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Abstract Based on the ultrasonic vibration technology
and the electrochemical principle, the ultrasonic vibration-
assisted electrolytic in-process dressing internal (UAEI)
grinding is realized on the vertical machining center. The
mathematical control model of the UAEI grinding is estab-
lished to maintain the protrusion height of abrasive grains.
Simulations and fittings show that the average current
is positively associated with the increase of ultrasonic
frequency, grinding speed or workpiece speed, and the
decrease of grinding ratio. Concrete control schemes are
made by adjusting the controllable parameters. The objec-
tive judgments are obtained by comparing the experimental
results under different processing conditions. The experi-
mental results show that the surface roughness of workpiece
can research 0.0487 μm, the grinding force ratio maintains
at relatively stable level, topography of oxide layer presents
uniform-distributed cavities, and surface micro-topography
of workpiece becomes smoother with the processing param-
eters determined by the control model of the UAEI grinding,
proving the validity of this control model of the UAEI
grinding.
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1 Introduction

Structural ceramics possess excellent physical and mechan-
ical properties, such as high strength, high hardness, and
high heat-resistance [1]. They are widely used in electronic
optics, instrument, and aerospace and may replace hard
metals widely used for wear- and corrosion-protection [2].
Various traditional methods have been proposed for machin-
ing the engineering ceramics. Kapustina and Bykova [3, 4]
investigated grinding of ceramic components with free abra-
sive and with bonded abrasive. Piskunov and Korolev [5]
developed a novel ceramic machining process named pol-
ishing, which is similar to grinding processes, to remove
surface defects and micro-cracks after grinding and achieve
a high surface quality. Ramesh, Yeo, Gowri, and Zhou [6]
reported the viability of the super high-speed grinding tech-
nique for processing structural ceramics and analyzed the
effects of the grinding parameters on the machined parts.

Compared to other traditional methods, ultrasonic-
assisted grinding (UAG) and electrolytic in-process dressing
(ELID) grinding display superior performance in manufac-
turing ceramic parts, respectively. Zaitsev, Nikitkov, and
Buturovich [7] recommended the application of radial ultra-
sonic shear vibrations with frequency of 23.5 kHz and
amplitude of 6 μm for high-productivity, defect-free grind-
ing of Ceramics on disks of the AChK80×3 × 3 ASV80/63
Ml-100 type. Azarhoushang and Tawakoli [8] invented a
novel ultrasonic unit for grinding of ceramic matrix com-
posites. Ding et al. [9] experimentally studied the matching
performance of grinding and vibration parameters in UAG
of SiC ceramics and showed that the UAG technique is suit-
able for machining the ceramics, with lower grinding force
and workpiece surface roughness, and reduced workpiece
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surface profile wave height. Yan, Zhao, and Liu [10] inves-
tigated the ultraprecision surface finishing of nano-ZrO2

ceramics using two-dimensional ultrasonic-assisted grind-
ing. Their experimental results showed that the surface qual-
ity after two-dimensional ultrasonic-assisted grinding was
superior to that two-dimensional ultrasonic-assisted grind-
ing could significantly improve surface quality compared to
diamond grinding and is easier to employ ductile grinding
mode. Wei, Zhao, Jing, and Liu [11] machined engineering
ceramics including Al2O3 ceramics, ZTA ceramics, Nano-
Si3N4 ceramics, and Self-Si3N4 ceramics by rotary ultra-
sonic grinding machining and put forward a new evaluation
parameter to evaluate the characteristics of micro-cracks.
Mamalis, Kundrak, Gyani, and Horvath [12] reported a
precision grinding of brittle ceramics using an electro-
chemically dressed wheel. Kim and Lee [13] proposed an
optimum in-process electrolytic dressing (ELID) system for
mirror-like grinding of fine ceramics with a metal bonded
diamond wheel. Zhang, Ohmori, Marinescu, and Kato [14]
compared the ELID and rotary dresser and revealed superi-
ority of ELID grinding on the surface roughness and other
surface characteristics.

However, these traditional ceramic processing methods
also have their own drawbacks, such as complex set of
steps, greatly difficulty in processing, poor efficiency and
high processing costs [15]. Hybrid machining processes
(HMPs) are drawing considerable attention from manu-
facturing community to meet the challenges of rigorous
surface quality and high production rates. Lian et al. [16]
proposed a new method called electrophoretically assisted
micro-ultrasonic machining (EPAMUSM) based on micro-
ultrasonic machining (MUSM) and electrorheological fluid
assistance process and showed that with the appropriate
processing parameters, EPAMUSM can improve machin-
ing accuracy and efficiency. Dubey, Shan, and Jain [17]
presented the experimental findings in controlling the sur-
face micro-profile and correcting out-of-roundness (OR)
of the electro-chemical honing (ECH), which is a hybrid
electrolytic micro-finishing technology characterized by a
distinct coupling of electrochemical machining and honing
actions to provide controlled functional surface generation
and fast material removal capabilities in a single operation.

