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Feasibility Study of
Longitudinal–Torsional-Coupled
Rotary Ultrasonic Machining
of Brittle Material
In order to further improve the processing performance of rotary ultrasonic machining
(RUM), a novel longitudinal–torsional-coupled (LTC) vibration was applied to the RUM.
An experimental study on quartz glass was performed to access the feasibility of the LTC-
RUM of a brittle material. The LTC-RUM was executed through the addition of helical
flutes on the tool of conventional longitudinal RUM (Con-RUM). The experimental
results demonstrated that the LTC-RUM could reduce the cutting force by 55% and the
edge chipping size at the hole exit by 45% on an average, compared to the Con-RUM.
Moreover, the LTC-RUM could also improve the quality of the hole wall through the
reduction of surface roughness, in particular, when the spindle speed was relatively low.
The mechanism of superior processing performance of LTC-RUM involved the corre-
sponding specific moving trajectory of diamond abrasives, along with higher lengths of
lateral cracks produced during the abrasives indentation on the workpiece material.
The higher edge chipping size at the hole entrance of LTC-RUM indicated a higher
length of lateral cracks in LTC-RUM, due to the increase in the maximum cutting speed.
Furthermore, the effect of spindle speed on the cutting force and surface roughness varia-
tions verified the important role of the moving trajectory of the diamond abrasive in the
superior processing performance mechanism of LTC-RUM. [DOI: 10.1115/1.4038728]

Keywords: rotary ultrasonic machining, longitudinal–torsional composite vibration,
hard and brittle material machining, hole manufacturing

1 Introduction

Brittle materials, represented by optical glass, advanced
ceramics, and ceramic matrix composites, have been widely
applied to many industries such as aeronautics, astronautics, medi-
cal appliances, automobile, and energy [1]. Numerous potential
demands for brittle materials are attributed to their superior
mechanical and chemical properties, such as high hardness, good
wear resistance, and corrosion resistance [2]. In contrast, due to
the high hardness and low fracture toughness, brittle materials are
generally considered as the most difficult-to-machine materials
[3]. Metal cutting technologies are not suitable for the processing
of brittle material due to severe tool wear and machining induced
damages. High efficiency and low damage machining solution for
brittle materials is still a research hotspot in the field of material
processing technology [4]. Till date, various traditional and non-
traditional machining methods have been introduced for brittle
material processing, such as grinding [5,6], ultrasonic vibration
assisted grinding [7], laser machining [8,9], electrical discharge
machining [10], abrasive water jet cutting [11], ultrasonic machin-
ing (USM) [12–14], and rotary ultrasonic machining (RUM) [15].

Figure 1 illustrates that in RUM, a rotating electroplated dia-
mond core tool vibrates ultrasonically with tiny amplitude, simul-
taneously feeding toward the workpiece [16]. The RUM has been
sufficiently proved as a superior method for hole manufacturing
on brittle materials with reduced cutting force [17] and improved
hole exit quality [18], consequently improving the drilling

efficiency compared to the grinding and USM. In order to maxi-
mize the processing superiorities of RUM for hole manufacturing
on brittle materials, extensive research efforts have been devoted
to investigate the removal mechanism of the corresponding mate-
rial [19–21], processing performance [22–25] and modeling

Fig. 1 Illustration of RUM
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[26–34], damage formation mechanism [35,36], and suppression
methods [37–41]. The processing inputs utilized for performance
optimization of RUM include the tool parameters, the cooling
condition, the spindle speed, the feedrate, and the ultrasonic
amplitude [42]. The mode of ultrasonic vibration also ought to be
an important input variable of RUM [43]. In contrast, currently
in most of the reported research regarding RUM, the ultrasonic
longitudinal vibration has been applied which was acquired from
the USM.

This study was devoted to further improve the processing
performance of RUM through a novel mode application of
ultrasonic vibration, namely, the longitudinal–torsional com-
posite vibration. Actually, the longitudinal–torsional composite
vibration has been successfully applied on other types of ultra-
sonic vibration-assisted machining as well. For example, Amini
et al. investigated the performance of longitudinal–torsional
composite vibration in ultrasonic-assisted drilling of the Al
7075-T6 with twist drill, discovering significant reduction of
cutting forces compared to the conventional drilling [44].
Asami et al. developed a longitudinal–torsional composite
vibration device for the USM of brittle materials with abrasive
slurry. Compared to the longitudinal vibration USM [45],
the longitudinal–torsional composite vibration was discovered
to improve the machining efficiency. Cardoni et al. developed
two types of longitudinal–torsional composite vibration-
assisted rock sampling devices and verified their corresponding
feasibilities [46]. Suzuki et al. utilized a fixed grinding wheel,
which was vibrated by a longitudinal–torsional composite
vibration, to grind hard ceramics. The experimental results
demonstrated that the composite ultrasonic vibration could con-
tribute to the grinding force to be retained low and stable for a
long time even without rotating the tool [47]. The successful
application of longitudinal–torsional composite vibration on
ultrasonic-assisted machining provides promising prospects for
the longitudinal–torsional coupled rotary ultrasonic machining
(LTC-RUM) of brittle materials.

