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Abstract Bio-ceramics are biocompatible ceramic materials
that are widely used for biomedical engineering applications
due to their excellent properties. Because of their inherent
hardness and brittleness properties, bio-ceramics are difficult
to machine. Abrasive machining such as diamond grinding is
one of the most widely used machining for bio-ceramic mate-
rials. However, one of the key technical challenges resulted
from grinding is edge chipping. The presence of edge
chipping in a workpiece affects its dimensional accuracy, ma-
chining cost, and potential service time. It is, therefore, crucial
to develop a new cost-effective manufacturing process rele-
vant to control edge chipping in diamond grinding of bio-
ceramics. In this paper, an ultrasonic vibration-assisted grind-
ing (UVAG) system is developed to investigate the effect of
ultrasonic vibration on edge chippings. Hertzian indentation
tests are also conducted to validate the experimental results.
Results reveal that edge chipping of bio-ceramic materials can
be reduced significantly with the assistance of ultrasonic vi-
bration. The results of this study can be applied to other
manufacturing process when edge chippings of brittle mate-
rials are expected to be controlled.

Keywords Bio-ceramics . Edge chipping . Grinding .

Hertzian indentation .Machining .Surfacequality .Ultrasonic
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1 Introduction

Bio-ceramics are class of ceramics that are designed to repair
and replace diseased or damaged parts or functions of the
human body in a safe, reliable, and economic manner [1–6].
Superior properties of bio-ceramic materials, such as high
strength, chemical stability, good biocompatibility, and high
wear resistance, make them attractive for medical applications
[7]. Nowadays, bio-ceramics are widely used for replacing
hips, knees, teeth, tendons, ligaments, and maxillofacial re-
construction [2, 5, 6]. Typical applications of bio-ceramic ma-
terials are illustrated in Fig. 1. They are also used in the form
of bulk or porous materials with a specific shape such as
implant, prostheses, or prosthetic devices. Other applications
of bio-ceramics include dental restorations for implants, aug-
mentation and stabilization of the jaw bone, and bone fillers,
etc. [2]. Moreover, bio-ceramics provide less wear rate of the
implant polyethylene components and produce negligible
amount of metal ion release [8].

Compared to metals and polymers, bio-ceramics have been
considered as one of the most important materials in biomed-
ical engineering applications due to their superior physical and
mechanical properties [2, 9]. However, these exceptional
properties also bring serious drawbacks, which limit their
wider applications, especially on clinical performance [10].
The main drawback of bio-ceramic materials is their inherent
brittleness, resulting in high fracture rates in clinical trials
[11–13]. For instance, the performance of the experimental
core ceramic in posterior fixed partial dentures shows a 7 %
fracture rate after 2 years’ service [14]. Due to their brittleness,
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bio-ceramics are sensitive to stress concentrations around pre-
existing cracks, leading them to have low fracture toughness
compared to metals [11]. Research indicates that dental
crowns fail at a rate of about 3 % each year due to surface
and subsurface damages resulted from abrasive machining
[15]. Likewise, bio-ceramics are very difficult to machine to
desired shape and accuracy due to their hardness, mechanical
strength, and chemical inertness properties [16].

Abrasive machining processes such as diamond grinding is
one of the most important operations employed to machine
bio-ceramics [15]. However, the principal technical challenge
resulted from diamond grinding is edge chipping, which is a
typical surface damage phenomenon commonly observed
during the machining of brittle materials [17]. The presence
of edge chipping not only affects their dimensional and geo-
metric accuracy but also causes severe potential failure of the
ceramic components during service due to the cracks left on
the machined surface [18]. Chai et al. [19] reported that edge
chippings are the most frequent fracture modes in teeth, which
can lead to deterioration and ultimate loss of tooth function
and degradation of tooth enamel [20]. One solution to be
considered to reduce (or eliminate) machining-induced edge
chippings is to develop new types of machining processes,
equipment, and tools [2, 8].