For the sake of achieving mirror internal surface of struc-
tural ceramics, a technique of ultrasonic vibration-assisted
electrolytic in-process dressing internal (UAEI) grinding
is proposed in this paper and is realized in the vertical
machining center. Figure 1 shows the schematic of UAEI
grinding. The cast iron bonded diamond grinding wheel
and the copper cathode are treated as anode and cathode,
respectively, and the electrolytic grinding fluid is provided
persistently between electrodes during process. In actual
composite grinding process, mixture film named oxide layer
hatches on grinding wheel surface after electrical discharge

Fig. 1 Schematic illustration of UAEI

machining (EDM) dressing and UAEI pre-dressing pro-
cess [18]. This mixture film is the core of precision and
ultra-precision machining, which integrates grinding, lap-
ping, and polishing into a whole [19]. The status and roles
of oxide layer vary in different processing conditions. The
main roles of oxide layer are to inhibit excessive elec-
trolytic, hold free abrasive grains, and polish workpiece
[20]. Finding optimal control strategies of UAEI grinding
can guarantee the production efficiency and optimal sur-
face quality and realize the high efficiency of ultra-precision
mirror process.

2 Control model of UAEI grinding

2.1 Control target of UAEI grinding

UAEI grinding is a new precision machining technology
that complements ultrasonic vibration grinding and ELID
grinding with their respective advantages to keep grinding
wheel keep at good condition. It transforms the metal bond
into metal oxide by anodic dissolution effect and keeps the
sharpness of abrasive grains and their protruding height well
distributed. Abrasive grains vibrate in a high frequency with
ultrasonic vibration. Thus, the control target is keeping con-
stant grain protrusion height, that is to say, keeping the
abrasive wear and metal bond removal heights equal.

Abrasive wear of grinding wheel can be divided into
abrasive wearing, broken wearing and shedding [21]. The
wheel wear stage can be divided into initial, normal, and
sharp wearing stages in grinding process [22]. The abrasive
grains can be easily broken and pull out at the initial wear-
ing stage, generate abrasion wearing at the normal wearing
stage, and a lot of cracks on metal bond and pull out at the
sharp wearing stage. The grinding wheel can timely acquire
contactless truing and keep good cutting ability, ensuring
that wheel is always at normal wear stage in UAEI dynamic
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grinding process. The metal bond removal rate of electrol-
ysis is determined by Faraday’s law and mainly related to
electrolytic current and effective electrolytic time.

2.2 Mathematical Control Model of UAEI Grinding

Based on the control target, reasonable hypotheses were
given to build a mathematical model of process control
for UAEI grinding. Table 1 lists the related variables and
symbols and the hypotheses are as follows:

(1) The abrasive grains are aligned and evenly distributed
inside the metal bond. To simplify the calculation, the
abrasive grains are treated as spherical particles. Abra-
sion wearing is generated when grain protrusion height
exceeds the half of grain diameter.

(2) Oxide layer is eliminated fast in the dynamic grinding
process and the grain protrusion height is kept constant.
The effects of lapping and polishing of oxide layer are
weak.

(3) The grain protrusion height (a) is uniform distributed.
And the distribution density function of grain protrusion
height (f (a)) can be given by Eq. 1

f (a) =
{

1
amax

(
0 < a < amax ≤ 2dg

3

)
0

(1)

The probability of grain protrusion height less than
x(P (a < x)) can be obtained by Eq. 2

P(a < x) =
∫ x

0

1

amax

dx = x

amax

(2)

The probability of abrasive grains dominated by abrasion
wearing (P (a ≥ dg/2)) is expressed as

P

(
a ≥ dg

2

)
= 1 − P

(
a <

dg

2

)
= 1

4
(3)

The single grain volume (vg) is

vg = πd3
g

6
(4)

The abrasive grain number per unit volume (Nv) is

Nv = κ

vg

(5)

The average cross-sectional area of abrasive grain (Am)
is

Am = πd2
g

6
(6)

The abrasive grain number per unit area (Nm) can be
expressed as [23]

Nm = N
2
3
v (7)

Table 1 Variables and parameters applied in research

Variables Nomenclature

A Ultrasonic amplitude (m)
Am Average cross-sectional area of abrasive grain (m2)
a Grain protrusion height (m)
a0 Indentation feature size (m)

agc critical grinding depth of single grain (m)

b Grinding wheel width (m)

D Diameter of grinding wheel (m)

dg Diameter of abrasive grain (m)

Cl transverse crack length (m)

Ch transverse crack depth (m)