In this study, feasibility of the LTC-RUM of a brittle material
was assessed experimentally by comparison with the conventional
rotary ultrasonic longitudinal vibration machining (Con-RUM).
Accordingly, the tool for the LTC-RUM was constructed by the
addition of helical flutes on the tool of Con-RUM. Consequently,
the cutting force, the edge chipping size at the hole exit, and
the hole surface roughness were evaluated for the performance
comparison between the LTC-RUM and the Con-RUM. Simulta-
neously, the surface morphology of the blind hole and edge chip-
ping size at the hole entrance were also appraised to contribute to
the comparison of material removal mechanism between the
LTC-RUM and the Con-RUM.

2 Principle of Longitudinal–Torsional-Coupled

Rotary Ultrasonic Machining

In Con-RUM, the longitudinal vibration of the tool for hole dril-
ling is applied; however, in the LTC-RUM, the longitudinal–
torsional-coupled vibration of the tool for hole drilling is applied.
Figure 2 presents the kinematic view of the LTC-RUM and
Con-RUM. Clearly, a coordinate was defined on the tool end face
as presented in Fig. 2(a). In LTC-RUM, the moving trajectory of
the diamond abrasive can be calculated as follows:

l ¼ Ator sinð2pftÞ þ vst

r ¼ R

z ¼ �Alon sinð2pftÞ þ frt

8><
>: (1)

where (l, r, z) is the kinematic position of the abrasive; Ator and
Alon are the ultrasonic amplitudes of torsional vibration and longi-
tudinal vibration, respectively; t is the time; f is the ultrasonic fre-
quency; R is the average radius of the tool; fr is the feedrate of the

tool; and vS represents the cutting speed due to tool rotation. The
parameter vS can be calculated by using the following formula:

vs ¼
2pSR

60
(2)

where S is the speed of spindle in rpm.
Figure 2(c) presents the calculated moving trajectory of the dia-

mond abrasive when R¼ 3.3 mm, Alon¼ 5.5 lm, Ator¼ 3.3 lm,
and f¼ 17.60 kHz. fr � 2pfAlon, therefore, vf is neglected in the
previous calculation. Figure 2(c) demonstrates that due to the tool
torsional vibration, the moving trajectory of the diamond abrasive
in the LTC-RUM was rather different from the moving trajectory
in the Con-RUM, in particular, when the spindle speed was
relatively low, such as 600 rpm. With the increase in the spindle
speed, the cutting speed ratio 2pfAtor=vs becomes significantly
lower, resulting in the moving trajectories of the diamond abrasive
in both LTC-RUM and Con-RUM tending to be identical. The
moving trajectory difference of the diamond abrasive in the
LTC-RUM and Con-RUM would highly affect the corresponding
processing performances as demonstrated by the experimental
results in Sec. 4.

3 Experiment Design

3.1 Experiment Setup. The RUM experiments in this study
were performed on an ultrasonic machine tool (Ultrasonic 50,
DMG, Stipshausen, Germany). Figure 3 exhibits that the ultra-
sonic spindle is the key component of the Ultrasonic 50 machine
tool. It is equipped with a power supply, a contactless power
transmission module, a piezoelectric transducer, an ultrasonic
horn, and a diamond core tool. When the experiment was per-
formed, first the power supply converted the 50 Hz current into
the AC outputs of ultrasonic frequency. Further, the contactless
power transmission module transmitted the ultrasonic-frequency
AC signal to the transducer. The transducer consequently con-
verted the AC signal into mechanical vibration. The amplitude of
ultrasonic vibration that was produced by the transducer was quite

Fig. 2 Kinematic view of LTC-RUM: (a) definition of coordinate,
(b) amplitude comparison of LTC-RUM and Con-RUM, and (c)
moving trajectory of diamond abrasives
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low for the machining of brittle materials; therefore, the ultrasonic
horn and diamond core tool were well designed to further amplify
the ultrasonic amplitude into considerable magnitude. A fixture
mounted on a dynamometer was utilized to hold the workpiece
with two clamps. The workpiece utilized in this study was a quartz
glass of dimension 30 mm� 30 mm� 5 mm. The fixture consists
of a hole with diameter of 20 mm and depth of 10 mm underneath
the workpiece, which contains the machined cylinder when edge
chipping occurs at the hole exit. The corresponding mechanical
properties of workpiece are listed in Table 1.

3.2 Accomplishment of Longitudinal–Torsional-Coupled
Rotary Ultrasonic Machining by Tool Design. In this study, the
LTC vibration was accomplished by an LTC tool that was
designed by adding four helical flutes on the diamond core tool of
the Con-RUM. The dimensions of the helical flutes are presented
in Fig. 4(a). The parameters of the LTC tool were carefully deter-
mined based on our design experience of longitudinal–torsional
amplifier. For example, the width of helical flutes exhibited insig-
nificant effect on the amplitude ratio of the torsional vibration
to the longitudinal vibration. For the determination of width of
helical flute, its good machinability is mainly taken into consider-
ation. Moreover, in order to achieve the maximum amplitude ratio
of the torsional vibration to the longitudinal vibration, the larger
depth of helical flutes is more beneficial. However, these parame-
ters of helical flutes such as the helical angle of 45 deg are not the
optimal values. The selection of helical angle of 45 deg was
mainly considering the standardized design of mechanical
structure.