Many researchers have reported studies on edge chippings.
Ng et al. [17] and Cao [21] described three kinds of edge
chipping when grinding glass ceramics, namely, entry edge
chipping (the tool initially contacts the workpiece), interior
edge chipping (due to the brittle nature of ceramics), and exit
edge chipping (the tool is leaving the workpiece). Ng et al.
[18] investigated the effects of the edge chipping under a set of
machining conditions with a non-destructive evaluation pro-
cess. It was reported that no effect has been observed to con-
trol the exit chipping due to discontinuity of energy transfor-
mation on the interface. Based upon the fracture mechanics
theory of Chiu et al. [22], Cao [21] proposed a 2D finite
element analysis (FEA) model to predict exit edge chipping
size for machining dental ceramics. It was found that crack
length, loading orientation, and location are the major vari-
ables that determine the size of the exit edge chipping. Yang
et al. [23] conducted an experimental study to investigate the
mechanisms of edge chipping at elevated temperature in laser
assisted milling of silicon nitride ceramics. They concluded
that the elevated temperature can significantly reduce edge
chipping through softening and toughening mechanisms.
Yoshifumi et al. [24] carried out high-precision slot grinding
on Mn-Zn ferrites to investigate the chipping mechanism by
measuring the chipping size at the slotted edges. It is evident
that chipping size can be reduced by decreasing the removal
per grain. Wang et al. [25] employed the cutting depth ratio to
investigate the effect of uncut chip thickness on groove edge
chipping. Their results confirmed that the magnitude of edge
chipping is steadily increased with increasing cutting depth
ratio. Vogler et al. [26–28] investigated the minimum chip
thickness effects on cutting forces in an experimental and
numerical way. They observed that the chipping is only
formed when the accumulation of cutting thickness is higher
than the minimum chipping thickness. Gong et al. [29] devel-
oped a comprehensive 3D FEAmodel of in-process to find the
relationship between the distribution of maximum principal
stress and edge chipping. They reported that edge chipping
can be reduced by optimizing the distribution of the maximum
principal stress during the machining process.

Recent studies show that ultrasonic-assisted machining
could be a very promising method for machining hard and
brittle materials [30–40]. Ahamed et al. [33] conducted a pre-
liminary experimental investigation on the surface and subsur-
face cracks in rotary ultrasonic machining (RUM) of Al2O3

dental ceramics. They concluded that with the assistance of
ultrasonic vibration, a better surface quality can be expected
for grinding of dental ceramics and subsurface cracks might
be significantly reduced. Tesfay et al. [31] conducted a pre-
liminary experimental study on edge chipping in ultrasonic
vibration-assisted grinding (UVAG) of bio-ceramic materials.
Their results show that UVAG can be a proficient method to
reduce edge chipping of bio-ceramic materials. Wang et al.
[32] developed a mathematical model for system matching

Dental Restorat

Hip replace

Knee repai

tion

ement 

ir

Fig. 1 Application of bio-ceramic in different fields: dental restoration,
hip replacement, and knee repair
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in UVAG of brittle materials to examine the mechanism of
grinding force reduction and surface roughness forming.
Based on this mathematical model, they concluded that work-
piece surface quality is improved by UVAG. Park et al. [40]
performed an experimental study on alumina ceramics to
investigate the effect of ultrasonic vibration on surface rough-
ness. In their study, they concluded that ultrasonic assisted ma-
chining could reduce the surface roughness from 5 % to 15 %.

Although edge chipping has critical impacts on the long-
term performance of bio-ceramics products and on increasing
machining costs, very limited studies about it have been report-
ed. It is, therefore, crucial to develop a new cost-effective ma-
chining process relevant to control edge chipping in diamond
grinding of bio-ceramics. From the literature, it was found that
with ultrasonic assisted machining, reduced surface roughness
and better surface quality of ceramics materials was obtained
[33–40]. One of the main objectives of this paper is to demon-
strate the practical use of UVAG in reducing the edge chipping
of bio-ceramics materials. In this research, an UVAG system is
developed by integrating an ultrasonic vibration generator with
a high speedmillingmachine to evaluate the effect of ultrasonic
vibration on edge chippings of bio-ceramics materials.

