed mainly of the normal grinding
force (F,) and the tangential grinding force (F;), while the axial
grinding force (F,) is not frequently considered because it is
rather small [12]. By contrast, in 3D ultrasonic vibration-
assisted ELID grinding, because high-frequency ultrasonic
vibration is introduced in three directions that are mutually per-
pendicular to each other, the impact approximates into being a
greater instantaneous force, which causes the grinding action
to increase, namely as normal, tangential and axial impact.
Consequently, the grinding force can be expressed as:

F=F +F+F, 6)
F,=F,
where F, and F, are the normal force and the tangential

force deriving from grinding deformation, respectively, F,
and F, are the normal force and the tangential force deriving
from friction, respectively, and F_ , F, and F, are the
normal force, tangential force and axial force derived from 3D
ultrasonic vibration, respectively.

According to Eq. (5), the velocity of a single diamond grit par-

ticle during 3D ultrasonic vibrations can be derived as:

V.=V, +V, cos[%] —27f 4 cosOsin 27 fit — 27 f, A, sin Osin(27 £t + %’

V,=-V, sin[%j =27 f,Asin@sin2x fit — 27 f, 4, cos Osin(2x fit + %)
V.==2rf,A;sin2x fot

7

The cutting arc length from contact to separation in 3D ultra-
sonic vibrations can be written as:

L=[ Vv, ®

where V,, V, and V, are the diamond grit speed in three coor-
dinate direction, respectively.

In the period #,~¢, the volume of materials being removed
can be expressed as:

V.=apv,, ©)

where a, is the actual grinding depth, and b is the grinding
width.

In the time of #,~¢, the number of effective grit particles tak-
ing part in grinding is given as the following equation [8]:

6V, bl
N,=NV,=—2""(d ~h-d)d—h 10
=NV, =—5— Nd —h) (10)

where N, denotes effective number grit particle’s in the arc
segment, N, is the number of unit volumes, 7, is the effec-
tive volume in the arc segment, ¥ is the volume fraction of
the grinding grit, h is the thickness of the oxide film, / is the
contact arc length, and d is the grit diameter.

During the process of electrolytic in-process dressing metal-
bonded diamond grinding wheel, the equation can be ex-
pressed as follows, according to Faraday's law of electrolysis:

dv MI
a7 ZFp' 1
where ¥, is the volume of removal bonded metal, t is the
effective electrolytic time, n is the current efficiency, M denotes
the molecular weight of the bonded metal, z is the valency of
the metal, p is the density of the bonded metal, and F is the
Faraday constant.
The removed bonded-metal volume can be defined as:

e

zFp (12)

Mit
V,=n———>

The average electrolytic thickness on anode be expressed
as:

e =1
zFpd, (13)

where 4, is the effective conductive area of the anode.
Ohm's law is shown as:
=Y
R (14)
In ELID grinding, the total resistance R includes the electro-

Iyte resistance R, and the oxidation film resistance R, as is
shown Eq. (15):
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R=R +R =Ll Al (15)
4 4

e

where p, is the resistivity for ELID electrolyte, #, is the inter-
electrode clearance, p, is the resistivity of the oxide film, and
A, is the effective area of the cathode.

Substituting Eq. (15) into Eq. (14), the current | can be ob-

tained as.
U UA

S . — (16)
R ph +ph

According to Egs. (13) and (16), the thickness of the dis-
solved anode layer can be derived as:

L =n M, gMiUA4, _ a7)
zFpd, zFpA(p.h, +p,h)

During the ELID grinding, the actual grinding depth can be
expressed as:

, , nMtUA,

a =d -1 =a e —— (18)
" zZFpA,(ph +ph)

P p e

where «, is the nominal grinding depth.
The volume of material removed by a single diamond grit
particle can be derived as:

v,
R (19)

The average area of cutting section (.S, ) of a single diamond
grit particle can be expressed as:

V V
A (20)

CLorv[evievia

Based on the average cutting section area, the normal grind-
ing force F,, of a single diamond grit particle is proportional
to the cross-sectional area of the cut, and the equation can be
expressed as [13]:

F, =KS,, (21)
where K'is a constant.