F Faraday constant (c/mol)

f (a) Distribution density function of grain protrusion height

G Grinding ratio

Ia Average current of electrolytic system (A)

Iamax Maximum allowed average current of
electrolytic system (A)

Ip Peak current of electrolytic system (A)

KIc Static fracture toughness of ZTA containing
15 % ZrO2 (MPa.m1/2)

KId Dynamic fracture toughness of ZTA containing
15 % ZrO2 (MPa.m1/2)

L Length of single grain travels in
grinding zone during one vibration
cycle (m)

n Valence of iron ion

Hv Vickers hardness of ceramic material (GPa)

Hv0 Vickers hardness of ZTA containing 15 % ZrO2(GPa)

M Atomic weight of metal bond (56)

Mb Removal quantity of metal bond

N Number of dynamic grinding grains generated
abrasion wearing in grinding zone

Nh Number of abrasion wear grains (m−2)

Nm Abrasive grain number per unit area (m−2)

Nv Abrasive grain number per unit volume (m−3)

P Indenter load (N)
Pm Critical load (N)
P ∗

m Dynamic critical load (N)
P(a < x) Probability of grain protrusion height less than x

P (a > dg/2) Probability of abrasive grains dominated by
abrasion wearing

Pn Positive pressure of abrasive grain (N)

Rc Duty ratio of electrolytic system

S1 Removing cross-section area formed
by plastic deformation per single
grain (m2)

S2 Removing cross-section area formed by
brittle fracture per single grain (m2)

T Movement periodicity of single grain (s)

V Material removal volume by single grain
Vb Metal bond removal volume (m3/s)
Vg Wear volume of abrasive grains dominated by

abrasion wear per unit time (m3/s)
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Table 1 (continued)

Variables Nomenclature

Vw Material removal volume per unit time (m3/s)

Vs Wheel wear volume per unit time (m3/s)

vg Single grain volume (m3)

vs Grinding wheel speed (m/s)

vw Workpiece speed (m/s)

ZTA zirconia-toughened alumina

γ Cross-section area ratio of metal bond

κ Volume ratio of abrasive grain

η Current efficiency of electrolytic system

λ0 Comprehensive coefficient related to
Vickers hardness indentation

ζ Vickers indenter geometrical factor

ρb Density of metal bond (Kg/m3)

ρg Density of abrasive grain

ω Cross-section area ratio of abrasive grain (Kg/m3)

τ Percentage of grain (Kg/m3)

ω0t Phase Angle

The number of abrasion wearing grains in a unit area
(Nh) is

Nh = Nm.P

(
a ≥ dg

2

)
= 1

4
.Nm (8)

The number of dynamic grinding grains generated abra-
sion wearing per unit time in the grinding zone (N) can be
determined by the following equation

N = Nhb(vs + vw) (9)

The cross-sectional area ratio of abrasive grain (ω) is

ω = Am.Nm (10)

The cross-section area ratio of metal bond (γ ) is

γ = 1 − ω (11)

The ceramic material removal mode can be divided into
plastic removal mode and brittle removal mode. The inden-
tation experiment by Lawn and Wilshaw [24] showed that
the indenters cause plastic flowed into ceramic surface at a
slow speed under the action of the indenter load (P ). After
unloading, the ceramic surface remained indentation with-
out any crack, as shown in Fig. 2. These results suggest that
brittle material undergoes plastic deformation under certain
conditions. When the indentation is generated by the forma-
tion of the material microscopic plastic flow, the indenter
load (P ) can be expressed by Eq. 12 [25, 26].

P = ζ.Hv.a
2
0 (12)

Fig. 2 Indentation model of abrasive grain

When the indenter load (P ) continues to increase, a
radial crack will be generated and extended under the plas-
tic deformation zone, as shown in Fig. 3. The local plastic
deformation of material indentation and stress field of radial
crack will cause transverse cracks during the unloading pro-
cess. When the extend conditions of transverse cracks are
met, transverse cracks will extend forward and toward the
surface. The critical load, which leads to crack propagation
(P ∗), can be expressed as [22]

P ∗ = λ0KIc

(
KIc

Hv

)3

(13)

The indentation feature size (a0) can be expressed as
a0=ap. tan θ . The positive pressure of abrasive grain (Pn)
can be obtained from Eq. 14.

Pn = 1

2
.ζ.Hv.a

2
p. tan2 θ (14)

The big shock action occurred due to the instant contact
of abrasive grain with workpiece in actual grinding process.
The static fracture toughness (KIc) should be replaced with

Fig. 3 Removal model of ductile fracture material
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the dynamic fracture toughness (KId ). Thus, the dynamic
critical load (P ∗

m) can be shown as

P ∗
m = λ0KId

(
KId

Hv

)3

(15)

The KIc of ZTA containing 15 % ZrO2 is 9.4MPa.m1/2

[27]. Sairam and Clifton [28] conducted plate impact exper-
iment to research the dynamic fracture law and showed that
the KId is about thirty percent of the KIc. Therefore, the
KId of ZTA containing 15 % ZrO2 is 2.8MPa.m1/2.

