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The machining induced edge chipping of hole manufacturing restricts the productivity and design capa-
bility of products made from brittle materials. Rotary ultrasonic machining (RUM) has been sufficiently
proved as a suitable approach for hole drilling in brittle materials with reduced cutting force and improved
hole edge quality. However, apparent edge chipping is still an important restriction of RUM application.
In this study, a compound step-taper tool for RUM was designed to further reduce the edge chipping
defects via tool design. RUM tests on quartz glass were conducted to evaluate the effectiveness of the
compound step-taper tool. The experimental results demonstrated that the compound tool could reduce
the edge chipping size at the hole exit and entrance by 60%-80% and 35%-50%, respectively. The mecha-
nism of edge chipping reduction at the hole exit is that cutting force decreased as the undrilled thickness
decreased. This is due to the wedge-type contact structure between the tool’s taper face and the work-
piece material. Furthermore, the edge chipping reduction at the hole entrance occurs because of the
shielding effect of residual cracks. Residual cracks produced by the second outermost abrasives of the
tool’s taper face suppressed the initiation and propagation of lateral cracks that were produced by the
outermost abrasives of the tool’s taper face. Theoretical analysis indicated that the compound tool step
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is beneficial for guaranteeing the effectiveness of tool’s taper face.
© 2018 The Society of Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Brittle materials such as optical glasses and advanced ceramics
are difficult to machine using a conventional metal cutting method
[1]. Brittle materials usually have high hardness that results in
severe tool wear, which suppresses the improvement of machining
efficiency [2]. Meanwhile, low toughness can induce undesirable
defects, reducing the rate of finished products [3]. The machin-
ing efficiency and quality improvement of brittle materials are still
challenging and critical for corresponding application extensions
[4]. Various conventional and unconventional methods have been
introduced for machining brittle materials, such as conventional
diamond grinding [5], ultrasonic machining (USM) [6], ultrasonic
vibration assisted grinding [2,7-9], laser machining [10-12], elec-
trical discharge machining [13], and rotary ultrasonic machining
(RUM) [14-16].
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Through-hole manufacturing is commonly required in products
made from brittle materials. An improvement in the hole exit qual-
ity is quite desired because the severe edge chipping defect at the
hole exit severely affects productivity as well as design capabil-
ity [17]. RUM has been sufficiently proved as a suitable method
for hole drilling in brittle materials with reduced cutting force and
improved hole exit quality [18-21]. As illustrated in Fig. 1, a rotat-
ing electroplated diamond tool can vibrate ultrasonically with low
amplitude while it moves in the feed direction toward the work-
piece during RUM. Moreover, an apparent edge chipping defect at
hole exits during RUM remains inevitable [22].

Many investigations have been conducted to reduce edge chip-
ping in RUM. Wang et al. considered the edge chipping formation
at the hole exit as the propagation of machine induced subsurface
cracks under the cutting force (thrust force) [23]. Then, the rela-
tionship between the edge chipping size and the trust force was
modeled mechanistically on the basis of the proposed formation
mechanism of edge chipping [18]. It was discovered that the thrust
force was the main parameter that affects the edge chipping size.
Moreover, a higher spindle speed or lower feed rate results in a
lower edge chipping size, and this is accompanied by a weaker cut-
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Fig. 1. Illustration of RUM.

ting force [18]. Also, Cong et al.’s work on silicon ceramics [24] and
Jiao et al.’s work on alumina ceramics [25] indicated a similar rela-
tionship between the edge chipping size and the thrust force as
the results documented in Wang et al.’s work. Liu et al. used the
desirability functions and response surface analysis to minimize
the edge-chipping size during RUM of ceramic materials [26]. In
addition to optimizing the processing parameters, Gong et al. pro-
posed an effective method to reduce the edge chipping size, which
was additional support at the hole exit [27]. Moreover, Li et al. and
Chen et al. also proposed that an increase in the support length con-
tributed to improvement in the hole exit quality [22,28]. However,
the support addition increased the manufacturing complexity, but
cannot be used in many drilling situations.