Taking into consideration the normal force acting in front of
the diamond grit particle, and assuming that the frictional force
between the chip and the grit can be neglected, it can be as-
sumed that the grinding particle is conical and the following
equation can be obtained according to geometric relationships:

F
Loe _ %00, (22)
F

gte 4

Combining Egs. (20)-(22), the normal force F

we and the
tangential force F,, of single diamond grit particle can be

written as:
Ka V.
Fo- e
anc t >
RV, [\ +V]+V2d,

nKaV,

Ft(‘= t
T aanO)RY, [ V2V V24,

In the period #,~¢, the normal force F,. and the tangential
force F_, deriving from grinding deformation can be ex-
pressed as:

_ Kbl[zF pA,(ph, + p,ia, —nMtUAV,

F, =NF,, =RbIF,, = ,
VizFpA,(ph+ p )] VI 4V +V2d,

F _ 7RbI _ #Kbl[zFpA,(ph, + p,)a, —nMtUAV,
CTT A0 " Yang)zFpd, (o, + p ] VIV +V2,
(24)

In 3D ultrasonic vibration-assisted ELID grinding, the normal
force F,, and the tangential force F,, deriving from friction

enf

can be expressed as:

F _=0dp
anf’ 25
{me =uép (29)

where 0 is the surface area of a single diamond grit particle,
which is equivalent to the actual contact area between work-
piece and the grit; p denotes the even contact pressure be-
tween the wear surface and the workpiece, and y is the sliding
friction coefficient.

In the period of #)~t, the normal force F, . and the tangential

force F,, deriving from friction can be expressed as:

F,=NF, :—6V’”3 ﬂ(a?v —h—d)d-h)sP
° rd’ d
) (26)
6V, bl
Fy = N\Fy = 2 (d, ~h=d)(d ~h)5P

Provided ¢, =0, ¢ =0, ¢,=7/2, ¢, =0, according to
Eq. (5), the velocity and acceleration of the particle at t moment
caused by 3D ultrasonic vibration can be conveyed as:

V.==-2rf A cosOsin2r fit —2x f,A,sin@sin(27 ft +%)

s . T
V,==2rfA4sin0sin2x fit — 27 f,4, cos Osin(27 f,t + 5)
V,==2nf,Asin2x ft

(27)
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a =4 (27zf,)2 cosfcos2r fit — 4, (2zzf,)2 sin@cos(2x fit +%)

a, =4 (2xf, )2 sinfcos2z fit — 4, (27 f, )2 cos@cos(2x fit + %)
a, =—A4, (27sz )Z cos2r ft

(28)

Based on momentum theory, the average impact of the par-
ticles in the grinding wheel in three directions can be approxi-
mately defined as:

. My, — My, 27M, —4,cos@sin 27 f,(t + At) — A, sin@sin[27 f,(t + At) +
At At %] + A cosOsin27 fit + A, sinOsin(27 [t + %)
~—(27f)* M[A cosOcos 27 [ + A, sinOcos(2r [ + %)]
. My, ~Mv, 20, —A sin@sin 27 f,(t + At) — A, cos@sin[27 f,(t + At) +
VIV %] + A sin@sin 27 £t + A, cos Osin(2r £ + %)
~—(27f;)’ M[ 4 sin@cos2x fit + A, cosOcos(2x fit + %)]
£ = Mo My, 2IMRA o f 4 A+ sin 2 fi]
At At : ’?
~—(27f,) MA, cos2x fit

(29)

where M is the equivalent mass of the vibrating part.