The present paper is organized into four sections. Following
the introduction section, Section 2 addresses the experimental
details including experimental setup, experimental conditions
and workpiece materials, and experimental measurements. Ex-
perimental results and a further experimental validation with
Hertzian indentation test are presented and discussed in
Section 3. Major conclusions are summarized in Section 4.

2 Experimental details

2.1 Experimental setup

The experimental setup is schematically illustrated in Fig. 2.
Figure 2a shows the UVAG system. It mainly consists of a
desktop ultra-high speed milling system, an ultrasonic vibra-
tion system, and a computer control system. The milling sys-
tem is used to conduct machining tests for the bio-ceramic
workpieces and composed of an ultra-high speed milling ma-
chine (Mini-mill J205, Minitech Machinery Corp., Norcross,
GA), an air compressor, and a fixture of special design as
shown in Fig. 2b. The ultrasonic vibration system includes
an ultrasonic generator with two ultrasonic shoe-shape trans-
ducers (Sonic Shoe SS902-2, Advanced Sonic Processing
Systems, Oxford, CT), which are mounted on the working
table of the milling machine through the fixture. The computer
control system is employed to control the milling parameters
such as tool moving path, feedrate, rotating speed, etc.

A plastic board is mounted in between the working table of
the milling machine and the ultrasonic transducers. The two
transducers are pressed against the plastic board to activate the

board to vibrate at 20 kHz frequency with vibration amplitude
about 2.5μm.Both transducers are driven in phase and vibrate
independently with each other.

2.2 Experimental conditions and workpiece materials

The UVAG process can be found in Fig. 2c and detailed pro-
cess is illustrated in Fig. 3. From Fig. 2c, three bio-ceramic
workpieces (lava, lave partially fired, and alumina 99.5 %) are
bonded on the plastic board and vibrate with the board. A
diamond tool with metal-bonded diamond abrasives is
employed to grind the three workpieces. The workpieces ma-
terial properties are listed in Table 1.

From Fig. 3, the diamond tool is rotating and fed down-
wards below the workpiece top surface and then cuts into the
workpiece to make a slot. When the ultrasonic vibration is
turned off, it becomes a normal grinding process. With the
help of the UVAG system, it is easy to investigate the effect
of ultrasonic vibration on the process and compare the differ-
ence between the UVAG process and the normal grinding
process. The bio-ceramic workpieces are indented a distance
6 mm from the edge using a diamond sphere of radius
R=1.5 mm. The workpieces were rectangular of dimensions
of 10 mm (thickness) ×20 mm (width)×30 mm (length) (la-
va), 10×30×50 mm (alumina), or 15×20×40 mm (lava par-
tially fired). The indentation load p is systematically varied
until the chipping was formed. Other detailed experimental
conditions can be found from Table 2.

2.3 Experimental measurements

After UVAG and normal diamond grinding tests, the three
workpieces are coated in the vacuum chamber of a Polaron
SEM Sputter Coater E5400 (Quorum Technologies Ltd., East
Sussex, UK) for SEM observation. The SEM observation tests
are focused on the machined slots for edge chippings. The
observation tests are conducted by using a Hitachi S-3000N
PC-controlled SEM (Hitachi High Technologies America,
Inc., Pleasanton, CA, USA). Based on the SEM results, the
edge chippings size is measured and evaluated as shown as
Fig. 4. Eight points around the edge chipping periphery are
randomly selected and the distance from the center to the point
is measured. The average edge chipping size is then calculated
as

ΔL ¼
X 4

i¼1
Li−Rð Þ

8

with 1 standard deviation of

ΔLSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X 4

i¼1
ΔLi−ΔLð Þ2
8
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3 Results and discussion