The tool design constitutes another low cost approach for the
edge chipping size reduction of the machined holes [17]. According
to the positive dependency of the edge chipping size on the thrust
force, the wall thickness decrease of the diamond core tool proved
effective in further reducing the edge chipping size. This occurred
because of reduced thrust force. However, decreasing the tool

wall thickness would increase the tool manufacturing complexity
because of the weaker rigidity of the thinner-wall tool, and also
restrict the increase in drilling efficiency because of the strength
limitation of the tool with a thinner-wall. Tool shape optimiza-
tion is another method for reducing the edge chipping size. Two
types of specially shaped tools have been reported to have superior
potential for reducing edge chipping, and these are the step-type
tool and the taper-type tool. Wang et al. used the step-type dia-
mond core tool for RUM of sapphire and quartz glasses, and the
experimental results demonstrated that the well-designed step-
type tool reduced the edge chipping size by up to 50% [29]. From
the experimental and finite elements modeling (FEM) results, Qin
et al. reported that the taper-type tool was effective for improving
the hole exit quality [30]. Wang et al. experimentally investigated
the effect of the taper angle on the taper-type tool effectiveness in
terms of reducing edge chipping [31].

In this study, the good performances of both the step-type tool
and taper-type tool were taken advantage of by using a compound
step-taper tool to reduce the edge chipping size at the hole exit
during RUM of brittle materials. Drilling tests on quartz glass were
conducted to evaluate the feasibility of the compound drill on
reducing edge chipping. The cutting force variation at the hole
exit was used to observe the reduction mechanism of edge chip-
ping via the compound drill. A theoretical method was used for
role analysis of the step face in the effectiveness of the compound
tool.

2. Fundamentals of edge chipping reduction via tool design

When a common tool is used, the method of optimizing param-
eters cannot improve the hole exit quality completely, often at the
sacrifice of machining efficiency. As presented in Fig. 2(a), when a
common tool is used to drill holes in brittle materials, the undrilled
thickness (d) decreases gradually as the drilling depth increases.
The cutting force varies slightly. As illustrated in Fig. 2(b), when
the undrilled thickness decreases to a certain value (d;), edge chip-
ping forms; d; is also called the edge chipping thickness. According
to the authors’ previous experimental results, d; is directly propor-
tional to the edge chipping width (ds) [23]. Moreover, d; and the
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Fig. 2. Edge chipping formation. (a) Illustration of undrilled thickness using a common diamond core tool. (b) Relationship between edge chipping thickness and cutting
force. (c) and (d) Two types of wedge-type contact structures between the tool and workpiece.
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cutting force (F¢) can be calculated using the following system of
equations [18,29]:

de = kp*c3®
(1)

= DPCo

where, k is a scale factor, p is the cutting force density per unit of
tool wall thickness, and cq is the wall thickness of the tool. « is a
dimensionless constant factor that can be obtained from experi-
ment results. From the authors’ previous studies, o ~0.67 [18,29]
in RUM of brittle materials.

According to Eq. (1), for a certain cutting force density, which
is determined by processing parameters such as spindle speed and
feed rate, a certain critical value of d; always exists for Eq. (1) to
be satisfied. The edge chipping at the hole exit is bound to form
regardless of the optimized processing parameters.

Before the formation of edge chipping, the following inequality
for the undrilled thickness (d) and cutting force is satisfied:

d > kp*c3® (2)

IfEq. (2) could always be satisfied at the hole exit during drilling,
theoretically, edge chipping would not occur. This is interpreted to
mean that the cutting force (pcg) can gradually decrease when the
undrilled thickness (d) decreases at the hole exit. One method is to
control the cutting force density (p) by changing parameters such
as reducing the feed rate. This method has a limitation; specifically,
when the feed rate is quite low, a creep phenomenon of the machine
tools aggravates the edge chipping defect because of the abrupt
impact of the tool on the workpiece material [31]. The other method
is to decrease cg via tool design. Fig. 2(c) and (d) present two ways
to construct a wedge-type contact structure between the tool end
face and the workpiece. Both ways can decrease ¢y at the hole exit.