According to Egs. (24), (26) and (29), the grinding force in-
cluding the tangential force ( F, ), the normal force ( F, ) and the
axial force ( £, ) in 3D ultrasonic vibration-assisted ELID inter-
nal grinding can be expressed as:

Kbl[zF pA,(p,h, + p,i)a, =Mt UATV, 6V bl
T = g =+ U—
AanO),zF pA,(ph+ p )| VI +Vi+Vid, — 7d d,

—(27 f;)’ M[ 4, cos@cos(2r fit) + A, sin@cos(27 fit + %)]

(d.—h-d)(d-h)sP

Fo Kbl[zF pA,(p,h, + p,)a, —nMtUAV, . 6V, bl
VieFpA(ph,+p [ JVZ+Vi+vid, #d’ d,

—(27 £ M[4,sinOcos(27 f1) + A, cos Ocos(2x fit + %)]

(d, —h—-d)d-h)SP

F,=—(2xf,)’ MA, cos(2x f,t)

(30)

From what has been discussed above, as shown Eq. (30),
the conclusion can be drawn that the grinding forces, F, and
F,, in 3D ultrasonic vibration-assisted ELID grinding, increase
along with the grinding width (4 ), the contact arc length (/),
the actual grinding depth («,) and the speed of workpiece
(v, ). By contrast, the forces decrease with increasing speed of
the grinding wheel (7, ), and the frequency of 2D the ultrasonic
vibration ( £, ), and the ultrasonic amplitude 4, and 4, in-
crease. In addition, the grinding force F, increases with axial

ultrasonic frequency £, and amplitude 4, .

4. Experimental tests and analyses of
grinding force
4.1 Testing setup and methodology

The 3D ultrasonic vibration-assisted ELID grinding tests in-

“oeMachine wol spindle

.- Electrie lransmission device

— - Ullrasonic wave lransducer

Rowtions] . .. Amplitude transformer

Ultrasonic gencrator .
k g Afs
Zireonia ceramics ’7

FLID
power
supply

Spark-crosion machining device 4./ :/—\ [N ,”

Grilhding wheel

Rotation | At
- Suppott plate
L,
“Dynamic dynaniomsler
Workbench

Fig. 6. Platform schematic of the 3D ultrasonic vibration-assisted ELID
internal grinding set-up.

volved using a modified CNC machining center (VMCB850E)
assisted by a purpose-designed ultrasonic vibration device.
The apparatus was mainly composed of an ultrasonic vibration
system, dynamic dynamometer, and spark-erosion machining
device, as shown in Fig. 6. The ultrasonic vibration system
comprised the ultrasonic generator, electric transmission de-
vice, ultrasonic wave transducer, amplitude transformer, and
grinding wheel. The grinding force during processing was re-
corded by an ultra-precision grinding force measurement sys-
tem (SDC-CJ3SA). The material of the workpiece was zirconia
ceramic.

It was necessary for the grinding wheel to be dressed by
spark-erosion machining before grinding, which then undertook
the ultrasonic vibration-assisted ELID grinding. During grinding,
the rotation speed of the grinding wheel (#, ) and the work-
piece (7, ), the actual grinding depth («, ) and duty ratio (D)
were the primary factors influencing the grinding force. Single-
factor tests were conducted and the basic parameters of the
rotation speed of the grinding wheel (», = 3000 r/min), the
speed of the workpiece (7, = 80 mm/min) and the actual grind-
ing depth (a, = 0.003 mm) were adapted, and only one of the
basic parameters was changed during each group test in order
to evaluate the variation in the 3D ultrasonic vibration-assisted
ELID grinding force for each different factor. During the tests,
2D and 3D ultrasonic vibration-assisted ELID grinding was
achieved by switching on or off the power supply to the ultra-
sonic transducer in the spindle of the machining center. Three
repeated tests were carried out on each set of parameters
under these two processing methods and the average value of
the parameter under examination was taken as the result of the
set of tests to minimize errors. The materials, relevant data
collection devices and machine tool models used in the ex-
periment are shown in Table 1.