The flutes were cut on to the core drill with the utilization of a
five-axes high-speed vertical machining center (DMU60 Mono
Block, DMG, Stipshausen, Germany). The cutting method of
numerical control multi-axis linkage was used for milling the flutes.
A laser fiber vibrometer (LKH008, KEYENCE, Osaka, Japan) with
a maximum sampling frequency of 392 kHz and a resolution ratio
of 0.1 lm was utilized to measure the ultrasonic amplitude of the
Ultrasonic 50, which was mounted by the LTC tool. When the tun-
ing frequency was 17.60 kHz, the ultrasonic amplitude of longitudi-
nal direction reached the corresponding maximum value of 5.5 lm.
Consequently, the resonant frequency of Ultrasonic 50 was
17.60 kHz, when the LTC tool was mounted on the machine tool.

In contrast, the ultrasonic amplitude of the torsional direction
was difficult to be measured directly by using a laser fiber vibrom-
eter or a capacitive sensor, due to the specific measurement princi-
ple. The laser fiber vibrometer is designed to measure the
displacement along the laser direction by aiming laser beam at the
surface, which is to be measured. Thus, the utilization of laser
fiber vibrometer is quite easy and simple to measure the tool lon-
gitudinal vibration, which is perpendicular to the tool end face.
However, the torsional vibration is parallel to the tool end face,
resulting in very difficult and nearly impossible adjustment of
laser direction. Similarly, the capacitive probe is designed to mea-
sure the displacement whose direction is perpendicular to the
probe’s work surface. This makes it even more difficult to be used
for torsional vibration measurement than laser fiber vibrometer. In
this study, the finite elements analysis (FEA) method was utilized
for indirect measurement of the ultrasonic amplitude of the tor-
sional direction. The FEA was performed on the harmonic
response analysis module of ANSYS. The CAD model utilized
for FEA was consistent with the tool utilized in the experiments.
Figures 4(b) and 4(c) illustrate the meshing results and loading
regime of the FEA method. Figure 4(c) demonstrates that a tuning
force was applied on the taper face of the LTC tool. The torsional
vibration was accomplished by the longitudinal vibration
transformation; therefore, the tuning force direction was set as
longitudinal. The material utilized in the FEA was the 45#
steel. The corresponding density, elastic module, Poisson’s ratio,
and damping factor were set at 7.85 g cm�3, 210 GPa, 0.27, and
6� 10–4, respectively. Figure 4(d) presents the FEA results when
the tuning frequency was 17.60 kHz. Figure 4(d) illustrates that a
LTC vibration was accomplished at the tool end face. The result
regarding the amplitude ratio of torsional vibration to the longitu-
dinal vibration is represented as follows:

Ator

Alon

¼ 0:49 (3)

In general, the actual force applied on the tool taper face should
be similar to the tuning force in the simulation. However, direct
measurement of that force is extremely difficult. Fortunately,
according to mechanical dynamics, the amplitude ratio of tor-
sional vibration to the longitudinal vibration is independent of the
tuning force value with the assumption of a linear system. There-
fore, though the value of tuning force utilized in the FEA was not
the same as the unknown value of actual force acting on the taper
face of the tool, the amplitude ratio could be regarded as identical.
In contrast, the amplitude ratio ought to have relevance to the fre-
quency of tuning force. Furthermore, the phase difference
between the torsional vibration and the longitudinal vibration
ought not to be zero, due to the damping effect of the inner fric-
tion of material under ultrasonic vibration. Figure 5 exhibits the
effect of ultrasonic frequency on the amplitude ratio and phase
difference. Figure 5 illustrates that the amplitude ratio varies
slightly when the ultrasonic frequency is in the vicinity of
17.60 kHz. Therefore, the simulation error due to the differences
in ultrasonic frequency could be regarded as low. Simultaneously,
the phase differences between the torsional vibration and the
longitudinal vibration were almost zero. Therefore, the phase dif-
ference could be neglected and the vibration trajectory of the

Table 1 Material properties

Property Unit Quartz glass

Young’s modulus GPa 76.7
Vickers hardness GPa 9.5
Fracture toughness MPa m1/2 0.71
Density g cm�3 2.2
Poisson’s ratio / 0.17

Fig. 3 Experimental setup
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diamond abrasive of the LTC tool was regarded as a straight line,
as presented in Fig. 2(b).

3.3 Machining Tests. In order to evaluate the processing per-
formance of LTC-RUM and classify the corresponding material
removal mechanism, two types of machining experiments were
performed. Figure 6 presents that one experiment involves the

drilling of blind holes and the other involves the through holes
drilling. Removal of majority of material by RUM was accom-
plished by the abrasives of the tool; the bottom surfaces of the
blind holes were observed by scanning electron microscopy to
obtain the material removal characteristic of the LTC-RUM and
Con-RUM. In the experiments of drilling through holes, the edge
chipping size of the hole edge, the cutting force, and the surface
roughness of the hole wall were characterized in order to compare
the processing performance between the LTC-RUM and the Con-
RUM. Each machining test was repeated two times to reduce the
effect of random experiment error. Both the tools utilized for the
LTC-RUM and Con-RUM were electroplated with diamond abra-
sives of the D91 grit. Figure 4(a) shows the tool with the inner
diameter of 6 mm and the wall thickness of 0.6 mm.