Combining of Eqs. 14 and 15, the critical grinding depth
of single grain (agc) can be obtained using the Eq. 16.

agc =
√

2λ0
ζ tan2 θ

(
KId

Hv0
)2 (16)

Whether the grinding surface is formed by plastic defor-
mation or brittle fracture mainly depends upon the single
grain cutting thickness (ap) and the critical cutting thickness
(agc). When the single grain cutting thicknesss is equal to or
less than the critical cutting thickness (ap ≤ agc), the grind-
ing surface is formed by microscopic plastic deformation,
and the removal shape is triquetrous curvilinear cylindri-
cal in each vibration cycle. The removing cross-section area
formed by plastic deformation per single grain (S1) can be
expressed as

S1 = a2p tan θ (17)

When the critical cutting thickness is less than the sin-
gle grain cutting thickness (ap > agc), the grinding surface
is formed by both microscopic plastic deformation and brit-
tle fracture. The transverse crack length (Cl) and transverse
crack depth (Ch) can be expressed as Eqs. 18 and 19,
respectively [29].

Cl = ζ1

(
Pn

KIc

) 3
4

(18)

Ch = ζ2

(
Pn

Hv

) 1
2

(19)

where ζ1 and ζ2 are the proportionality coefficient, inde-
pendent of the material/indenter system. The removing
cross-section area formed by brittle fracture per single grain
(S2) in brittle removal process can be expressed as

S2 = 2.Cl.Ch (20)

Based on the characteristics of simple harmonic motion,
during one vibration cycle, the length of single grain travels
in grinding zone (L) shown in Fig. 4 can be expressed as

L =
∫ T

0

√
(vs + vw)2 + (Aω0 cosω0t)2dt (21)

During one vibration cycle, the material removal volume
by single grain (V ) can be expressed by Eq. 22 and material
removal volume per unit time (Vw) can be expressed by Eq. 23

V =
⎧⎨
⎩

a2ptan θ
∫ T

0

√
(vs + vw)2 + (Aω0 cosω0t)2dt (ap ≤ agc)

2ζ1ζ2
(

Pn

KIc

) 3
4
(

Pn

Hv

) 1
2 ∫ T

0

√
(vs + vw)2 + (Aω0 cosω0t)2dt (ap > agc)

(22)

Vw =

⎧⎪⎪⎨
⎪⎪⎩

f.a2p tan θ.N
∫ 1

f

0

√
(vs + vw)2 +

[
2Aπf
vs+vw

cos
(

2πf t
vs+vw

)]2
dt (ap ≤ agc)

f.2ζ1ζ2
(

Pn

KIc

) 3
4
(

Pn

Hv

) 1
2
.N

∫ 1
f

0

√
(vs + vw)2 +

[
2Aπf
vs+vw

cos
(

2πf t
vs+vw

)]2
dt (ap > agc)

(23)

Grinding ratio (G) is defined as the ratio of material
removal volume per unit time (Vw) to wheel wear volume
per unit time (Vs) [30].

G = Vw

Vs

(24)

Based on Eq. 3, the wear volume of abrasive grains
dominated by abrasion wearing per unit time (Vg) is

Vg = Vs.τ.P (a ≥ dg

2 )

ρg

(25)

According to the principle of electrochemical, the
removal quantity of metal bond (Mb) can be expressed as

Mb = ηMIpRc

nF
(26)

The metal bond removal volume (Vb) can be expressed as

Vb = ηMIpRc

nFρb

(27)

Owing to the control target of keeping abrasive wear
and metal bond removal equal height, the equation can be
expressed as

Vg

Am

= Vb

πDbγ
(28)

Above all, the average current(Ia), which is the product
of peak current (Ip) and duty ratio (Rc), can be drawn by
Eq. 29
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Ia = IpRc =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

3f τa2p tan θ.b2(vs+vw).nF.ρb.D.(1−ω). 3
√

36
π2

.κ
2
3

∫ 1
f

0

√
(vs+vw)2+

[
2Aπf
vs+vw

cos
(

2πf t
vs+vw

)]2
dt

8ηMG.ρg.d4g
(ap ≤ agc)

3f ζ1ζ2τ
(

Pn
KIc

) 3
4
(

Pn
Hv

) 1
2
.b2(vs+vw).nF.ρb.D.(1−ω). 3

√
36
π2

.κ
2
3

∫ 1
f

0

√
(vs+vw)2+

[
2Aπf
vs+vw

cos
(

2πf t
vs+vw

)]2
dt

4ηMG.ρg.d4g
(ap > agc)