In Fig. 2(c), the workpiece outlined is the wedge-type, which can
be achieved using the step tool (as presented in Fig. 3(a)). In Fig. 2(d),
the tool end face is the wedge-type, which can be achieved using
a taper tool (as presented in Fig. 3(b)). It has been reported in the
authors’ previous studies [29,31] that both the step tool and taper
tool demonstrate effective performance in terms of reducing edge
chipping, although both new types of tools have corresponding lim-
itations. The compound step-taper tool is presented in Fig. 3(c). Itis
composed of a compound type of the step tool and taper tool. Actu-
ally, the step tool or taper tool is a specific mode of the compound
tool. As presented in Fig. 3, when ¢ =0, the compound tool degrades

Table 1
Material properties.

Property Unit Quartz glass
Young’s modulus GPa 76.7
Vickers hardness GPa 9.5

Fracture toughness MPa-m'/2 0.71
Density g/cm? 2.2

Poisson ration / 0.17

into the step tool. On the other hand, when h =0, the compound tool
degrades into the taper tool.

3. Experiment design

The RUM machine used in this study was an Ultrasonic 50, pro-
duced by the DMG Company in Germany. The ultrasonic spindle
is the key component of the RUM machine. The corresponding
maximum allowable spindle speed under the ultrasonic mode was
6000 rpm. The ultrasonic spindle comprised an ultrasonic power
supply, a transducer, an amplitude transformer, and a diamond core
tool. A 50 Hz AC electrical current was converted by the ultrasonic
power supply to an ultrasonic frequency (approximately 20 kHz)
output. The frequency of the ultrasonic power supply could be
adjusted freely from 16.5 kHz to 30 kHz, enabling the researcher to
tune the ultrasonic spindle to satisfy different natural frequencies
oftools. Then, the piezoelectric transducer converted the ultrasonic
frequency AC current into mechanical vibration. The amplitude
transformer and diamond core tool were designed to amplify the
mechanical vibration of the transducer in a usable value that was
efficient for material removal during RUM.

As illustrated in Fig. 4, two clamps mounted on a fixture were
used to hold the workpiece. A hole of 20mm in diameter and
12 mm in depth was in the middle face of the fixture to prevent
tool knocking on the machined cylinder. The workpiece samples
used were 30 mm x 30 mm x 8 mm quartz glass. Material proper-
ties of the quartz glass are listed in Table 1. Two different types of
diamond core tools (a common tool and the compound step-taper
tool) were used to drill the workpiece. The dimensions of the cor-
responding tool heads are demonstrated in Fig. 4(b) and (c). Both
tools were electroplated with diamond abrasives with a grit size of
D107.



J. Wang et al. / Journal of Manufacturing Processes 32 (2018) 213-221

(b)

Fig. 4. Experiment setup.
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Table 2

Process parameters.

Tool type Spindle speed (rpm) Feedrate (mm/min)
Common tool 3000, 4000 2,3,4
Compound tool 3000, 4000 2,3,4