To achieve the elliptical vibration trajectory, ¢, =0,
o, = /2 was selected in the tests, and two ultrasonic gen-
erators (35 kHz) provided simultaneous input for the 2D ultra-
sonic vibration system. The test equipment is shown in Fig. 7.

The grinding force waveform diagram for 2D and 3D ultra-
sonic vibration-assisted ELID internal grinding is shown in Figs.
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Table 1. Grinding force testing device.

Category Type Parameter
Bonded Cast iron fiber
Metal-bonded diamond .S|ze (mm) 1.250~16
rindina wheel Diameter (mm) 25
grinding Height (mm) 17
Abrasive thickness (mm) 35
Grinding fluid made in Dilution ratio 1:50
HIT
High frequency pulse
power of ELID mirror HDMD-V -
grinding
Zirconia ceramics LXWxH(mm) 16 x16 x8
specimen
Ultrasonic generator S712 -
Impedance analyzer PV70A -
Ultra-precision grinding| SDC-CJ3SA
force measurement Measurement range 0~250 N
system Accuracy 0.02N

Fig. 7. 3D ultrasonic vibration-assisted ELID internal grinding test equip-
ment.

8(a) and (b), respectively. It can be seen that the shape of the
grinding force waveform diagram retains coherence in the two
situations. However, the peak of grinding force was relatively
smaller during the latter 3D condition. Additionally, because the
grinding force ( F, ) along Z direction was relatively lower than
in the other direction, £, could be neglected during the tests.
Furthermore, from Fig. 8, the grinding force in 3D ultrasonic
vibration-assisted ELID internal grinding decreased by 20 %-
30 % compared to that during 2D ultra-sonic vibration-assisted
ELID internal grinding.

4.2 Analysis of the grinding force

4.2.1 Influence of process parameters on the grind-
ing force

As described in Sec. 3.2, the grinding force could be pre-
dicted using the mathematical model for 3D ultrasonic vibra-
tion-assisted ELID grinding force. The predicted force was
obtained when the process parameters were selected as the
rotation speed of the grinding wheel (n, ), the speed of the
workpiece (7, ), and the grinding depth (a, ). The variation of
grinding force with speed of grinding wheel (#, ) is shown in
Fig. 9. As is evident from Fig. 9, the grinding force under 3D
ultrasonic vibration-assisted ELID grinding was lower than that

IS

(a) 2D ultrasonic vibration-assisted ELID internal grinding

A

(b) 3D ultrasonic vibration-assisted ELID internal grinding

Fig. 8. Grinding force waveform diagram for 2D and 3D ultrasonic vibration-
assisted ELID grinding.

12 Experiment —@— 3DF, —M— 2DF. —@)— 3DF, —@— 2DF,

Model —©--3D-F, —EF-2D-F -&>-3DF, =€+ 2D-F,

> o S
T T T

Grinding force F(N)

=
T

2 L L L L L
500 1000 1500 2000 2500 3000 3500 4000 4500
Speed of grinding wheel 7,(r/min)

Fig. 9. Relationship between the grinding force and the speed of the grind-
ing wheel.

under 2D ultrasonic vibration-assisted ELID grinding. In addi-
tion, the grinding force decreased with any increase in the
speed of the grinding wheel. This was attributed to the fact that
the effective number of grit particles that take part in grinding
increases as the speed of the grinding wheel increases. How-
ever, the total grinding resistance is unvaried, and the average
contact area between diamond grit particles and workpiece in
unit time increases more and more dramatically, which brings
about a decrease in the grinding force per unit area. In particu-
lar, the grinding force decreases significantly if the speed of the
grinding wheel is more than 3000 r/min.

