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Abstract

Although manufacturing technologies are well developed for materials like metals and
their alloys, considerable problems still exist in the fabrication of hard and brittle materi-
als including ceramics and glass. Their superior physical and mechanical properties lead
to long machining cycle and high production cost. Ultrasonic machining (USM) using
loose abrasive particles suspended in a liquid slurry for material removal is considered
an effective method for manufacturing these materials. This work gives a brief overview
of USM first and then mainly addresses the development of a simulation model of this
process using a mesh-free numerical technique, the smoothed particle hydrodynamics
(SPH). The crack formation on the work surface impacted by two abrasive particles is
studied for understanding the material removal and the interaction of abrasive particles in
USM. Experiments are also conducted to verify the simulation results. The SPH model is
proven useful for studying USM and is capable of predicting the machining performance.

Keywords: ultrasonic machining, smoothed particle hydrodynamics (SPH), hard and
brittle materials, material removal mechanism, hole drilling

1. Introduction

Hard and brittle materials, such as glass, ceramics, and quartz crystal, are getting more and
more attention in the recent years due to their superior properties like high hardness, high
strength, chemical stability, and low density. High-performance products made of these
materials play an important role in various industrial fields including semiconductor, optical
components, aerospace, and automotive industries [1, 2]. However, considerable problems
such as long machining cycle and high production cost still exist in the fabrication of hard
and brittle materials. Particular difficulties are the production of micro—/nanostructures with
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high machining efficiency, high aspect ratios, and good surfaces possessing no residual stress
and microcracks. Hence, there is a crucial need for developing precision and efficient micro-
machining techniques for these materials.

Nontraditional machining techniques such as electric discharge machining and laser beam
machining have been proposed to machine hard and brittle materials. However, even these
processes have prominent limitations that the machined surfaces are always subjected to
heat-induced damages like recast layer and thermal stress. Ultrasonic machining (USM) is
another alternative method for manufacturing both conductive and nonconductive hard and
brittle materials. It is known as a total mechanical process without suffering from heat or
chemical effects, so USM would not thermally damage the machining objects or appear to
cause significant levels of residual stress and chemical alterations.

However, not much research has been conducted to clarify the mechanism of USM up to date,
and the knowledge for the process is far from sufficient to provide a complete understanding
and instructive rules for practical use. Therefore, no further developments of micro-USM hap-
pened in recent years. In this work, a brief overview of USM is given first in Section 2. Then,
a mesh-free numerical technique, the smoothed particle hydrodynamics (SPH), is introduced
to simulate the USM process in Section 3, and its verification experiments are presented after
that. The crack formation on the work surface impacted by two abrasive particles was studied
in the simulation to reveal the material removal and the interaction of abrasive particles in
USM. Finally, problems to be solved in order to put USM into an effective industrial micro-
machining method are given. Further work should be conducted to clarify the nature of USM
process for improving the machining performance.

2. Overview of ultrasonic machining (USM)

2.1. Principle of USM

Figure 1 shows a schematic of the basic elements of a USM apparatus used nowadays. High-
frequency electrical energy can be converted into mechanical vibrations with resonant fre-
quency via the transducer. The excited vibration is subsequently transmitted through an
energy-focusing horn to amplify the vibration amplitude and finally delivered to the tool tip.
Thus, the tool which locates directly above the workpiece can vibrate along its longitudinal
axis with a desired high amplitude. A slurry comprising hard abrasive particles (generally
using silicon carbide, boron carbide, and alumina) in water or oil is provided constantly into
the machining area. During the fabrication of hard and brittle materials, a large number of
tiny fractures occur on the work surface and lead to the material removal.

2.2. Features and potentialities of USM

Markov [3] classified workpiece materials into three categories in consideration of the USM
suitability: the materials belonging to the first group, such as glass, mica, and quartz, are quite
brittle and easy for USM process. The materials are removed by the initiation and propagation
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Figure 1. Schematic of basic elements in USM.

of tiny cracks of the workpiece in this situation. The second group includes the materials that
exhibit some plastic deformation before fracture like titanium alloys, carburized, and nitrided
steels. USM can machine these materials although with some difficulty. The last group con-
sists of the ductile materials, such as soft steel and copper, and they are unsuitable in prin-
ciple for USM. Note that a recent research reported that the ductile substrate materials are
not really removed but are displaced, which also have been observed for some fine polishing
operations [4]. The classification of the materials and fields of application for USM are given
in Table 1.