(29)

2.3 Simulation and analysis of mathematical control
model of UAEI grinding

The key point of control strategy is to make clear the cor-
relations of influence factors (f, vs, vw, G) and the average
current (Ia). In order to explore the relationship between
the average current and influence factors, simulation anal-
yses of above Eq. 29 were carried out by Wolfram Math-
ematica9.0 and MATLAB.The simulation parameters are
summarized in Table 2. The data of average current with
different ultrasonic frequency, grinding ratio, wheel speed,
or workpiece speed were obtained by Wolfram Mathemat-
ica9.0 and were fitted using MATLAB regression. Observ-
ing the Eq. 29, the influence of ultrasonic frequency, grind-
ing ratio, wheel speed and workpiece speed on the average
current is consistent in both cases of ap ≤ agc and ap >

agc.Thus, adopting the function of ap ≤ agc simulates the
effect trends.

The exponential models are proposed to fit the curves
of average current versus ultrasonic frequency or grind-
ing ratio, separately, and obtaining good fitting effect. The
fitting functions are expressed by the Eqs. 30,31.

f (x1) = 5.513e(−1.443×10−6)x1 + 3.345e(2.367×10−6)x1 (30)

f (x2) = 36.31e−0.001216x2 + 11.87e−0.0002032x2 (31)

The polynomial models are brought up on fitting the
curves of average current versus wheel speed or workpiece

Fig. 4 Abrasive grain trajectory for UAEI grinding

speed, separately. The fitting functions are expressed by the
Eqs. 32,33.

f (x3) = 0.4553x2
3 + 0.1336x3 + 0.2766 (32)

f (x4) = 3.91x4 + 7.784 (33)

According to Fig. 5, the positive correlation between
average current (Ia) and ultrasonic frequency (f ), wheel
speed (vs) or workpiece speed (vw), and the negative corre-
lation between average current (Ia) and grinding ratio (G)
were presented.

To illustrate, Fig. 6 shows the concrete flow chart of the
control strategy. Firstly, determine material that needs to

Table 2 Simulation parameters

Parameters Values

Abrasive diameter dg 5 × 10−5

Abrasive half-apex angle θ (◦) 52

Comprehensive coefficient related to
Vickers hardness indention

21684.9

current efficiency η 0.6

Diamond density ρg(kg/m3) 3510

Dynamic fracture toughness KId (Mpa.m1/2) 2.8 [28]

Faraday constant F(c/mol) 96485

Grinding depth ap(m) 3×10−6

Grinding grain of cross-sectional area ratio ω 0.32

Metal bond atomic weight M 56

Metal bond density ρb(kg/m3) 7800

Percentage of grain τ (kg/m3) 880

Pulse power duty ratio Rc 0.5

Reactive ion valence n 3

Static fracture toughness KIc(Mpa.m1/2) 9.4 [27]

Ultrasonic amplitude A(m) 8×10−6

Ultrasonic frequency F (kHz) 35

Vickers hardness Hv(GPa) 16.9

Vickers indenter geometrical factor 1.8544

Wheel diameter D (m) 0.025

Wheel speed vs (m/s) 4.2

Workpiece speed vw (m/s) 0.28

Wheel width b(m) 0.017
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Fig. 5 Correlation trend simulation of ultrasonic frequency, grinding ratio, wheel speed and workpiece speed on average current

be processed and the values of dynamic fracture toughness
(KId ) and Vickers hardness (Hv). Secondly, select the suit-
able grinding wheel parameters and processing parameters
base on the workpiece material, rigidity and manufacturing
requirement. Thirdly, confirm the grinding ratio according

Fig. 6 Concrete flow charts of the control strategy

to the experimental methods. Fourthly, calculate the criti-
cal grinding depth (agc) of single grain processing using
Eq. 16. Fifthly, select the matching UAEI grinding con-
trol model according to actual grinding depth obtained by
Eq. 29. Lastly, adjust the appropriate electrical parame-
ters. If the average current (Ia) goes beyond its maximum
allowed (Iamax), skip to the next iteration of the loop by
adjusting the processing parameters (f, vs, vw).

3 Experimental demonstrations of UAEI grinding
mathematical control model

3.1 Experimental setup

The experimental setup was composed of four parts:
ultrasonic machining system, three axis vertical machin-
ing center, rotary table, and on-line electrolytic system.
The ultrasonic machining system has an ultrasonic wire-
less transmission and an ultrasonic generator. The three-
axis vertical machining center (VMC 850E, Shenyang,
China) has fitted with ultrasonic machining system and
on-line electrolytic system. The actual experimental setup
is shown in Fig. 7. The grinding force was measured by
dynamometer (9257B, Kistler, Switzerland). The surface
roughness of workpieces was measured by the roughness
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Fig. 7 Actual experimental setups of UAEI grinding

testers (Surtronic 3+ and Talysurf CCI6000, Taylor/Hobson,
England). Surface topographies were measured by the
tabletop scanning electron microscope (SH4000M, Hirox,
China) at vacuum mode of high vacuum, magnification of
1.0K and accelerating voltage of 15kV. Oxide layer topogra-
phies were obtained by digital microscope (VHX-2000,
Keyence, Japan).