The relationship between the grinding force and the speed of
workpiece is presented in Fig. 10. As shown, the grinding force
increases with an increase in the speed of workpiece. The
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Experiment —@— 3D-F, —fll— 2D-F. —p— 3D-F, 2D-F,
Model =€--3D-F, =E}F-2D-F, -(}- 3D-F, 2D:F,

Grinding force F(N)
N

! ! ! ! ! ! !
50 60 70 80 90 100 110 120 130
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Fig. 10. Relationship between the grinding force and the speed of the work-
piece.
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Fig. 11. Relationship between the grinding force and the grinding depth.

grinding force under 3D ultrasonic vibration-assisted ELID
grinding was lower than was that under 2D. This was because
the grinding method during the tests was down-grinding, and
the grinding wheel speed was greater than the workpiece
speed. An increase in the speed of the workpiece makes the
relative speed between the grinding wheel and the workpiece
decrease, and the average contact time between the grinding
grains and the workpiece being processed in unit time is
shorter. In the case that the total grinding force is unchanged,
the grinding force per unit area decreases.

The relationship between the grinding force and grinding
depth is shown in Fig. 11. The grinding force was observed to
increase when the grinding depth ranged from 1 ym to 7 pym.
This is due mainly to the following reasons: With an increase in
the grinding depth, the actual cutting thickness for grinding
grains located on the outer layer of grinding wheel increases,
and the undeformed cutting thickness for a single grinding
grain particle increases, so the resistance generated by the
grinding grain cutting into the workpiece material increases and
the grinding force also increases. In addition, with the increase
in grinding depth, the extrusion force between the oxide film on
the outer layer of the grinding wheel and the workpiece in-
creases, and the heat generated during grinding, and extrusion
force in the grinding process, will cause the relatively loose soft
oxide film to be compacted, so the grinding force also will in-
crease.

In addition, from Fig. 11, when the grinding depth was
greater than 3 pm, the grinding force suddenly increased sig-
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Fig. 12. Relationship between the ultrasonic power and ultrasonic ampli-
tude.
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Fig. 13. Relationship between grinding force and ultrasonic power.

nificantly. The main reason may be that the grinding depth
exceeds the critical grinding depth of plastic domain processing
for zirconia ceramic, changing the status of the method of ma-
terial removal from plastic removal into brittle removal, and in
consequence, the grinding force is increased. Besides, the
application of axial ultrasonic vibration to the workpiece mate-
rial causes vibration stress inside the material, offsetting some
of the original stress within the material, thereby reducing the
hardness of the material. In consequence, it is easier for the
grinding grains on outer layers of the grinding wheel to cut the
workpiece material so that, under three-dimensional grinding,
the grinding force is smaller.

4.2.2 Influence of ultrasonic parameters on the
grinding force

It is well known that the ultrasonic amplitude exhibits a sig-
nificant effect on the grinding force [14]. During the tests, be-
cause it was difficult to control directly the ultrasonic amplitude,
according to Wang et al. [15], the ultrasonic power could be
utilized to effect variations in the amplitude of the ultrasonic
impulses. The relationship between ultrasonic power and am-
plitude is shown in Fig. 12. The effect of ultrasonic amplitude
on the grinding force could be inferred from tuning the power
supplied to the ultrasonic generator. The effect of the power of
the ultrasonic impulse on the grinding force is presented in Fig.
13.

It can be observed from Fig. 13 that the grinding force de-
creased with an increase in ultrasonic power. This may be due
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(b) Surface profile after 3D ultrasonic vibration-assisted ELID grinding

Fig. 14. Surface roughness from 2D and 3D ultrasonic vibration-assisted
ELID internal grinding.

to an increase in the amplitude of the ultrasonic signal resulting
in an increase in the contact length of the grinding wheel to the
workpiece per unit of time, and therefore also an increase in
the average contact area. If the total grinding force is un-
changed, the average grinding force in a unit area is reduced.
In addition, it was concluded that the normal force and the
tangential force under 3D ultrasonic vibration-assisted ELID
grinding was lower than was that during 2D grinding. It was
observed that the results of the physical tests were consistent
with the calculated predictions. The 3D ultrasonic vibration
system was designed especially for the experiment, and there-
fore the frequency of the vibration system could not be
changed over a wide range. However, a slight change in ultra-
sonic frequency would not influence dramatically the ultrasonic
amplitude. If the frequency deviated from the resonant fre-
quency, the ultrasonic vibration would be suppressed or might
even stop vibration. Thus, the effect of frequency on the grind-
ing force was not considered during the present tests, but fu-
ture studies will consider this issue.