Tables 2 and 3 list the processing parameters of the blind hole
and through hole drilling, respectively. Both the inner and outer
coolant lines (Blaser, Switzerland) were utilized during the
machining process. Spindle speeds were selected as 600, 1200,
and 2400 rpm, respectively, for considering the relative cutting
speed ratio 2pfAtor=vs. For spindle speeds of 600, 1200, and
2400 rpm, the relative cutting speed ratio 2pfAtor=vs was
<1; �1; and >1, respectively. Simultaneously, considering the
fact that compared to Con-RUM, the feasibility of LTC-RUM was
the focus of this study, thus only these three representative values
of spindle speed were selected. In further study regarding process
optimization, more values would be selected to make variation
trend of processing outputs more obvious and reliable.

As presented in Tables 2 and 3, the ultrasonic frequencies of
the LTC-RUM and the Con-RUM were slightly different. For the

Fig. 4 Tool design: (a) dimension of helical flutes, (b) meshing result of FEA, (c) loading
regime of FEA, and (d) simulation result of FEA

Fig. 5 Effect of ultrasonic frequency on amplitude ratio and
phase difference between torsional vibration and longitudinal
vibration
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LTC-RUM, the ultrasonic frequency f was 17.60 kHz, which was
the resonant frequency of Ultrasonic 50, when it was mounted by
LTC tool. For the Con-RUM, the ultrasonic frequency f was
17.10 kHz. The addition of helical flutes was one of the main fac-
tors resulting in changes of resonant frequency of machine tools.
However, these types of effects are difficult to be characterized
analytically. Till date, the finite elements method is still the major
method for investigating the abovementioned issues. The relative
deviation from 17.60 to 17.10 kHz was below 3%, which could be
neglected for the performance comparison of the LTC-RUM and
the Con-RUM. Noteworthy, 17.10 kHz was not the resonant fre-
quency of Ultrasonic 50, when it was mounted by the conven-
tional tool for the Con-RUM. The machine tool was tuned at the
corresponding resonant frequency, thus the ultrasonic amplitude
was as high as 9 lm. Moreover, the ultrasonic amplitude of Ultra-
sonic 50 cannot be adjusted freely by the input voltage alteration.
According to the authors’ previous studies, the ultrasonic power
exhibited a positive relationship with the ultrasonic amplitude,
whereas the cutting force was found to affect the variation of
ultrasonic amplitude [16,48]. Through the ultrasonic power and
ultrasonic amplitude measurement of Ultrasonic 50 when the con-
ventional tool for the Con-RUM was utilized, it was discovered
that when the tuning frequency was approximately 17.10 kHz, the
ultrasonic amplitude was 5–6 lm and the corresponding ultrasonic
power was 18–24 W. During the machining process, the ultrasonic
power was monitored to guarantee that the ultrasonic amplitude
was 5–6 lm. Through the application of this aforementioned
method, the longitudinal vibration amplitudes of LTC-RUM and
Con-RUM were ensured to be almost identical.

3.4 Measurement of Processing Outputs. A piezoelectric
dynamometer (9256C2, Kistler Instrument Corp., Switzerland)

was utilized to measure the cutting force during machining. The
cutting force signals from the dynamometer were amplified, and
consequently, fed to an acquisition card. The recorded data were
displayed and processed by using the commercial software DYNO-

WARE that was provided by Kistler. The sampling frequency of
cutting force measurement was set at 100 Hz.

Owing to the ultrasonic vibration of the diamond core drill, the
actual cutting force varied with ultrasonic frequency values. The
actual cutting force was composed of a direct current component
(namely the average cutting force) and the series of the ultrasonic-
frequency sinusoid components. In contrast, generally the natural
frequency of dynamometer is significantly lower than the ultra-
sonic frequency. As an example, the natural frequency of the pre-
cision Kistler 9256C2 dynamometer was just 4.6 kHz, which
would be even lower when the dynamometer was mounted on a
workpiece. This resulted in failure in acquiring the ultrasonic-
frequency sinusoid component of the actual cutting force regard-
less of any high sampling frequency. Furthermore, the maximum
value of the measured cutting force was relevant to the nature
frequency of a certain dynamometer and the applied sampling fre-
quency by a certain investigator. Therefore, considering the corre-
sponding poor agreement among measurement results obtained by
different investigators, the maximum value of cutting force mea-
surement was not suitable to be selected as an index for evaluating
the processing performance.

In contrast, the information regarding the direct current compo-
nent of the actual cutting force, namely the average cutting force,
is well preserved in the measured cutting force. The measured
value of the average cutting force is independent of the natural
frequency of the dynamometer and the sampling frequency. As a
result, the average cutting force presented good comparability and
repeatability. Therefore, in this study, the average cutting force

Fig. 6 Two types of experiments: (a) blind hole drilling and (b) through hole drilling

Table 2 Processing parameters of blind hole drilling

Experiment Spindle speed (rpm) Feedrate (mm min�1) Machining method Ultrasonic amplitude

Group 1 600, 1200, 2400 2.0 LTC-RUM, f¼ 17.60 kHz Alon¼ 5.5 lm, Ator/Alon¼ 0.49
Group 2 600, 1200, 2400 2.0 Con-RUM, f¼�17.10 kHz Alon¼ 5–6 lm

Table 3 Processing parameters of through hole drilling

Experiment Spindle speed (rpm) Feedrate (mm min�1) Machining type Ultrasonic amplitude

Group 3 600, 1200, 2400 1.5, 2.0, 2.5 LTC-RUM, f¼ 17.60 kHz Alon¼ 5.5 lm, Ator/Alon¼ 0.49
Group 4 600, 1200, 2400 1.5, 2.0, 2.5 Con-RUM, f � 17.10 kHz Alon¼ 5–6 lm
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was utilized as an index to compare the processing performance
of the LTC-RUM and the Con-RUM. Figure 7 presents a typical
curve of the measured cutting force versus time. The average cut-
ting force Fc can be calculated by using the following equation:

Fc ¼

ðt1

t0

Fdt

t1 � t0
(4)

where F is the time-varying measured cutting force, t0 and t1 are
the time when the tool begins and completes the drilling of the
workpiece, respectively.

