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Abstract

Focused ultrasound-assisted diamond wire sawing (DWS) is proposed in order to improve the sawing performance in terms
of sawing force, surface finish, and edge chippings. Under the streaming effect of acoustic wave, the diamond wire saw is
forced to move at high frequency. The highest acoustic pressure is obtained at the focal point according to the distribution
of scattered waves. A series of sawing experiments with focused ultrasound assistance are accomplished. The influence of
wire speed and normal load on sawing forces and surface quality is studied. It is shown that the tangential forces decrease
with the increase of wire saw speed. Sawing forces with focused ultrasound assistance are always smaller than that under the
traditional condition with the same cutting parameters. Typically, a reduction of 56.0% can be obtained for friction factors.
Under the effect of acoustic cavitation and streaming, burrs can be effectively removed from the cutting zone. Furthermore,
high ductile removal region can be produced, resulting in better surface finish. During focused ultrasound-assisted DWS,
only a few tiny edge chippings appear and a reduction of 56.6% in the maximum edge chip width is provided. Due to the
cavitation and cleaning effects, less particles and agglomeration are found on the on the wire surface.
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1 Introduction

In recent years, advanced ceramics, such as glass, silicon,
and gallium nitride, have been widely used in aerospace
industry, marine, and biomedicine. Among these materials,
silicon carbide (SiC) is widely adopted as the basic sub-
strates of semiconductor materials due to its excellent ther-
mal conductivity and wide band gap. However, as discussed
by Wang and Fang [1], during cutting process, the material
is always removed in fracture mode because of its low frac-
ture toughness. Consequently, there are various challenges
in traditional machining process, such as fractures, cracks,
and poor surface quality.
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In order to achieve better cutting performance, wire saw-
ing technology is gaining attention for its ability to exhibit
superior advantages of uniform thickness, small kerf loss,
and high yield [2]. Specifically, it has been successfully
applied in slicing of SiC wafers [3]. However, as described
by Cao et al. [4], one of the problems with wire sawing is
low productivity, leading to high costs.

A possible strategy to improve sawing performance is
ultrasonic vibration-assisted machining (UVAM) technol-
ogy, because it has outstanding performance in machin-
ing hard-brittle materials, as discussed by Yang et al. [5].
In fact, there are three different ultrasonic vibration effect
forms working during the machining process. First, the cut-
ting tool’s motion trajectory is changed into sinusoidal or
elliptical mode. In the cutting cycle, cutting depth increases
from zero to the maximum value. The material removal
mechanism contains both the ductile mode and brittle mode.
Furthermore, Li et al. [6] reported that small depth of cut can
be obtained by trajectories overlapping, leading to large duc-
tile regime cutting. Second, intermittent interaction between
the cutting tool and workpiece is realized, and lubrication
can effectively penetrate into the cutting contact zone and
provide good lubrication as described by Molaie et al. [7].
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Third, Verma et al. [8] found that when ultrasonic vibration
is applied, flow stress decreases due to acoustic softening
effect. Thus, this effect can help transform the materials
into plastic state, thus achieving low cutting force and high
surface quality. Feng et al. [9] presented an analytical force
predictive model, and they found that the average forces in
ultrasonic vibration-assisted milling are significantly low-
ered. Moreover, the mechanism of surface roughness and
tool wear rate reduction by ultrasonic vibration assistance is
also discussed based on prediction models [10, 11].

Currently, there are two types of ultrasonic vibration
that are available for DWS system; one is ultrasonic lon-
gitudinal vibration and another one is ultrasonic transverse
vibration, as seen in Fig. 1. In longitudinal vibration sys-
tem, diamond wire saw is fixed to the holder of ultrasonic
transducer. The ultrasonic energy can be transmitted to the
sawing zone through the wire saw. However, the average
nominal diameter of wire saw is very small (typical 100
W); thus, the ultrasound transmission along the wire is very
limited. Moreover, as analyzed by Liedke and Kuna [12],
the diamond wire driven by a wire drum roller should be
always moved reciprocally, leading to an axially movement.
Therefore, the longitudinal vibration mode is not suitable to
be used for practical DWS.