Several drilling tests were performed to evaluate the feasibil-
ity of using the compound step-taper tool to reduce edge chipping
at the hole exit. The processing parameters (feed rate and spindle
speed) are listed in Table 2. Each experiment was repeated twice
to reduce random error. The Ultrasonic 50 was tuned at the cor-
responding resonant frequency, where the ultrasonic amplitude
reached the corresponding peak. Because the resonant frequency
of the RUM machine was relative to the specific tool that was
mounted, the tuning frequency of the Ultrasonic 50 when two tools
were mounted was different. A laser fiber vibrometer (LK-HO0S,
KEYENCE, Japan) was used to measure the resonant frequency and
ultrasonic amplitudes. The ultrasonic amplitude could be calcu-
lated from the sine motion curve obtained using the laser fiber
vibrometer when the sampling frequency was set at 392 kHz and
the resolution ratio was set at 0.1 mm. The resonant frequency val-
ues of the Ultrasonic 50 when the common tool and compound
tool were mounted were 18.45 kHz and 18.10 kHz respectively. The
ultrasonic amplitudes of both tools when the Ultrasonic 50 was
adjusted at the corresponding resonant frequencies were 7-8 pum.
Ideally, drilling tests should be performed at the same ultra-
sonic parameters. Fortunately, differences in ultrasonic parameters
between the two tools were sufficiently low and could be neglected
for the experimental requirements. Considering the unavoidable
effects of the cutting force on the ultrasonic amplitude stability,
the ultrasonic power was monitored during drilling to guarantee
that the RUM machine worked well. Both inner and outer recycled
coolants were used during drilling tests.

As presented in Fig. 4, a dynamometer (Kistler 9256C2,
Switzerland) was used to measure the cutting forces during drilling.
A charge amplifier (5070A) amplified the cutting forces signal from
the dynamometer. Then, a data acquisition card recorded the cut-
ting force signals. The recorded data were then saved and processed
using the commercial software Dynoware, which was provided by
Kistler Co., Ltd. The resonant frequency of the dynamometer (Kistler
9256C2) was quite low (4.6 kHz) compared to the ultrasonic vibra-
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Fig. 5. Definition of edge chipping size.

tion frequency. Therefore, it was impossible to acquire the force
variation within a vibration cycle. The sampling frequency increase
was meaningless in this situation. Thus, the measurement sampling
frequency was set at only 100 Hz.

The edge chipping size is usually used as a criterion to evalu-
ate the hole exit quality [18]. Two parameters that can define the
degree of edge chipping are the edge chipping width (ds) and edge
chipping thickness (d;). Because ds increases monotonically with d¢
[23], only ds was used for the edge chipping size in this study. As
presented in Fig. 5, the edge chip width (ds) can be defined using
the following equation:

Dm — Dy
=73 ®)
where Dy, is the maximum diameter of the edge chipping profile
and Dy, is the hole diameter. An optical microscope (55XA; Shang-
hai Optical Instrument Factory No. 6, Shanghai, China) was used to
measure the edge chipping size at the hole exit.

ds

4. Results and discussion
4.1. Effectiveness of compound tool on edge chipping reduction

Table 3 presents typical images of edge chipping at the hole exit
that were obtained using different types of tools. The correspond-
ing processing conditions were a spindle speed of 3000 rpm and
feed rate of 3 mm/min. As presented in Table 3, the hole exit qual-
ity when using the compound tool was significantly better than that
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Table 3
Images of edge chipping at hole exit.

Tool type Compound tool Common tool
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Fig. 6. Comparison of edge chipping at hole exit with different tools.

when using the common tool. Fig. 6 presents a quantitative com-
parison of edge chipping defects when different types of tools were
used. The error bars for a certain processing condition included
the upper deviation (eupper) and lower deviation (ejower)- As illus-
trated in the experimental design, each experiment under a certain
processing condition was repeated twice. Thus, two sets of data
for edge chipping size were obtained under a certain processing
condition. The upper deviation (eupper) Was calculated using the
maximum value of two edge chipping sizes minus the average value
of two edge chipping sizes. The lower deviation (ejgwer) Was calcu-
lated using the average value of two edge chipping sizes minus the
minimum value of two edge chipping sizes.