3.1 Effects of ultrasonic vibration on edge chippings

Figure 5 illustrate the SEM micrograph of edge chippings of
the material lava machined by normal diamond grinding and
UVAG at equal depth of grinding. It is clear to see that the
machined slot quality by UVAG is much better than the nor-
mal diamond grinding. For the normal diamond grinding,
there exist a lot of edge chippings along the machined slot

edge and these chippings size varies from ∼0.3 to ∼1.2 mm.
Most of edge chippings form several continuous areas of chip-
pings along the machined slot. As for UVAG, there are only
several tiny edge chippings with size from ∼0.03 to ∼0.1 mm
that are found along the machine slot edge. Some larger chip-
pings (>0.1 mm) are found near the tool entrance area.

Figure 6 displays the machined SEM micrographs used to
quantify edge chipping size. The machined SEM graphs in
Fig. 6 show that the chipping size is significantly reduced with
the help of ultrasonic vibration. Figure 7 shows the compari-
son of the average edge chipping size (with error bar of 1
standard deviation) between normal diamond grinding (with-
out ultrasonic vibration) and UVAG (with ultrasonic vibra-
tion) for the three bio-ceramic materials. The chipping size
is quantified according to the measurement method illustrated
in Fig. 4. From Fig. 7, it can be seen that the average edge
chipping size produced by normal diamond grinding and
UVAG varies from ∼0.64 to ∼0.68 mm and from ∼0.05 to
∼0.07 mm, respectively, which reveals that with the help of
ultrasonic vibration, smaller edge chippings size can be pre-
dicted in diamond grinding of bio-ceramic materials. This
result is in a very good agreement with the results found by
other investigators [21, 23, 24, 31–33].

In all the three figures (Figs. 5, 6, and 7), it is observed that
the edge chipping sizes resulted from the UVAG are signifi-
cantly smaller than the corresponding edge chipping size

(c) UVAG tool/workpiece(b) UVAG fixture 

(a) UVAG system 

Fig. 2 UVAG system

0.6 mm

6 mm 

   20000 rpm  

0.1/0.05 mm/s  

20 kHz  

Workpiece  
Vibrating 

board  

Diamond tool  

Fig. 3 Illustration of UVAG process
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obtained in conventional grinding process. The possible rea-
sons for the reduction of edge chipping size in the UVAG
process is due to the kinematics of the ultrasonic vibration
imposed on the grinding process. In UVAG, the tool and
workpiece are not in continuous contact due to periodic oscil-
lation of the workpiece as well as superimposed circular
movement of the diamond tool [41]. As a result, the contact
time, the contact friction, the applied load, and the heat gen-
erated in the contact zone are significantly decreased as re-
ported in [41–43]. It has been reported that the superimposed
ultrasonic vibration (UVAG) exhibits a high potential for a
significant reduction in the cutting force, which directly asso-
ciates with surface integrity, machining temperature, and ma-
chining accuracy [42]. This reduction of load in UVAG may
also corresponded to a marked difference in the crack paths
generated by the two types of machining, i.e., cracks in the
UVAG machining tended to advance slowly toward the edge
to produce chips than in the CG machining. Previous research
indicated that cutting force is the main influencing parameter
on edge chipping as reported by [44] who employed an inte-
grated approach that combines designed experiments and
FEM simulations to study edge chipping when drilling
advanced ceramics by rotary ultrasonic machining. Their
results show that cutting force is the main influencing
parameter on edge chipping and conclude that larger
edge chipping is almost always accompanied by a higher
cutting force. This result is also supported by the evi-
dences observed in many studies [45–47]. In all the three
bio-ceramic workpiece materials, the UVAG provides
significant advantages over conventional grinding

machining operations in reducing size of the edge
chipping, which validates the innovation of the designed
UVAG method in significantly reducing the edge
chipping size of bio-ceramic materials.