Transverse vibration is always applied on the diamond
wire saw through an ultrasonic guide wheel [13]. Wang et al.
[14] used an ultrasonic guide wheel to transmit transverse
vibration wave to the diamond wire. They stated that lower
surface roughness can be obtained with transverse vibration
assistance. However, acoustic energy loss is generally higher
due to energy leakage at contact interface between different
components. In other words, the ultrasound energy could not

Fig. 1 Illustration of ultrasonic
vibration-assisted diamond wire
sawing
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completely reach the cutting zone; thus, the vibration energy
in the sawing zone is weak. Consequently, intermitted con-
tact relationship between the tool and workpiece cannot be
realized. Moreover, chips and particles cannot be effectively
removed from the cutting zone, resulting in a decrease in
surface quality.

Generally, cavitation provided by ultrasonic techniques
induces high pressure and strong convective currents. Aktij
et al. [15] reviewed the effect of ultrasonic vibration on
membrane cleaning, and they found that the shock waves
generated great heat and pressure energy. It could clean off
any impurities from the contaminated surfaces. Moreover,
when ultrasound waves were focused to converge at a focal
point, high ultrasound intensity, cavitation, and thermal
effects could be obtained as discussed by Xu et al. [16].

Poulain et al. [17] claimed that cavitation bubbles could
notably induce forces on surrounding substrates. They found
that particles in ultrasonic field moved toward the center of
the bubble with high velocity. However, the cavitation bub-
bles are produced by electric sparks. Lv et al. [18] investi-
gated the effects of cavitation bubble dynamics on particle
moving. They found that the micro-jet impingement had sig-
nificant influence on acceleration of the particle. However,
focused laser beam was used to generate cavitation bubble.
Furthermore, due to the cavitation bubble moved in ultra-
sonic streaming field, directional transportation of particles
could be obtained as investigated by Ma et al. [19]. However,
focused ultrasound was not employed.

These results indicate that cavitation generates forces
on suspended objects in the fluids. Consequently, the wire
saw could vibrate along the bubble chain in ultrasonic
field. Furthermore, cavitation has significant effects on the
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solid-liquid interface; thus, focused ultrasound may be used
to clean the deep and narrow cutting zone. However, to our
knowledge, there is no detailed review of the potentiality of
focused ultrasound-assisted DWS technologies.

In the present paper, an enhancement is proposed in the
form of focused ultrasound-assisted DWS. An ultrasonic
transducer is designed to focus energy to a spatial region
along its central axis. Since focused ultrasound provides
more energy, the wire saw is enabled to impact workpiece
surface and remove the materials. The present study first
investigates the streaming effect of the acoustic wave on the
wire motion. Then, focused ultrasound is applied in diamond
wire sawing process. The influence of sawing parameters
on sawing force and surface roughness is analyzed. Finally,
sawn surface morphology, edge chipping, and tool wear are
investigated.

2 Experimentation

Figure 2 describes the schematic diagram of experimental
system for focused ultrasound-assisted DWS. A focused
transducer is designed and used to generate acoustic waves.
The transducer is submerged in a tank filled with cooling
water. Because the scattered waves will also make the whole
tank of water in a fluctuating state, large tank is used to
decrease the impact on the sawing process. The diamond
wire sawing zone is placed at the focus of the acoustic wave.
Because the oscillation equilibrium position is changed
when the sawing depth is larger, a torque motor is used to
move the oscillation equilibrium position. Thus, the acoustic
force can be applied to the wire in the experiments. Sawing
motion of the wire is obtained by the movement of a 6-axis
industrial robot. Sawing forces are measured by a 3-com-
ponent dynamometer. The prepared workpiece sample is
mounted on the fixture.