As presented in Fig. 6, using the compound tool significantly
reduced the edge chipping size in comparison with that when the
common tool was used. From calculations, the reduction rates of
the edge chipping size at the hole exit were as high as 60%. Also,
it was derived from the error bars in Fig. 6 that using the com-
pound tool improved the stability of the hole exit quality. Because
of the low toughness of brittle materials, material strength is highly
dependent on crack size. The formation of edge chipping at the hole
exit during RUM of a brittle material is a typical brittle fracture
phenomenon. Both the cutting force and machining induced cracks
affect the formation of edge chipping. By contrast, the distribution
and magnitude of machining-induced cracks are complicated and
stochastic to a certain extent [32,33]. This was the reason for the
usual high distribution width of the edge chipping size even under
identical processing conditions. Moreover, as presented in Fig. 6,
the distribution width of the edge chipping size obtained when
the compound tool was used was significantly lower than the edge
chipping size when the common tool was used. When the common
tool was used, the maximum distribution width of the edge chip-
ping size reached 2 mm. In contrast, when the compound tool was
used, the maximum distribution width of the edge chipping size
was less than 1 mm.

According to the results presented in Fig. 6, with the compound
tool, the error bars at a spindle speed of 6000 rpm and a feed rate of
2 mm/min were significantly smaller than the error bars at a spin-
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Fig. 7. Comparison of edge chipping at hole entrance with different tools.

dle speed 0of 4000 rpm of spindle speed and a feed rate of 2 mm/min.
However, a significantly stable machining performance at a spindle
speed of 6000 rpm could not be concluded. This was because when
the feed rate was 3 mm/min, the error bars for a spindle speed of
6000 rpm were even higher than the error bars for a spindle speed of
4000 rpm. The effects of processing parameters including the spin-
dle speed and feed rate on the stability of machining performance
could not be summarized as a general rule. Furthermore, because
performance evaluation of the compound tool was the focus of this
research, the irregular effects of processing parameters would not
be against the conclusion that the compound tool could have a sig-
nificantly more stable machining performance than the common
tool.

On the other hand, the edge chipping size at the hole exit
was expected to increase with a spindle speed decrease or feed
rate increase [18,25,30]. As presented in Fig. 6, variations in the
edge chipping size at the hole exit did not follow the aforemen-
tioned classic conclusion [18,25,30]. This inconsistency was also
because of the probabilistic nature of the edge chipping forma-
tion. Only when there were a high number of examined parameters
and sufficient width, did the expected variation tendency of the
edge chipping size at the hole exit have certain abnormalities [31].
The abnormalities involved in the data (Fig. 6) demonstrated the
low reliability of the improved hole exit quality via the feed rate
reduction or spindle speed increase. In contrast with the process-
ing parameter optimization, using the compound tool to reduce the
edge chipping size at the hole exit proved significantly reliable.

Therefore, the experimental results (Fig. 6) indicated that using
the compound tool could improve the hole exit quality, not only
through reducing the edge chipping size, but also through improv-
ing the corresponding stability. Also, reducing the edge chipping
size at the hole exit using the compound tool was more reliable
than the corresponding reduction obtained via optimization of the
processing parameters.

Previously, edge chipping at the hole exit was considered to
be the major weakness that restricted improvement of hole-
manufacturing quality. The compound tool application changed
this situation. To further improve the entire quality of the hole,
it was necessary to address the edge chipping defect at the hole
entrance. Fig. 7 presents the edge chipping size results at the hole
entrance. As illustrated in Fig. 7, using the compound tool reduced
the edge chipping size at the hole entrance by 35%-50% com-
pared with the size obtained using the common tool. It can also
be observed by comparing Figs. 6 and 7 that edge chipping at the
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hole exit when the compound tool was used was similar in size
(approximately of 0.5 mm) to chipping at the hole entrance when
the common tool was used. It is well known that the edge chipping
size at the hole entrance is usually significantly smaller than that
at the hole exit. Using the compound tool, the minimum edge chip-
ping size at the hole exit could be smaller than 0.35 mm, which is
the same magnitude as the edge chipping size at the hole entrance.
Actually, it became difficult to identify the hole entrance or exit
simply by observing the edge chipping when the compound tool
was used.