The edge chipping size of hole edge is an important index to
evaluate the machining-induced damage of RUM. Figure 8
presents a typical edge chipping image of the hole edge. Clearly,
Dh is the diameter of machined hole and Dm is the maximum
diameter of edge chipping. The edge chipping size ds can be cal-
culated by using Eq. (5). An optical microscope (55XA, Shanghai
Optical Instrument Factory No. 6, Shanghai, China) was utilized
to measure the edge chipping size at the hole exit and entrance of
each machined hole

ds ¼
Dm � Dh

2
(5)

The surface morphology of the bottom of the blind hole was
characterized by using a scanning electron microscope (QUANTA
200 FEG, FEI, Hillsboro, OR). A surface roughness tester (Sur-
tronic 25, Taylor Hobson, Britain) was utilized to measure the
roughness Ra of the hole wall. Figure 9 exhibits four different
positions of the hole wall to measure the roughness. The average

value of four measurements was utilized to evaluate the surface
quality of the hole wall.

4 Results and Discussion

4.1 Edge Chipping at Hole Entrance. Figure 10 presents the
edge chipping size results at hole entrance. Figure 10 shows that
the edge chipping sizes at the hole entrance in LTC-RUM are
greater than the edge chipping sizes in Con-RUM. Moreover,
within the two major processing parameters, namely the spindle
speed and feedrate, the spindle speed exhibited significant effect
on the edge chipping size at the hole entrance. The edge chipping
size at the hole entrance increased with the increase in the spindle
speed regardless of machining methods. In general, the edge chip-
ping size at the hole entrance in brittle material drilling is signifi-
cantly lower than that at the hole exit. Though the edge chipping
is not the major machining-induced defect of RUM, it can assist
researchers to demonstrate the material removal mechanism
involved in the RUM of brittle materials.

Lv et al. [49] reported that the edge chipping at the hole
entrance was induced directly by the removal of material by
RUM. Figure 11(a) demonstrates that in the RUM of brittle mate-
rials, radial cracks and lateral cracks are produced due to the
indentation of the diamond abrasive on the workpiece material.
Figure 11(b) clearly shows that the lateral cracks produced by dif-
ferent abrasives propagate and interact with each other, resulting
in the material removal. Simultaneously, Fig. 11(c) presents that
at the hole entrance edge, certain lateral cracks propagate to the
material surface, consequently inducing serrated edge chipping.
The edge chipping size at the hole entrance exhibited positive
relevance to the lateral crack length. In other words, a higher edge
chipping size at the hole entrance was accompanied with higher
length of the lateral crack [49]. Therefore, the higher edge chip-
ping size at the hole entrance of LTC-RUM compared to the edge

Fig. 8 Representation of edge chipping size

Fig. 9 Method for the measurement of roughness of hole
surface

Fig. 10 Effect of processing parameters on edge chipping size
at hole entrance

Fig. 7 Calculation of average cutting force Fc
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chipping size of the Con-RUM indicated that the lengths of lateral
cracks produced in LTC-RUM were greater than the lengths of
lateral cracks produced in Con-RUM.

Furthermore, Lv et al. [49] conducted conventional grinding
and Con-RUM to drill holes in brittle materials. It was discovered
that the edge chipping size at the hole entrance in both the con-
ventional grinding and the Con-RUM increased with the increase
in the spindle speed, which indicated the increase in the lengths of
lateral cracks with the increase in the cutting speed. Moreover, it
was discovered that the maximum cutting speed of the diamond
abrasive in Con-RUM exceeded the maximum cutting speed in
conventional grinding due to the tool longitudinal vibration; there-
fore, the edge chipping size at the hole entrance in Con-RUM
exceeded the edge chipping size in conventional grinding. Simi-
larly, in this study, due to the existence of torsional vibration in
LTC-RUM, the maximum cutting speed of the diamond abrasive
in LTC-RUM exceeded the maximum cutting speed in Con-
RUM. Therefore, the edge chipping size of the LTC-RUM was
higher than the edge chipping size of Con-RUM. Simultaneously,
the edge chipping size of the LTC-RUM increased with the
increase in the spindle speed, due to the increase in the maximum
cutting speed of the diamond abrasive.

The diameter of machined holes is also an important indicator
of hole machining. Considering that the hole diameter is mainly
determined by the outer diameter of diamond core drill, the
diameter of machined hole was not paid attention to in this study.
However, the tolerance of hole diameter would be affected by
the material removal process related to lateral cracks. In some

applications demanding high-precision, the effect of processing
parameters and its mechanism on the tolerance of hole diameter
are required to be clarified, for example, how the hole diameter is
affected by the lateral cracks with the increase in the spindle speed
requires further explorations.