Robot

Force sensor
-+

Wire

Focused
I ultrasound

Tank SiC

Transducer

Torque motor

Fig.2 Schematic of focused ultrasound-assisted DWS

Figure 3 shows the experimental setup of focused ultra-
sound-assisted DWS. Experiments are performed on a
six-axis linkage machining robots (typed XB4, China). A
three-dimensional force sensor-typed SWF (made in Hefei,
China) is used to measure the sawing forces in real time.
Signals are collected by an integrated multifunctional strain
data acquisition system (typed JIM5937, Yangzhou, China).
The maximum sampling rate of the system is 200 kHz. The
piezoelectric transducer (typed PZT300, China) can be used
in water. The resonant frequency is 50 kHz and the ultra-
sonic power is 70 W. The input signals are generated by a
self-built ultrasonic wave generator. The maximum diameter
of diamond wire saw is 140 pm, and the tension force within
it was 18 N. The density of diamond grains on the wire saw
is 140—160 abrasive/mm?. Silicon carbide (SiC) is chosen
as the sawing workpiece (Table 1). The SiC specimen has a
dimension of 100 mm X 100 mm X 5 mm.

3 Results and discussion

When an ultrasonic wave is transmitted in a fluid medium,
streaming flow will be generated. Due to the acoustic flow
effect, when the acoustic wave acts on the fluid, periodic
pressure will be formed. Particles are forced to move under
the acoustic radiation force and the hydrodynamic force
from the surrounding fluid. The motion of particle is deter-
mined by the excitation parameters, particle, and flow char-
acteristics [20-22]. As displayed in Fig. 4, after ultrasound
is switched on, obvious response on oscillated force is meas-
ured. Because the streaming direction is at an oblique angle
to the wire saw, forces in both X and Y direction can be
measured. From the enlarged view, it can be seen that the
fitting curve of streaming force exhibits sinusoidal shape.
Moreover, the frequency response curve is obtained by fast

Signal acquisition system

Ultrasonic generator

Amplifier

Fig.3 Experimental setup of focused ultrasound-assisted DWS
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SiC; Poisson’s ratio, 0.18; elastic modulus, 450 GPa
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Table 1 Experiment conditions Workpiece
Transducer
Coolant

Wire saw parameters

Sawing parameters

PZT300

Transducer diameter, 32 mm

Transducer height, 93 mm

Signal type, Sine (50 kHz)

Focal distance, 60 mm

Water

Abrasive material: diamond

The maximum outer diameter of the wire: 140 pm
Abrasive average size: 40pm

Abrasive density: 140—160 abrasive/mm?>
Preload: 18 N

Sawing velocity: 0.2 m/s; 0.4 m/s; 0.6 m/s; 0.8 m/s; 1 m/s
Normal load: 2 N; 2.5 N; 3N; 3.5 N
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Fig.4 Measured and analysis of oscillated forces

Fourier transform (FFT), and prominent peaks associated
with resonant vibration are plotted. Obviously, the first two
resonant frequencies can be identified from the measured
results at 988.8 Hz and 50 kHz. The high frequency of 50
kHz is equal to the design frequency of ultrasonic trans-
ducer, which shows the presence of excitation caused by
focused ultrasound in water. The frequency of 988.8 Hz may
be attributed to actual natural frequency of the wire.

Force that induced by the streaming effect of acoustic
wave is plotted by Fig. 5. The mechanism is analyzed by
Louisnard [23], and it is found that the driving force depends
on the acoustic velocity and liquid density. Pressure fields
created by acoustic transducer are obtained by numerical
modeling. Clearly, from the distribution of scattered waves,
it is seen that the focal point has the highest acoustic pres-
sure. Consequently, the total force on the wire saw can be
obtained by integrating streaming forces of all infinitesimal
section with different pressure. The wire is periodically
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Fig.5 Streaming force with distance between the transducer and the
wire saw

oscillating with a constant oscillation period. The focused
point is set at the equilibrium position. Although the wire is
constantly moving in the feeding direction during the sawing
process, the acoustic force can be applied on the wire during
the time period. The figure indicates that the values of the
force amplitude decrease with the increase of radial distance
from the center of the transducer. Then, the force increases
steeply when the wire saw approaches to the focal position.
This may be attributed to high velocity magnitude induced
by streaming flow around the focal location.