4.2. Mechanism of edge chipping reduction when using the
compound tool

Because the cutting force is the driving factor that results in the
formation of edge chipping at the hole exit, the cutting force varia-
tions contain the information regarding the formation mechanism
of edge chipping at the hole exit. Fig. 8 presents typical cutting force
curves of using both the common tool and compound tool with a
spindle speed of 3000 rpm and feed rate of 3 mm/min. As seen in
Fig. 8, edge chipping occurred almost simultaneously when the dif-
ferent tools were used, indicating that the edge chipping occurred
with the same undrilled thickness. This experimental result was
consistent with the predictive result of Eq. (1). As illustrated in
Fig. 4, the end face wall thickness of the compound tool was identi-
cal to the common tool. According to Eq. (1), the undrilled thickness
when edge chipping occurs should be identical between different
tools with the same wall thickness of the end face. In addition, as
seen in Fig. 8, the actual earlier occurrence of edge chipping with
the common tool should be attributed to the corresponding slightly
higher diameter of the end face.

As seen in Fig. 8, an apparent difference in cutting force varia-
tion at the hole exit using different tools was identified. In Fig. 8,
the cutting forces at the hole exit were divided into several sub-
states for detailed exploration. Specifically, the cutting force at the
hole exit using the compound tool was divided into four sub-states:
SF.1, SF.2, SF.3, and SF.4. The cutting force at the hole exit using the
common tool was divided into two sub states: SP.1 and SP.4.

At the SF.1 or SP.1 states, the cutting force decreased abruptly
due to the formation of edge chipping that was induced by the
end face of the compound tool or the common tool. At the SF4
and SP.4 states, the diamond abrasives of the tool end face or the
taper face finished the machining, whereas the diamond abrasives
of the tool wall face still continued to finish the hole wall surface.
With an improvement in the hole surface quality, the cutting force
decreased quite slowly. The presence of the SF.2 and SF.3 states

was the unique feature of the cutting force when the compound
tool was used compared to that when the common tool was used.
At the SF.2 state, the taper face continued to machine the material,
resulting in a relatively unapparent change in the average value
of the cutting force. At the SF.3 state, the contact area between
the tool’s taper face and the workpiece material decreased as the
drilling depthincreased. This led to a gradual decrease of the cutting
force. Though the undrilled thickness (d) of the material decreased
as the drilling depth increased at the hole exit, the cutting force also
decreased, leading to suppression of new edge chipping formation.
Simultaneously, the taper face of the compound tool removed the
old edge chipping that was induced by the tool end face.

According to the research results reported by Lv et al. [34], the
formation mechanism of edge chipping at the hole entrance was
rather different from the formation mechanism of edge chipping
at the hole exit. The formation of edge chipping at the hole exit
is a macroscopic fracture phenomenon under the integrated cut-
ting force of all of the abrasives that take part in the machining.
In contrast, formation of edge chipping at the hole entrance is a
microscopic fracture phenomenon that directly results from the
material removal by each individual abrasive [18]. Quite differ-
ent morphologies of edge chipping at the hole exit and entrance
verified the aforementioned differences in the corresponding for-
mation mechanisms. The edge chipping defect at the hole exit was
continuous; however, the edge chipping defect at the hole entrance
was serrated. Therefore, the edge chipping reduction mechanism
at the hole entrance when the compound tool was used should be
attributed to the material removal mechanism.

Because of ultrasonic vibration of the tool, diamond abrasives do
not always contact the workpiece material. In each vibration cycle,
diamond abrasive penetrates the workpiece to a certain depth
for a certain period. As illustrated in Fig. 9(a), material removal
during the RUM of brittle materials is an indentation fracture pro-
cess. Penetration can be divided into two sub processes: loading
and unloading. In the loading process, the moving direction of the
diamond abrasive is toward the workpiece. During the loading pro-
cess, plastic deformation zones and radial cracks are produced [35].
Radial cracks remain beneath the workpiece surface as subsurface
damage. In the unloading process, the moving direction of the dia-
mond abrasive is away from the workpiece. During the unloading
process, lateral cracks form because of the residual stress induced
by plastic deformation. The lateral cracks propagate and interact
with each other, leading to material removal. When lateral cracks
are produced by the outermost abrasives of the tool end face or
the taper face, the lateral cracks propagate toward the workpiece
surface, and edge chipping at the hole entrance occurs [34].