3.2 An indentation test to further verify the effects
of ultrasonic vibration

In this section, a Hertzian indentation method with a conical
shape diamond indenter was developed and employed to fur-
ther verify the results of the edge chipping. The Hertzian in-
dentation method is a viable way to test the contact damage
that occur in many modern ceramic applications [48]; the fail-
ure of components of brittle materials, either by continued
ware or erosion, and/or by the introduction of crack-like de-
fects are usually simulated in indentation tests by using hard
indenters [49]. Moreover, flaw sizes can be measured by
Hertzian indentation [50]. Another great advantage of the
Hertzian indentation test include their simplicity, repeatability,
suitability, practicality, cost-effectiveness, little experience
that is enough for conduction, and can be performed on small
specimens [51].

Table 1 Workpiece materials
properties (lava, lava partially
fired, and alumina 99.5 %)

Property Unit Lava Lava (partially fired) Alumina 99.5 %

Young’s modulus Gpa n/a n/a 394

Poisson ration n/a n/a 0.22

Density g/cm3 2.5 2.3 3.7

Tensile strength MPa 7 20.7 260

Compressive strength MPa 76.5 172.5 2070

M-Hardness 2 6 9

Table 2 Experimental conditions

Conditions Specifications

Feedrate (mm/s) Lava: 0.1
Lava partially fired: 0.1
Alumina 99.5 %: 0.05

Spindle speed (rpm) 20,000

Ultrasonic vibration Power supply: 50 %
Frequency (kHz): 20
Amplitude: ±2.5 μm

Grinding depth (mm) 0.6

Grinding distance (mm) 6

L2 

∆Li
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∆L3 
∆L2 

∆L1 

∆L4 

R

L3 

Li 

L4 
L1 

Fig. 4 Measurement of edge chipping size
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Hertzian indentation method has been widely used by
many investigators to study edge chipping of brittle materials.
Almond and McCormick [52] examined the chipping of var-
ious brittle materials loaded with a conical diamond indenter
and observed that chips had a constant shape, regardless of the
test material and the indentation distance from the edge. A
recent study of edge chipping of diamond by spherical in-
denters [53] found that cracks were not penny shaped and that
they did not grow in the direction of the applied force. Chai
and Ravinchandran [54] investigated the edge chipping of
soda-lime glass by the impact of Vickers and spherical tip
cylindrical projectiles. They observed that in the initial stages
of damage, blunt indenters developed cone cracks, initiating
from the margin of the contact. The mechanism of edge

chipping of ceramic by spherical indenter was experimentally
investigated [55]. The results showed that the edge chipping
was highly sensitive to the indentation distance from the
edge, the displacement of the indenter, and the indenter
material. It was found that there was an approximately
linear relationship between the distance of indentation
from the edge and the force required to create a chip.
Edge chipping of borosilicate glass by the low velocity
impact of freely falling steel and ceramic balls was in-
vestigated experimentally using spherical indenters [56].
They found that edge chipping by impact loading re-
quired lower forces than by quasi-static loading.

Hertzian indenters induce a wide range of damage mecha-
nisms depending on the indentation distance from the edge,

(a) After diamond grinding. 

(b) After UVAG. 

EEdge
chipping

Edge
chipping

Fig. 5 SEM micrographs of edge chippings (lava)

(a) After diamond grinding. 

(b) After UVAG. 

Fig. 6 Edge chipping measurement under SEM (lava partially fired)
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the indenter material, and the indenter constraint [57]. The
indented surface produces axisymmetric Hertzian contact
stresses with a maximum tensile stress at the periphery of
the contact [58]. At sufficiently high loads, a ring crack is
formed which grows to create a Hertzian cone crack. As load-
ing increased, the Hertzian cone cracks propagate asymmetri-
cally to the local distance from the edge. Further increase in
the load caused two side cracks to initiate perpendicular to the
ring crack. Upon further growth, the side cracks grew tomerge
with the Hertzian cone crack, forming a single asymmetric
cone crack. Although cone cracks are a common feature under
spherical indentation, the chipping event is dominated by
median-radial cracks [59]. Chai and Ravinchandran [60] ob-
served that in the initial stages of damage, indenters developed
cone cracks, initiating from the margin of the contact. As the
impact load increased however, the indenters developed me-
dian cracks, which grew faster and longer than the initial cone
crack. As a result, edge chipping was caused by the extension
of penny-shaped median cracks.