Figure 6 shows the normal and tangential sawing forces
during sawing process. Clearly, sawing forces of each direc-
tion change periodically with time. The normal forces gradu-
ally decrease with the tool movement and then reach a mini-
mum value when the cutting zone moved to the middle point
of the wire saw. Subsequently, normal forces increase until
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Fig.6 Typical waveforms of sawing forces

the tool moves in an opposite direction. In comparison, the
tangential forces are relatively stable. The influence of the
focused ultrasound on sawing fore is investigated. As shown
in the figure, peak values of normal forces for traditional
sawing and ultrasonic vibration-assisted sawing are 6.6 N
and 6.4 N, respectively. This means that the effect of focused
ultrasound on the reduction in normal force is weak. How-
ever, the maximum values of tangential force during tradi-
tional sawing process are obviously larger than the values in
sawing with focused ultrasound under the same parameters.
As seen in the figure, the maximum tangential forces are
1.1 N and 0.55 N for conditions with and without ultrasonic
vibration, respectively.

There are two key points in determining the sawing
force, which are elastic and fracture force and friction force
between abrasives and workpiece. Theoretically, the force of
material removal relies directly on the volume of material
removed, and sawing depth is the most important parameter.
The mechanism of material removal process with cavita-
tion effect is shown in Fig. 7. The focused ultrasound wave
and cavitation momentarily increase the motion of wire saw.
Consequently, the penetration depth of the grain changes

Fig.7 Mechanism of material
removal process with cavitation
effect

Streaming w
force 4"

X

i Chip

periodically from zero to the maximum value. Ductile
removal mode can be obtained when the penetration depth
is smaller than the critical depth. Furthermore, high pres-
sure of cavitation causes the spacing between the workpiece
and grain, which generates the penetration passages for the
lubricant to enter the cutting zone.

As reported by Pishchalnikov et al. [24], acoustic cavi-
tation produced more than 100 MPa pressure and several
thousand degrees centigrade inside the collapsing bubble.
The high pressure even severed a wire in short time. Thus,
ultrasonic technology can be used for burnishing and deburr-
ing operation as discussed by Mirad and Das [25]. Moreover,
the diamond grits are accelerated by streaming force and
the collapsing ultrasonic cavitation bubbles. Burrs and chips
can be fractured and removed from the cutting zone. Conse-
quently, better surface finish can be obtained.

Relationship between the friction factors corresponding
to the wire velocity is shown in Fig. 8. The friction fac-
tor can be calculated as Fx/Fz, where Fx is the tangential
force and Fz is the normal force. Clearly, as the wire velocity
increases, the material removal volume for each single grain
decreases. Moreover, when the cutting depth is below the
critical depth, the material can be removed in a ductile way
[26]. Therefore, sawing forces decrease gradually with the
increase of wire velocity. Obviously, the focused ultrasound
presents a favorable sawing performance and has smaller
sawing forces. As shown in Fig. 8, the maximum reductions
in friction coefficients are 0.18, 0.18, 0.21, and 0.18, indicat-
ing a decrease of 56%, 53%, 41%, and 32%. Furthermore, as
the normal force increases, the friction coefficient increases
for both traditional and ultrasound-assisted wire sawing.

Figure 9 presents SEM graphs of sawn surface under
traditional and focused ultrasound-assisted DWS (sawing
time is 1 min). For sawing process without ultrasound assis-
tance, the sawn surface is formed by the ductile and brittle
removal of materials. More chips are generated during the
sawing process, which cause accumulation and agglomera-
tion between the abrasives. Because lots of granular debris
attach to the surface, chips are then embedded into the sawn
surface and cause crack under impact effect.

As depicted in Fig. 9, ultrasound assistance obviously
affects the material removal mode. The smooth ductile
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Fig.9 SEM comparison of
sawn surface. a Traditional
DWS. b Ultrasound-assisted
conditions

grooves indicate that the material is mainly removed in
a ductile way. Moreover, the ratio of ductile material
removal mode increases. Small chips are found on the
sawn surface. This may be due to that focused ultrasound
generates great acoustic energy in cutting zone. Then, cav-
itation and better cleaning performance can be provided.
However, the workpiece used in the experiment in this
paper has a small sawing size. The ability of this cavitation
to remove burrs and chips needs to be further verified for
large workpiece sizes and kerf lengths.