As shown in Fig. 9(b), when the common tool was used, the
diamond abrasives of the tool end face concurrently took part in
material removal at the hole entrance. When this occurred, the
outermost diamond abrasives dominated the formation of edge
chipping defects at the hole entrance. In contrast, when the com-
pound tool was used, the diamond abrasives of the tool’s taper
face successively took part in the material removal. As shown in
Fig. 9(c) and (d), the outermost abrasives of the tool’s taper face
were the last abrasives that took part in the material removal. In
this situation, the residual lateral cracks that were produced by
the second outermost abrasives could significantly affect inden-
tation of the outermost abrasives in terms of shielding effects of
the cracks. Residual lateral cracks beneath the workpiece surface
reduced the equivalent rigidity of the material and consumed the
impactenergy [36] when the outermost abrasives initiated material
removal. On one hand, residual lateral cracks restrained propaga-
tion of radial cracks by continually inhibiting the tensile stress that
was produced during the loading of the outermost abrasives. On
the other hand, as demonstrated in the previous paragraph, plastic
deformation during the loading process was essential for the forma-
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tion and propagation of lateral cracks during the unloading process.
The residual lateral cracks that were produced by the second outer-
most abrasives suppressed plastic deformation during the loading
process of the outermost abrasives, thus inhibiting formation and
propagation of lateral cracks during the unloading process of the
outermost abrasives.

The material removal process in RUM is supposed to be an
indentation process in the edge chipping formation mechanism
analysis at the hole entrance without the cutting velocity consider-
ation. In fact, this kind of material removal model, as proposed by
Pei etal. [37], has achieved high success in modeling the processing
outputs of RUM, such as cutting force [16,38], subsurface dam-
age depth [39], and edge chipping size [18]. The effects of spindle
speed on crack propagation are generally attributed to the corre-
sponding effects on indentation depth and scratching length of the
diamond abrasive at the workpiece surface. In addition, according
to the results of Lv et al. [34], the cutting velocity indeed affects
the propagation length of lateral cracks via the strain rate effect
on the material property in contrast with only via the indenta-
tion depth change. This might be one reason that accounts for the
predictive error of these processing output models that are devel-
oped on the basis of the indentation process. Moreover, this would
not reduce the mechanism validity of edge chipping reduction at
the hole entrance using the compound tool, as illustrated in Fig. 9
because the edge chipping sizes with different tools were com-
pared with identical spindle speeds. Furthermore, it is believed that
the shielding effect of residual cracks on the propagation of lateral
cracks would still be effective under various spindle speeds.

4.3. Role of step in compound tool effectiveness

Based on the analysis of the previous section, the taper face is
the key to observing the compound tool effectiveness on the edge
chipping reduction at the hole exit and the entrance. The step of the
compound tool is not correlated with the edge chipping formation
at the hole entrance. However, in terms of the edge chipping for-

mation at the hole exit, the compound tool step plays an important
role. As shown in Fig. 10, to guarantee the compound tool effec-
tiveness on the edge chipping reduction at the hole exit, the initial
edge chipping should occur at the outer side of the tool end face, as
in Fig. 10(c), rather than at the outer side of the tool’s taper face, as
in Fig. 10(b).

Based on Eq. (2), the variables presented in Fig. 10(a) satisfied
the following inequalities:

d+h+btan® > kp®(a + b)*® (4)
d > kp®a®® (5)

where a, b, h, and ¥ are characteristic parameters of the compound
tool. a is the end face thickness, b is the taper face thickness, h
is the step height, and ¥ is the characteristic angle of the taper
face. When edge chipping occurred at the outer side of the tool’s
taper face, the equal sign of Eq. (4) was established. When the edge
chipping occurred at the outer side of the tool’s end face, the equal
sign of Eq. (5) was established. The equal signs of Egs. (4) and (5)
were not always simultaneously established. During RUM, when
the undrilled thickness decreased, the equal signs of Egs. (4) and
(5) were established successively. When the equal sign of Eq. (4)
was established first, using the compound tool did not reduce the
edge chipping size at the hole exit. By contrast, when the equal
sign of Eq. (5) was established first, using the compound tool was
effective for reducing edge chipping at the hole exit.