4.2 Material Removal Characteristic From Blind Hole
Observation. Table 4 summarizes the bottom surface morpholo-
gies of the blind hole. Surface morphologies clearly exhibit the
existence of distinct shell-like craters. The craters are the remain-
ing traces of material removal induced by the propagation of lateral
cracks. The sizes of the craters indicated the lengths of lateral
cracks. Apparent differences in surface morphologies between the
LTC-RUM and the Con-RUM could be clearly observed. The sizes
of the craters in the surface morphologies of LTC-RUM were
higher than crater sizes of Con-RUM, indicating that the lengths of
lateral cracks of the LTC-RUM were higher than those of the Con-
RUM. This conclusion is consistent with the conclusion obtained
from the edge chipping size analysis at the hole entrance.

Though the LTC-RUM could not reduce the edge chipping
defect size at the hole entrance compared to the Con-RUM, the
higher length of the lateral cracks in LTC-RUM would be benefi-
cial for the high efficiency material removal. This was further dis-
cussed in the section regarding the cutting force.

4.3 Cutting Force. Figure 12 presents the comparison of cut-
ting forces between the LTC-RUM and the Con-RUM. Figure 12

Fig. 11 Edge chipping at hole entrance: (a) crack system produced by diamond abrasives
indentation on workpiece material, (b) formation mechanism of edge chipping at hole
entrance [49], and (c) serrated morphology of edge chipping at hole entrance

Table 4 Bottom surface morphology of blind holes

Machining method S¼ 600 rpm S¼ 1200 rpm S¼ 2400 rpm

LTC-RUM

Con-RUM
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shows that the LTC-RUM can significantly reduce the cutting
force compared to the Con-RUM. The cutting force reduction
ratio of the LTC-RUM to Con-RUM is presented at the top of
Fig. 12. It was observed that the LTC-RUM could reduce the cut-
ting force by 47–69%. The calculation results revealed that the
average cutting force reduction ratio was 55%. The minimum
ratios of cutting force reduction under certain feedrate were
obtained at the highest spindle speed. It is well known that the
Con-RUM can reduce the cutting force by approximately 50%
compared to conventional grinding, consequently resulting in
superior processing quality, such as the improved hole exit quality
and the extended tool life [18,30]. Furthermore, the results of
authors’ previous studies [16,48] indicated that the cutting force
exhibited bad effects on the stability of ultrasonic vibration
during the machining process, consequently limiting the further
improvement in the efficiency of the RUM. Therefore, significant
reduction in cutting force of LTC-RUM was beneficial not only
for the improvement in the processing quality of RUM, but also
for the stability of ultrasonic vibration. The reduction was benefi-
cial for the machining efficiency.

Furthermore, Fig. 12 presents that the increase in the feedrate
leads to the increase in the cutting force, whereas it decreases as
the spindle speed increases in Con-RUM. In contrast, though the
cutting force increases with the increase in the feedrate, the other
processing parameter, namely the spindle speed, does not have

apparent effect on the cutting force variation in LTC-RUM. In
general, in hole drilling, the spindle speed is regarded as a
dominant factor that affects the cutting force such as the results of
Con-RUM. The unapparent dependency of cutting force on the
spindle speed in LTC-RUM should be attributed to the corre-
sponding material removal mechanism. In terms of material
removal mechanism, the differences in abrasive moving trajectory
between the LTC-RUM and the Con-RUM ought to be
responsible.

Figure 13 illustrates the calculations performed for cutting
force. These calculations were utilized to discuss the cause of
reduction in cutting force of the LTC-RUM. Figure 13(a) presents
that in Con-RUM, the diamond abrasives were in contact with and
separated from the workpiece material periodically, with an
indentation depth of dCon in an ultrasonic frequency. The contact
duration Dtcon in one vibration period can be calculated as
follows:

DtCon ¼
1

pf
arccos 1� dCon

Alon

� �
(6)

Through

arccosð1� dCon=AlonÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2dCon=Alon

p
(7)

Equation (6) can be simplified as

DtCon �
ffiffiffi
2
p

pf

dCon

Alon

� �1
2

(8)

Jiao [50] made an assumption that all effective diamond abra-
sives that participated in the material removal indented the work-
piece material with the same depth, thus the impact force acting
on the workpiece material can be calculated as follows:

Fm;Con ¼
1

2
mnd2

Con tan2wHv (9)

where n is the geometrical factor of the indenter, w is the
semivertical angle of the indenter, Hv is the microhardness of the
workpiece material, and m is the number of effective diamond
particles. Through a triple wave utilization to simplify the actual
cutting force in one vibration period, the average cutting force
Fc,Con can be derived as represented below:

Fig. 13 Analysis of cutting force calculation: (a) Con-RUM and (b) LTC-RUM

Fig. 12 Effect of processing parameters on cutting force
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Fc;Con

f
¼ Fm;ConDt

2
(10)

Through substitution of Eqs. (8) and (9) into Eq. (10), the cut-
ting force Fc,Con can be calculated as follows:

Fc;Con ¼
ffiffiffi
2
p

mn tan2wHv

4p
ffiffiffiffiffiffiffiffi
Alon

p � d
5
2

Con (11)

Similarly, as presented in Fig. 13(b), in LTC-RUM, the contact
duration DtLTC of the diamond abrasive on the workpiece material
in one vibration period can be calculated by