Figure 10 shows the surface roughness with different
wire velocities. It can be viewed that as the wire speed
increases, the surface roughness decreases regularly for
both traditional wire sawing and focused ultrasound-
assisted wire sawing. This may be due to that more abra-
sives can be involved in sawing process, and thus, a reduc-
tion of cutting depth can be obtained by increased sawing
velocity. This result is similar with the work of Zhang
et al. [27], and they found that more regions in ductile
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removal mode on the sawn surface are the main reason for
small surface roughness.

Consequently, when focused ultrasound is used, surface
roughness decreases significantly, indicating an excellent
sawn surface quality. This may be attributed to periodic
intermittent cutting characteristics. The tool-workpiece con-
tact time is very short and the fracture crack decreased [14].
Therefore, less pit and small roughness values are obtained.
Furthermore, particles can be effectively removed from the
cutting zone. This prevents the particles penetrating deeply
into the sawn face or acting as an abrasive in the tool and
workpiece interface.

Edge chipping is one of the key technical challenges in
sawing of brittle material because it plays an important role
in accuracy and service life. The effects of focused ultra-
sound on edge chipping are investigated as shown in Fig. 11.
For normal DWS, there are a lot of edge chippings along the
machined slot edge. The edge chipping area is large, and
the maximum edge chip width is 28.8 pm. However, only a
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few tiny edge chippings appear during focused ultrasound- SEM micrographs of the diamond wire saw under dif-
assisted DWS. The maximum edge chip width is 12.5 pm,  ferent conditions are shown in Fig. 12. The sawing time
which means a reduction of 56.6%. This result is consist-  is 5 min. During the sawing process, SiC materials can be
ent with the analysis by Tesfay et al. [28]. They found that ~ removed by the forward and backward motion of diamond
ultrasonic vibration is a reliable method to reduce edge chip- ~ wire saw. Considering one cycle of this motion, debris

ping. The reduction of edge chipping may be attributed to  and chips can be carried away by the space between dia-
the decrease in normal load and friction, because it is highly =~ mond grits. These particles are also pushed together on the
sensitive to the stress superposition. wire and accumulation is produced. However, due to the

Fig. 10 Surface roughness with
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accumulation, the material removal volume increases dra-
matically for the new abrasive. Consequently, the sawing
force increases dramatically, and large amount of abrasive
wear will appear.

For the sawing process without ultrasound assistance,
the wear phenomenon is obvious. Large amount of accu-
mulation and agglomeration fill in the spaces among the
abrasives on the wire surface. However, when focused ultra-
sound is applied, due to the cavitation and cleaning effects,
the amount of grinding chips on the whole saw surface is
relatively small.

4 Conclusion

(1) The first two resonant frequencies of diamond wire saw
are 988.8 Hz and 50 kHz, which are actual natural fre-
quency and focused ultrasound excitation frequency,
respectively. The streaming force amplitude decreases
with the increase of radial distance from the center of
the transducer. However, the focal point has obvious
large peak value.

(2) Experiments show that the focused ultrasound has posi-
tive effect on sawing forces reduction. In addition, with
focused ultrasound assistance, the maximum tangen-
tial forces decrease from 1.1 to 0.55 N. Moreover, a
decrease of 56%, 53%, 41%, and 32% can be obtained
for friction factors.

(3) The motion of the wire saw induced by focused ultra-
sound provides periodical sawing depth. Moreover,
acoustic cavitation by collapsing bubble enhances the
removal of burrs and chips. Thus, the ductile removal
of materials, better cleaning performance, and low sur-
face roughness can be obtained with focused ultrasound
assistance.

(4) Focused ultrasound has positive effect on the reduction
in edge chippings. The results show that the maximum
edge chip widths are 28.8 pm and 12.5 pm for focused
ultrasound-assisted DWS and traditional DWS.

(5) Debris and chips are pushed together on the wire, and
bind material that adheres to grains can be observed.
However, the amount of sawing chips on the whole saw
surface decreases dramatically with the cavitation and
cleaning effects. Therefore, small abrasive wear and
better surface quality are obtained.
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