4.3 Surface quality in 3D ultrasonic vibration-
assisted internal grinding

To observe effectively the surface quality of the machined
workpiece, the specimen had to be clean and dry. Taking three
points on the finished surface, measurements of the roughness
of the surface were made and a final average value was ob-
tained by averaging the measured results. The surface rough-
ness was tested using a contactless Talysurf CCI6000 and a
3D white-light interference surface profilometer made in Taylor
Hobson Co., Ltd. In 3D ultrasonic vibration-assisted ELID in-
ternal grinding, surface irregularity was relatively small, and the
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Fig. 15. Surface roughness for 2D and 3D ultrasonic vibration-assisted
ELID internal grinding for different process parameters.

surface profile was relatively flat. The Ra was 0.01378 um for
3D ultrasonic vibration-assisted internal grinding was less than
that of 0.06157 um for 2D ultrasonic vibration-assisted ELID
grinding, as is shown in Fig. 14.

4.3.1 Influence of process parameters on the sur-
face roughness

The variation in roughness with changes in process parame-
ters was analyzed from the test results, as shown in Fig. 15.
Overall, the roughness (Ra) values for 3D grinding fell by 40 %
to 50 % compared with 2D ultrasonic vibration-assisted ELID
internal grinding and retained better surface quality. From Fig.
15(a), the conclusion can be drawn that with the increase in
speed of the grinding wheel from 1000 to 4000 r/min, that more
diamond grit particles take part in cutting for a longer period,
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Fig. 16. Variation in surface roughness for 2D and 3D ultrasonic vibration-
assisted ELID grinding under different ultrasonic power.

and increase the number of its score in machining surface,
which prolongs the cutting trajectory, reduces the surface
roughness and enhances the surface quality. From Fig. 15(b),
because the cutting arc length for a single diamond grit particle
effectively increases, the period of exposure to the sharp
edges of the grit is prolonged and, ignoring the effect of any
grinding fluid, when the speed of workbench was gradually
increased from 60 to 120 mm/min, the roughness (Ra) for 3D
ultrasonic vibration-assisted ELID internal grinding was lower
and a better surface quality was obtained than was the case for
2D ultrasonic vibration-assisted ELID internal grinding.

From Fig. 15(c), with the grinding depth gradually increased
from 0.001 to 0.007mm during the process, and whether it was
two-dimensional ultrasonic ELID composite inner round grind-
ing or three-dimensional ultrasonic ELID composite inner cylin-
drical grinding, the workpiece surface roughness gradually
increased, and the change was very obvious. In addition, it can
be observed that the surface roughness of the workpiece after
three-dimensional ultrasonic ELID composite internal grinding
was lower than that after two-dimensional ultrasonic ELID
composite internal grinding of the workpiece. This verification
of the effectiveness of 3D ultrasonic auxiliary grinding obtained
from analysis of Eq. (5) demonstrated that the length of the
cutting arc of a single grinding particle is effectively increased
during the cutting process, and will maintain its sharp cutting
edge for a long time, and is enhanced by timely reduction of
the grinding temperature on the surface of the workpiece. This
shows that lower surface roughness is produced by three-
dimensional ultrasonic ELID composite internal cylindrical
grinding than can be obtained from 2D ultrasonic ELID com-
posite internal cylindrical grinding.