DtLTC ¼
k
pf

arccos 1� dCon

Alon

� �
(12)

where dLTC is the indentation depth of diamond abrasive on the
workpiece material in LTC-RUM and k is a proportionality coeffi-
cient that characterizes the unloading effect when the diamond
abrasive is pulled out from the workpiece material. Figure 13
shows that the pull out processes of the diamond abrasive in the
Con-RUM and the LTC-RUM are rather different. In Con-RUM,
when the diamond abrasive was pulled out from the workpiece
material, it continued to move horizontally and scratched the
material. Consequently, as long as the diamond abrasive did not
leave the workpiece surface, it acted as a force on the material. In
contrast, due to the torsional vibration in LTC-RUM, when the
diamond abrasive was pulled out from the workpiece material
(namely the unloading process), it moved nearly vertically. Owing
to the existence of plastic deformation and propagation of the lat-
eral cracks, the unloading process was faster than the loading pro-
cess. Therefore, k ought to comply with 0.5< k< 1.

Consequently, in reference to the modeling process of cutting
force Fc,Con, the cutting force Fc,LTC in LTC-RUM can be calcu-
lated as follows:

Fc;LTC ¼ k �
ffiffiffi
2
p

mn tan2wHv

4p
ffiffiffiffiffiffiffiffi
Alon

p � d
5
2

LTC (13)

Equations (11) and (13) establish the dependency of cutting
force on the indentation depth in the Con-RUM and LTC-RUM,
respectively. These equations contribute to the further discussion
of the cutting force variation tendency, as presented in Fig. 13(a).
Two major phenomena should be explained. One is the cutting
force reduction of LTC-RUM compared to the Con-RUM. The
other is the unapparent dependency of cutting force on the spindle
speed in LTC-RUM.

First, from Eqs. (11) and (13), the following equation can be
obtained:

Fc;LTC

Fc;Con

¼ k � dLTC

dCon

� �5
2

(14)

Cong et al. [27] reported that the indentation depth of the
abrasive was relative to the lateral crack length. A higher length
of lateral crack was accompanied with a lower indentation depth
[27]. According to the results mentioned in Secs. 4.1 and 4.2, the
abrasive indentation depth in LTC-RUM was higher than that in
Con-RUM. It could also be derived that the lateral crack length in
LTC-RUM was lower than the lateral crack length in Con-RUM,
i.e., dLTC=dCon < 1. Therefore, based on Eq. (14), the LTC-RUM
could reduce the cutting force compared to the Con-RUM.

Second, Cong et al. [27] further reported that the indentation
depth of the abrasive increased with the increase in the feedrate;
however, it decreased with the increase in the spindle speed to
guarantee that the micromaterial removal rate was equal to the
macromaterial removal due to the tool feed. Therefore, in LTC-
RUM, dLTC ought to increase as the feedrate increased, whereas it

decreased as the spindle speed increased. In contrast, as presented
in Fig. 2, the differences in the moving trajectory of the diamond
abrasive between the LTC-RUM and the Con-RUM decreased
with the increase in the spindle speed. This resulted in increase in
the value of k with the increase in the spindle speed. According to
Eq. (13), the adverse variation tendency of dLTC and k resulted in
the unapparent dependency of cutting force on the spindle speed,
as presented in Fig. 12. Furthermore, according to the aforemen-
tioned analysis, the cutting force in LTC-RUM would increase as
the feedrate increased due to the increase in dLTC. The results pre-
sented in Fig. 12 verified this induction.

4.4 Edge Chipping at Hole Exit. The edge chipping at the
hole exit is the most severe machining induced defect in the RUM
of brittle materials, which affects the productivity as well as the
design ability of products, produced from brittle materials [39].
Figure 14 presents the comparison of edge chipping sizes at the
hole exit between the LTC-RUM and the Con-RUM. Figure 14
exhibits that the LTC-RUM could significantly reduce the edge
chipping size at the hole exit compared to the Con-RUM. The
edge reduction size ratio of LTC-RUM to Con-RUM is presented
at the top of Fig. 14. Clearly, the LTC-RUM could reduce the cut-
ting force by 23–77%. Through calculation, the average edge
chipping size reduction ratio was found to be 45%.

According to the authors’ previous study [35], the edge
chipping formation at the hole exit could be attributed to the prop-
agation of machining-induced subsurface cracks (namely the
radial cracks) under the driving force (namely the impact force Fm

as presented in Fig. 13(a)) . In order to discuss the edge chipping
reduction mechanism of the LTC-RUM compared to the Con-
RUM, the sizes of machining-induced radial cracks and the
impact force should be analyzed. A higher size of radial cracks
and higher impact force resulted in higher edge chipping size at
the hole exit. Marshall and Abdalla [51] demonstrated that the
size of radial cracks was positively dependent on the impact force
Fm. Furthermore, the impact force was found to be positively
dependent on the indentation depth [50]. Therefore, a higher
indentation depth would result in higher edge chipping size at the
hole exit. As demonstrated in Sec. 4.4, the indentation depth of
LTC-RUM was lower than the indentation depth of Con-RUM,
consequently inducing the edge chipping reduction of the LTC-
RUM compared to the Con-RUM.