3.2 Electrical discharge machining (EDM) dressing

The rough shaping was performed at voltage of 120V, duty
ratio of 90s:10s and grinding feed of 3μm per longitudinal
travel for 30min. The half precision shaping was conducted
at voltage of 90V, duty ratio of 45s:45s and grinding feed
of 2 μm per longitudinal travel for 20min.The precision
shaping was proceeded at voltage of 60V, duty ratio of
10s:10s and grinding feed of 2μm per longitudinal travel
for 10min. After that, the radial run-out values of each mea-
surement point were measured using a pointer micrometer
until the radial run-out error met the shaping requirements
of below 3μm.

3.3 Ultrasonic vibration-assisted electrolytic
pre-dressing

The ultrasonic vibration-assisted electrolytic pre-dressing
was performed at voltage of 90V, duty ratio of 10s:5s, and
wheel speed of 3200 r/min for 30min to make oxide layer
thickness being about 150μm.

3.4 Determine the grinding ratio at different processing
conditions

The same inner diameters and surface roughness of ZTA
specimens were guaranteed by precision grinding. Under
the certain grinding parameters shown in the Table 3, the
weights of ZTA specimens before and after every grind-
ing process were measured using a precision balance with
accuracy of 0.001g and converted to the material removal
volumes. The radial wear of the wheels at five randomly
distributed measurement points was measured before and
after every grinding process using a precision electronic
digital display micrometer. And the average values were
taken as the wheel radial wear and converted to the wheel
wear volumes. Before each measurement, the specimens
and grinding wheels were cleaned with acetone, dried to
constant weight and cooled to room temperature. The grind-
ing ratios of three replications were calculated using Eq. 24,
and the average value was taken as the grinding ratio under
the certain grinding parameters.

3.5 Experimental method

The verification experiments were carried out at different
grinding ratio, workpiece surface roughness, workpiece sur-
face microstructure, and oxide layer morphology. To ensure
the accuracy of the experiments, grinding ratio and grind-
ing force were determined separately for three times and
the mean values were adopted. As shown in Fig. 8, to

Table 3 Experimental conditions

Grinding method Ultrasonic vibration-assisted electrolytic
in-process dressing cut into the inner cir-
cle reverse grinding

ELID Pulse power HDMD-IV high frequency pulse power

Grinding fluid ELID grinding fluid

Machine tool VMC850E

Grinding wheel Medium-hard cast iron bond diamond
wheel with a grain concentration of
100 %, a diameter of 25 mm and a width
of 17 mm

Workpiece specimen ZTA ceramic with a inner diameter of
35mm, a outer diameter of 60mm and a
thickness of 20 mm
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Fig. 8 surface roughness test

acquire the same initial roughness data, twenty-five ZTA
specimens with the same inner diameters were selected for
precision grinding using 280# grinding wheel. The surface
roughness of each ZTA specimen was measured four times
using a portable Surtronic 3+ surface roughness measure-
ment instrument. The results showed that the roughness
varied around at 0.05μm with average of 0.0514μm. Then,
five ZTA specimens were randomly selected and cut into
ceramic blocks to measure surface roughness using Talysurf
CCI6000, a non-contact optical surface roughness measure-
ment instrument. The results showed that the roughness
values of the five ZTA specimens were very close to the
average roughness value of 0.0514μm; thus, the average
roughness value was adopted as the initial roughness value.
The remaining 20 ZTA specimens from different measure-
ment points in time were cut into ceramic blocks and
measured four times per specimen using Talysurf CCI6000
to obtain the average roughness values, which were treated
as the final roughness values of each measurement point.

3.6 UAEI dynamic grinding

Two groups of processing parameters determined by the
mathematical control model of UAEI grinding and two
groups of specified processing parameters were adopted
to process same specification ZTA ceramics by the UAEI
grinding. The experimental design for verification of the
mathematical control model was predicted in Table 4.