It can be derived from Egs. (4) and (5) that the step height (h)
and the characteristic angle (¢) are critical for guaranteeing that
the equal sign of Eq. (5) is established before the equal sign of
Eq. (4). The critical values can be derived from the simultaneous
establishment of the equal signs of Egs. (4) and (5):

he + btande = kp® ((a + b)y** — a*®) (6)
where h is the critical step height and ¥ is the critical character-
istic angle.

Eq. (6) demonstrates the role of the step in the compound tool
effectiveness. Based on the author’s previous investigation, 9. is
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Fig. 10. Edge chipping formation modes using the compound tool: (a) force scheme, (b) edge chipping at the taper face outer side, and (d) edge chipping at the end face outer

side.

typical for the taper tool [31]. The characteristic angle () should
exceed the corresponding critical value (¢¢) [31] to guarantee the
taper tool effectiveness on reducing edge chipping. Simultaneously,
a higher feed rate corresponds to a higher cutting force density
and to a higher ¥ [31]. According to Eq. (6), the step presence is
beneficial in reducing ¥ and consequently in extending the effec-
tive application range of the compound tool to higher machining
efficiency.

In the authors’ previous study [29], when the step tool was used
without the taper face, the rate of reducing edge chipping at the
hole exit can reach approximately 60% compared to the common
tool. When step tools with or without a taper face were used, both of
the reduction mechanisms of edge chipping at the hole exit were
the development of wedge-type contact structures between the
tool and the workpiece to gradually reduce the cutting force. By
contrast, the specific methods for developing wedge-type contact
structures were different when the step tools with or without a
taper face were used. When the step tool was used without a taper
face, the wedge-type contact structure was established by the step
face with the initial edge chipping profile. Moreover, when the step
tool was used with a taper face, the wedge-type contact structure
could be established by the taper face with the undrilled work-
piece even without the initial edge chipping profile. Because of
the corresponding persistent enhancement of the aforementioned
wedge-type contact structure, when a taper face was used on the
step tool, the compound tool had quite reliable exit edge chipping
suppression performance when inclined holes were drilled and also
improved the entrance edge quality.

5. Conclusions

In this study, a compound step-taper tool for rotary ultrasonic
machining (RUM) was used to further reduce the edge chipping
phenomenon when holes are drilled in brittle materials. Drilling
tests on quartz glass were conducted to evaluate the effectiveness
of the compound tool. The mechanism of reducing edge chipping
using the compound tool was derived from detailed observation
of the cutting force. The experimental results demonstrated that
the compound tool contributed significantly to reducing the edge
chipping size during RUM of quartz glass.

(1) The compound tool contributed to reducing the edge chip-
ping size at the hole exit by 60%-80% and also contributed to
improved stability. Also, the improvement of hole exit quality
using the compound tool was significantly reliable compared
to that obtained via optimization of the processing parame-
ters. The edge chipping reduction mechanism at the hole exit
was a decrease in the cutting force as the undrilled thickness
decreased with use of a taper face. Moreover, the tool’s taper
face eliminated the previous edge chipping that was induced
by the tool’s end face.

(2) The compound tool can contribute to reducing the edge chip-
ping size at the hole entrance by 35%-50% because of the
shielding effect of residual cracks that were produced by the
second outermost abrasives of the tool’s taper face. The effect
suppressed initiation and propagation of lateral cracks that
were produced by the outermost abrasives of the tool’s taper
face.

(3) The compound tool’s step face was beneficial for the effective-
ness of the compound tool in hole exit quality improvement by
reducing the critical characteristic angle of the tool’s taper face.
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