4.5 Hole Surface Roughness. Figure 15 presents the compar-
ison of surface roughness values of the hole wall. Figure 15
presents that the LTC-RUM could improve the hole surface qual-
ity through reduction in the surface roughness. Moreover, the
spindle speed was the main factor affecting the surface roughness.
Figure 15 clearly shows that the spindle speed significantly affects

Fig. 14 Comparison of edge chipping sizes at hole exit
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the surface roughness of the hole wall in LTC-RUM. The surface
roughness of the hole wall in LTC-RUM increased as the spindle
speed increased. In contrast, the surface roughness in Con-RUM
varied in an unapparent manner with the increase in the spindle
speed in Con-RUM. In general, the surface roughness of hole wall
in conventional diamond drilling of brittle material decreases with
the increasing spindle speed due to the decreasing feed per revolu-
tion of tool. However, in Con-RUM, the effect of spindle speed
on the surface roughness of hole wall would be complicated. On
the one hand, the increase of spindle speed would reduce the feed
per revolution of tool, which would be beneficial for the hole wall
finishing. On the other hand, the increase of spindle speed would
weaken the superiority of ultrasonic machining by smoothing the
moving trajectory of diamond abrasive. However, in LTC-RUM,
it is believed that the decrease in the surface roughness would be
attributed to the two-dimensional ultrasonic vibration, namely the
longitudinal–torsional vibration. The superior effect of two-
dimensional ultrasonic vibration would be suppressed gradually
with the increasing spindle speed as shown in Fig. 2.

The different varying tendency of surface roughness with the
increasing spindle speed in LTC-RUM and Con-RUM resulted in
that the extent of reduction of surface roughness of the LTC-RUM
compared to the Con-RUM decreased as the spindle speed
increased. Compared to the Con-RUM, the LTC-RUM can work
under a relatively low spindle speed with low surface roughness
and low cutting force, thus proving to be beneficial for the tool
life extension.

Though the majority of material removal in RUM is accom-
plished by the diamond abrasives of the tool end face, the surface
generation of the hole wall is accomplished by the diamond
abrasives of the tool wall face [52]. Wang et al. indicated that the
moving trajectory of the diamond abrasives highly affected the
machined surface smoothing. As illustrated in Sec. 2, the spindle
speed significantly affected the moving trajectory of the diamond
abrasive in LTC-RUM, whereas the moving trajectory deviation
between the LTC-RUM and the Con-RUM decreased as the
spindle speed increased. This was the reason responsible for the
surface roughness distinction between the LTC-RUM and
the Con-RUM as the spindle speed increased. Figure 15 presents
that when the spindle speed was as high as 2400 rpm, the distinc-
tions of surface roughness between the LTC-RUM and the Con-
RUM were already rather low.

5 Conclusions

An experimental study on quartz glass was conducted to inves-
tigate the feasibility of LTC-RUM of a brittle material through
comparison with the Con-RUM. The LTC-RUM was accom-
plished through the addition of helical flutes on the Con-RUM
tool. The ultrasonic amplitudes of longitudinal vibration in both
the LTC-RUM and the Con-RUM were retained identical. The

processing performance, such as the edge chipping defect at the
hole entrance and exit, the cutting force, and the surface rough-
ness of the hole wall were also evaluated. Moreover, the bottom
surface morphologies were observed to contribute to the material
removal characteristic observation of the LTC-RUM. Based on
the findings, the following conclusions were drawn:

(1) The edge chipping defect at the hole entrance was produced
during material removal, which resulted from the propaga-
tion of lateral cracks when the diamond abrasive impacted
the workpiece surface. The edge chipping size at the hole
entrance of LTC-RUM was higher than the edge chipping
size of Con-RUM, indicating that the lengths of lateral
cracks in LTC-RUM were greater than the lengths of lateral
cracks in Con-RUM, due to the maximum increase in the
cutting speed. The morphological results obtained for the
bottom surface of the blind holes were in good agreement
with the aforementioned induction. The sizes of the craters
in the surface morphologies of LTC-RUM were greater
than that the crater sizes of Con-RUM.

(2) Owing to the faster unloading process that resulted from
the specific moving trajectory of the diamond abrasives and
the higher length of lateral cracks in LTC-RUM, the LTC-
RUM could reduce the cutting force by 55% on an average
compared to the Con-RUM. Both cutting forces of LTC-
RUM and Con-RUM increased as the federate increased. In
contrast, because the spindle speed would affect the moving
trajectory and the indentation depth of diamond abrasives,
it did not significantly affect the variation of cutting force
in LTC-RUM. However, the cutting force decreased as the
spindle speed increased in Con-RUM.

(3) Attributed to the lower indentation depth of the diamond
abrasive in LTC-RUM resulting from the higher lengths of
lateral cracks, the LTC-RUM could reduce the edge chip-
ping size at the hole exit by 45% on an average compared
to the Con-RUM.

(4) The LTC-RUM could also improve the hole quality through
reduction in the surface roughness under relatively low spin-
dle speed compared to the Con-RUM. The spindle speed sig-
nificantly affected the moving trajectory of the diamond
abrasive in LTC-RUM and the deviation of moving trajec-
tory between the LTC-RUM and the Con-RUM decreased as
the spindle speed increased; therefore, the reduction ratio of
surface roughness of the LTC-RUM compared to Con-RUM
decreased as the spindle speed increased.
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