4 Experimental results and analysis

4.1 Grinding force ratio and workpiece surface
roughness in grinding process

The essence of UAEI grinding is the self-sharpening behav-
ior of abrasive grains based upon the interaction of ultra-
sonic vibration and electrochemical dissolution. If the
effects of self-sharpening and wear could not be cancelled

Table 4 Experimental design
for verification Group

number
Grain
size

Ultrasonic
frequency (Hz)

Wheel
speed (m/s)

Workpiece
speed (m/s)

Grinding
ratio

Voltage
(V)

Grinding
depth (m)

1 280# 35000 4 0.26 2804 60 5× 10−6

2 280# 35000 4 0.26 — 120 5× 10−6

3 W40 25000 2.6 0.3 5016 90 1× 10−6

4 W40 25000 2.6 0.3 — 60 1× 10−6
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Fig. 9 Change rules of grinding force ratio over grinding time

out, the normal grinding force would increase dramatically
but the tangential grinding force would increase slowly.
Therefore, the self-sharpening behavior of wheel in each
group could be judged in terms of grinding force ratio and
used to determine the effectiveness of the mathematical
control model of UAEI grinding.

The trends of grinding force ratio and workpiece sur-
face roughness with grinding time at different conditions
(groups) are shown in Figs. 9 and 10, respectively. The
experimental data listed in Table 5 fitted well with the poly-
nomials. From Fig. 9, it is clear that the grinding force
ratio increased at varying degrees in groups 1, 2, and 4,
but slightly decreased in group 3 over time. From Fig. 10,
it is clear that the workpiece surface roughness decreased
to different degrees in groups 1, 3, and 4, but increased
slightly in group 2 over time. These phenomena are due
to the following reasons. First, the electrolytic speed of
metal bond is fast and the abrasive particles on the sur-
face of the wheel are replaced quickly under the reaction
force of the workpiece, leading to unstable grinding condi-
tion in group 2. Therefore, the grinding force ratio varies
greatly and the workpiece surface roughness increases
in group 2. Second, metal bond removal rate and abrasive

Fig. 10 Change rules of workpiece surface roughness over grinding
time

particle mechanical wear rate achieve balance in groups
1 and 3. Consequently, the grinding force ratio changes
smoothly and the workpiece surface roughness decreases
slowly. Third, the ability of electrolytic in-process dress-
ing is weak in group 4, the wear rate of abrasive grains
is greater than metal bond removal rate, and blunt grains
cannot detach from the wheel in time, leading to that the
grinding force ratio increases with grinding force increas-
ing. After a period of time, the effects of extrusion and
scratch are enhanced, and grinding force ratio gradually is
stabilized.

4.2 Surface micro topography of machined workpieces

ZTA ceramic is a hard brittle material. Under the action of
external force, the crystals on the ceramic surface generate
intergranular fractures or transgranular fractures and sepa-
rate from the processed body, leaving a large numbers of pits
on the surface and generating massive microcracks. Mate-
rial removal process is a complicated process where both
plastic deformation removal and brittle fracture removal
occur simultaneously. Therefore, the processing condition
in each group could be judged in terms of surface micro

Table 5 The experimental data of grinding force ratio and workpiece surface roughness

Grinding
time
(min)

Grinding
force
ratio of
group 1

Grinding
force
ratio of
group 2

Grinding
force
ratio of
group 3

Grinding
force
ratio of
group 4

Workpiece
surface rough-
ness of group
1 (μm)

Workpiece
surface rough-
ness of group
2 (μm )

Workpiece
surface rough-
ness of group
3(μm )

Workpiece
surface rough-
ness of group
4 (μm )

20 2.159 2.757 2.192 2.065 0.05074 0.05246 0.0509 0.05111

40 2.208 2.933 2.172 2.143 0.05034 0.05274 0.05051 0.0508

60 2.435 2.683 2.156 2.268 0.04973 0.05221 0.04989 0.05067

80 2.521 2.845 2.086 2.417 0.04932 0.05278 0.04948 0.0503

100 2.551 3.127 2.143 2.75 0.04908 0.05314 0.0487 0.05008
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topographies of the machined workpieces used to deter-
mine the effectiveness of the mathematical control model of
UAEI grinding.

Figure 11 shows the surface morphology of the machined
workpieces obtained at various processing conditions under
scanning electron microscope (SEM). It clearly shows dif-
ferent degrees of grooves and micro grinding marks on
the surface of the machined workpieces obtained at vari-
ous processing conditions. Ridge crests induced by plastic
deformation are obvious and tiny broken particles and squa-
mous breaking traces can be seen on the surface of the
grinding traces in group 1 and group 2, indicating that the
material removal is mainly brittle fracture removal. Surface
topography is relatively flat and uniform, and the grooves
and pits are not obvious on the surface of the machined
workpieces in group 3 and group 4, mainly because the
removal of ZTA ceramic is mainly plastic removal mode
under shallow grinding depth. Comprehensive comparison
of the surface micro topographies of the four groups clearly
proves the superiority of machining parameters determined
by the mathematical control model. Among the four groups,
the surface properties of group 3 are the best. The reason
is that the generation and removal of oxide layer basically
maintain in a balanced state under the actions of ultrasonic
vibration and electrochemical reaction. Before achieving
the critical grinding depth, the high frequency vibration of