4.3.2 Influence of ultrasonic parameters on the sur-
face roughness

The variation in surface roughness from 2D and 3D ultra-
sonic vibration-assisted ELID grinding under different ultrasonic
power is shown in Fig. 16. The surface roughness in both
cases decreased with an increase in ultrasonic power. The
surface roughness in 3D ultrasonic vibration-assisted ELID
grinding was lower than that for 2D ultrasonic vibration-assisted
ELID grinding. This was attributed to the fact that the ultrasonic

amplitude increased with the increase in the ultrasonic power,
which produced cutting grooves that were wider than those in
2D ultrasonic vibration-assisted ELID grinding. In addition, the
action of axial ultrasonic vibration on the grinding wheel en-
hanced the length of the trajectory of the abrasive. Therefore,
the surface roughness decreased in the 3D ultrasonic vibra-
tion-assisted ELID grinding.

5. Conclusions

(1) The grinding force was established during 3D ultrasonic
vibration-assisted ELID internal grinding and was analyzed in
terms of its effect on a composite grinding system utilizing ul-
trasonic vibration-assisted ELID for internal grinding of a cylin-
drical bore and the kinematics analysis of the trajectory of a
single diamond grit particle. The theoretical analysis and
mathematical model were verified to be reliable and valid.

(2) During 3D ultrasonic vibration-assisted ELID internal
grinding, the grinding force was decreased by 20 %-30 %
compared to that for 2D ultrasonic vibration-assisted ELID
internal grinding, which confirmed the superior capability of the
3D ultrasonic-vibration assisted ELID approach.

(3) The cutting arc length of a single diamond grit particle ef-
fectively was increased and the retention period of sharp edges
on the grit particles was prolonged during 3D ultrasonic vibra-
tion-assisted ELID internal grinding, which led to an improve-
ment in surface quality a decrease in surface roughness (Ra)
by 40 % to 50 % compared with 2D ultrasonic vibration-
assisted ELID internal grinding.
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Nomenclature

f1 : Frequency of 2D ultrasonic vibration on workbench with
the synchronous vibration

f : Frequency in Z direction

0 : Fixed angle of L plate

A : Ultrasonic amplitude in X direction

Az : Ultrasonic amplitude in Y direction

Az : Ultrasonic amplitude in Z direction

©1 : Ultrasonic vibration phase angle
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: Ultrasonic vibration phase angle

: Ultrasonic vibration phase angle

: Speed of grinding wheel

: Speed of workpiece

: Rotation speed of grinding wheel
: Angular speed of grinding wheel

: Diameter of grinding wheel

: Normal grinding force

: Tangential grinding force

: Axial grinding force grinding force
: Diamond grit normal force deriving from grinding defor-

mation

: Normal force deriving from grinding deformation
: Diamond grit tangential force deriving from grinding de-

formation

: Tangential force deriving from grinding deformation

: Diamond grit normal force deriving from friction

: Normal force deriving from friction

: Diamond grit tangential force deriving from friction

: Tangential force deriving from friction

: Normal force deriving from3D ultrasonic vibrations

: Tangential force deriving from3D ultrasonic vibrations
: Axial force deriving from 3D ultrasonic vibrations

: The diamond grit speed in X direction

: The diamond grit speed in Y direction

: The diamond grit speed in Z direction

: Actual grinding depth

: Nominal grinding depth

: Grinding width

: Effective grits’ number in arc segment

: The number of unit volume,

: Effective volume in arc segment

: The volume fraction of grinding grit

: The surface area of single diamond grit

:Evenly contact pressure between wear surface and

workpiece

: Sliding friction coefficient

: Thickness of oxide film

: Contact arc length

: Grit diameter

: Volume of removal metal-bonded
: Current efficiency

: Molecular weight of metal-bonded
: Valence of metal

: Density of metal-bonded

: Faraday constant.

: Effective area of anode for conduction
: Total resistance

: Electrolyte resistance

: Oxidation film resistance

: Electrolyte resistivity

. Inter-electrode clearance

: Oxidation film resistivity

: Effective area of cathode

: Electrode voltage
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