Figure 8 shows the schematic illustration of the proposed
ultrasonic vibration-assisted Hertzian indentation (UVAI)
method. A conical shape diamond indenter is pressed down
on the top surface near the edge of the workpiece with a
constant feedrate, F, until a chip is formed around the area of
contact. The resulted contact area was a shallow circular crack
of radius, a, resulting in penetration depth, d, of the indenter
into the workpiece. In the ultrasonic vibration-assisted in-
dentation technique, the workpieces were vibrated at ampli-
tude, A, of about 2.5 μm with an ultrasonic frequency, f, of
approximately 20 kHz, whereas in the common Hertzian

indentation method, the superimposed ultrasonic vibration
was turned off. Detailed indentation conditions can be
found from Table 2.

Hertzian indentation tests were carried out on three bio-
ceramic workpieces (lava, lave partially fired, and alumina
99.5 %). Eight indentation tests were performed for each of
the three workpieces, for a total of 24 tests. Half of the tests
were performed by UVAI (with ultrasonic vibration) and half
were performed by Hertzian indentation (without ultrasonic
vibration) under the same condition and configurations. The
analysis was done for three indentation depths (1, 1.5, and
2 mm) for both UVAI and Hertzian indentation methods (with
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and without ultrasonic vibration). To investigate the effect of
ultrasonic vibration, the resulted edge chipping surface area
were evaluated and compared under scanning electron micro-
scope (SEM).

Figures 9 and 10 depict the SEM micrographs of the bio-
ceramic workpieces lava and lava partially fired indented by
Hertzian indentation (without ultrasonic vibration) and UVAI
(with ultrasonic vibration) under same indentation condition.
Figures 9a and 10a illustrate indented edges of workpieces
resulted from Hertzian indentation whereas Figs. 9b and 10b
show indented edge of workpieces resulted from UVAI tests.
As shown in Figs. 9 and 10, the UVAI shows smaller chipping
size than the Hertzian indentation method. It is seen that the
Hertzian indentation generated thicker, coarse, and longer
chips, leading to large edge chipping size and low surface
quality while UVAI produced comparatively thin, smooth,
and short chips, leading to smaller edge chippings sizes and
better surface quality. From these figures, it can be concluded

that the chipping size of bio-ceramic materials can be reduced
significantly with the aid of ultrasonic vibration. This result is
in a very good agreement with results reported in the literature
[21, 31–33].

Figure 11 compares the edge chipping size between the
Hertzian indentation method (without ultrasonic vibration)
method and the UVAI (ultrasonic vibration-assisted Hertzian
indentation without ultrasonic vibration) method for three
workpiece materials (lava, alumina (99.5 %), and lava partial-
ly fired) at different levels of indentation feed. The figure
indicates that, at all levels of the indentation feed, the edge
chipping sizes resulted from the UVAI is considerably smaller
than the corresponding chipping size in Hertzian indentation
process. As shown in Fig. 11a, the indented edge surface area
for lava in the Hertzian indentation ranges from ∼0.03 to
∼5.22 mm2 with an average mean of ∼1.00 mm2 (average
mean varying 0.94–3.56 mm2, see Fig. 11a) and standard
deviation (SD) of ∼1.08 mm2, whereas the corresponding
chipping size for the UVAI varies from ∼0.01 to ∼3.21 mm2

with a mean of ∼0.93 mm2 (average mean varying 0.45–

(a) Without Vibration 
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S
urface area by  