wheel leads to tiny broken particles, thus avoiding the whole
shedding of crystals or large area of pits induced by crack
propagation. The surface of the machined workpieces in
group 1 is relatively flat, but has pits. The reason is that
although abrasive particles on the surface of wheel main-
tain self-sharpening, the actual grinding depth exceeds the
critical depth and the main removal way of ZTA material is
brittle fracture. The electrolytic speed in group 2 is very fast;
thus, the removal rate of metal bond is larger than the wear
rate of grinding wheel, leading to premature loss of abra-
sive grains. The decline of grinding edge density causes the
deterioration of surface properties. The electrolytic speed
in group 4 is very slow; thus, the removal rate of metal
bond is slower than the wear rate of grinding wheel. As the
result, abrasive grains cannot self-sharpen in time. In addi-
tion, grinding depth is relatively small, which enhances the
squeezing and scratching between abrasive grains and work-
pieces. Therefore, the workpieces possess well good surface
micro topography.

4.3 Topography of oxide layer on the surface of the
grinding wheel

Uniform and smooth oxide layer can efficiently improve
workpiece surface quality in UAEI grinding process. The
oxide layer dissolution from metal bond fall off under the

Fig. 11 Surface micro
topography of machined
workpieces under processing
conditions

(a) SEM photograph of group 1 (b) SEM photograph of group 2

(c) SEM photograph of group 3 (d) SEM photograph of group 4
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Fig. 12 Topography of oxide
layer on different conditions

(a) Oxide layer topography of group 1 (b) Oxide layer topography of group 2

(c) Oxide layer topography of group 3 (d) Oxide layer topography of group 4

influence of reaction force of workpieces and longitudinal
vibration of wheels, which leads to the constant changes in
the actual grinding depth, material removal mode, and work-
piece surface quality. Thus, the processing condition in each
group could be judged in terms of topography of oxide layer
used to determine the effectiveness of the mathematical
control model of UAEI grinding.

Figure 12 shows the topographies of oxide layer on the
surface of the wheel with different processing conditions.
The cracks and cavities in group 1 are fine and uniform.
The oxide layer is in mound-like shape with nonuniform
cavities in group 2. Only uniform cavities and almost no
micro cracks in group 3. The wheel in group 4 has nonuni-
formly distributed oxide layer with metal bond exposed to
the surface. It is obvious that the surface morphology of the
oxide layer generated by machining parameters calculated
by the model is beneficial to improving the surface quality
of the machined workpiece, proving the effectiveness of the
mathematical control model of UAEI grinding.

The reason for the morphology generation of oxide layer
in group 2 is that the oxide layer is too thick under the strong
electrolytic action. When the adhesive force of abrasive
grains is smaller than the reaction force of the workpiece,
some grains fall off, carrying away part of the oxide layer.
The actual size and distribution of the abrasive grains are
not absolutely uniform, leaving dome shaped holes on the
surface of oxide layer.

5 Conclusions

This study presents a precise and efficient method named
UAEI grinding, which offers a unique, beneficial grinding
wheel condition that is not obtainable by either of the con-
stituent processes when applied independently. According
to the ultrasonic vibration grinding principle and the elec-
trochemical principle, the mathematical control model of
UAEI grinding is established with the purpose to maintain
the constant grain protrusion height. The model is sim-
ulated and experimentally verified at different processing
parameters. The following conclusions are obtained:

1. There exist the positive correlation between average
current (Ia) and ultrasonic frequency (f ), wheel speed
(vs) or workpiece speed (vw), and the negative corre-
lation between average current (Ia) and grinding ratio
(G).

2. The control target is keeping abrasive wear rate and
electrolytic removal rate equal. With the help of the
mathematical control model of UAEI grinding, this
target can be realized by adjusting the electrical param-
eters and the processing parameters.

3. To determine the effectiveness of the mathematical
control model of UAEI grinding, two groups of process-
ing parameters determined by the mathematical control
model and two other groups of specified processing
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parameters are adopted to process ZTA ceramics with
same specification. The processing conditions can be
judged objectively based on grinding force ratio, work-
piece surface roughness, workpiece surface microstruc-
ture and oxide layer morphology. The experimental
results showed that (1) the surface roughness of work-
piece can research 0.0487 μm, (2) the grinding force
ratio maintains relatively stable, (3) the surface micro-
topography of workpiece becomes smoother, and (4)
the cracks and cavities on the surface of oxide layer
are fine and uniform during UAEI dynamic grinding
process. Model determined parameters outperform the
artificial determined parameters. Overall, the mathe-
matical control model of the UAEI grinding is effective
as confirmed by experiment evaluation.
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