H
ertzian  indentation

S
urface area by 

vibration assisted 
H

ertzian indentation 

Fig. 10 Edge chipping (lava partially fired) measurement under SEM
resulted from indentation test: a without ultrasonic vibration and b with
ultrasonic vibration
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Fig. 9 SEM micrographs of edge chipping (lava) resulted from
indentation test: a without ultrasonic vibration and b with ultrasonic
vibration
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2.00 mm2 in Fig. 11a) and SD of ∼0.67 mm2. Similarly, in
Fig. 11b, the indented edge chipping size for alumina work-
piece produced by the Hertzian indentation varies from ∼0.38
to ∼4.34 mm2 with a mean of ∼2.01 mm2 (average mean
varying 0.77–3.05 mm2) and SD of ∼0.84 mm2, while the cor-
responding edge chipping obtained in the UVAI method extents
in size from ∼0.006 to ∼2.25 mm2 with a mean of ∼0.34 mm2

(average mean varying 0.39–1.41 mm2) and SD of ∼0.94 mm2.
Moreover, the indented edge chipping size for lava partially fired
in the Hertzian indentation ranges from ∼0.005 to ∼1.90 mm2

with a mean of ∼1.02 mm2 (average mean varying 0.58–
1.65 mm2) and SD of ∼0.60 mm2, whereas the corresponding
chipping size for the UVAI varies from ∼0.009 to ∼3.40 mm2

with a mean of ∼0.34 mm2 (average mean varying 0.05–
0.77 mm2) and SD of ∼0.05 mm2 (see Fig. 11c).

In all the three workpiece materials (Figs. 9, 10, and 11), it
is evident that the edge chipping sizes resulted from the UVAI
are significantly smaller than the corresponding edge chipping
size in Hertzian indentation process. The reason for the reduc-
tion of edge chipping size in the UVAImay be attributed to the
superimposed ultrasonic vibration due to the reduction of load
as reported in [61] who conducted indentation tests and finite
element simulations, in which an ultrasonic vibration was
superimposed at a frequency of 20 kHz to investigate the
effects of ultrasonic vibration on the indentation mechanics
of Plasticine. They showed that reduction in indentation load
is attributed to superimposed ultrasonic vibration as well as
the reduction in indentation load may be attributed to a com-
bination of stress superposition and friction reduction, which
leads to the reduction of edge chipping size. This result sup-
ports the grinding experimental findings deduced in the pre-
vious sections (see Fig. 7). The chipping size is reduced on
average by ∼50 % when the UVAI method is used compared
with the Hertzian indentation (see Fig. 11a–c), which obvious-
ly indicates the novelty of the UVAI in reducing the edge
chipping size of bio-ceramic materials.

4 Concluding remarks

This paper presents an experimental study on the effect of
ultrasonic vibration on edge chippings of bio-ceramic mate-
rials in UVAG process. Hertzian indentation tests were also
employed to further verify the experimental results. Grinding
and indentation tests were conducted with and without ultra-
sonic vibration under the same machining conditions. The
following conclusions can be drawn:

(1) The edge chipping of bio-ceramic materials can be re-
duced significantly around 10 times smaller with the as-
sistance of ultrasonic vibration.

(2) UVAG provides significant advantages over normal
grinding machining operation in reducing edge

chippings of the bio-ceramics workpieces. In normal
grinding, thicker, rough, and longer edge chips with av-
erage chipping size varying from ∼0.64 to ∼0.68mm can
be obtained, whereas in UVAG, comparatively thin,
smooth, and shorter chips with average chipping size
ranging from ∼0.05 to ∼0.07 mm were found. Similar
results can be found from Hertzian indentation tests.

(3) The good match of the grinding experimental and
Hertzian indentation test results suggest that the devel-
oped UVAG system can be considered as a promising
and reliable approach to control (or reduce) edge
chipping of bio-ceramic materials.
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