USM has shown potentialities in many manufacturing uses; the most commonly ones are
the fabricating structures of any shapes on hard and brittle materials. Hole drilling always
stands as the most popular machining process for product manufacturing, and USM in par-
ticular shows a high potentiality in fabricating diverse holes either with large/small diam-
eters or high aspect ratios. Masuzawa’s group firstly proposed micro-USM as an effective
micromachining process for hard and brittle materials. Holes with diameters as small as 5 pm
and aspect ratios larger than 5 were successfully fabricated on quartz glass and silicon by
micro-USM in one of their studies [6]. At the other extreme, tools with diameters as large as
85 mm were successfully employed for drilling holes with a high-capacity (2.5 kW) ultrasonic
machine [7]. Besides, USM is playing an irreplaceable role in fabricating holes with a high
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Group of material Predominant type Type of failure Field of application of USM
of deformation

I. Glass, mica, quartz, ceramic, Elastic Brittle Manufacturing parts of

diamond, germanium, silicon, semiconducting materials

ferrite, alsifer Making industrial diamonds

Fabricating special ceramics

Manufacturing parts of glass quartz
or minerals in the optical and jewelry
industries

Machining ferrite, alsifer, and other

materials
II. Alloys tempered to high Elastic—plastic Brittle after work Making and repairing hard alloy
hardness carburized and hardening by plastic dies, press tools, and purchases
nitrided steels, titanium alloys deformation Shaping or sharpening hard alloy
tools
III. Lead, copper, soft steel Plastic No failure (or ductile Unsuitable for ultrasonic machining
failure)

Table 1. Classification of materials and fields of application for USM [3, 5].

aspect ratio. Micro-holes under 100 um in diameter and aspect ratios of 10 on quartz glass
were achieved by electrorheological fluid-assisted USM [8].

There also has been a heavy industrial demand for the fabrication of 3D microstructures on
various hard and brittle materials. Two ways are used to achieve microstructures on hard
and brittle materials via USM. One is by directly duplicating the tool shape on workpiece. In
this way, complex 3D structures or multiple holes can be generated with a single pass of the
machining tool. However, some problems including different machining rates over the whole
working area and differential tool wear rate should be solved when using tools of complex
form for keeping the product shape [9, 10]. Moreover, it is troublesome to fabricate micro-tools
of complex shapes. The other one is to employ a simple “pencil” tool and contour the com-
plex structures via a computerized numerical control (CNC) program. By using this method,
machining any complex microstructures on hard and brittle materials accurately is possible.
Sun et al. [11] have developed a 3D micro center-pin bearing air turbine using this method
successfully, and the test results show that the turbine has a great reliability.

2.3. Involved material removal mechanism

The material removal mechanisms in basic USM were investigated quite intensively. Three
well-recognized major removal actions were summarized by the previous researchers and
include [5, 9, 12] (i) mechanical abrasion due to direct hammering of larger abrasive particles
on the workpiece surface, (ii) microchipping resulted from the impact of free-moving abra-
sive particles, and (iii) cavitation erosion from the abrasive slurry. These mechanisms are
schematically shown in Figure 2.
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Figure 2. Schematic diagram of material removal mechanisms in USM: (a) hammering action, (b) impact action, and
(c) cavitation erosion.

However, as it is difficult to observe the USM phenomena directly, a total understanding of
the material removal is still not possible. Only qualitative evaluations according to experi-
mental results were reported [13-15], except that an analysis model was established recently
[16] based on the former study [17]. In other studies, the researchers concentrated on reveal-
ing the material removal mechanism [5, 18] by assuming the hammering of an abrasive
particle in USM as an indentation process. However, the direct indentation process does
not involve the actions including the tool vibration and abrasive fracture in USM; a more
effective way for investigating and understanding the nature of material removal in USM is
necessary.

The present author’s group firstly proposed to study the influences of the hammering
action and the impact action on material removal in USM process using a mesh-free
numerical simulation method, smoothed particle hydrodynamics (SPH) [19]. The results
are shown in Figures 3 and 4, respectively. One cycle of the tool vibration was simulated,
and the fluid effect was not considered. Fractures occurred in both the abrasive and the
workpiece after the hammering action as shown in Figure 3(d). However, in the case of
impact action, the accelerated abrasive due to the tool impact did not generate fractures
and rebounded as depicted in Figure 4(d), which means that the impact action is not
effective for material removal on the raw work surface. The obtained results support the
common view that hammering action plays a primary role in material removal of USM
process [5].

2.4. Main process parameters

A large number of input parameters exist in USM process which would influence the machin-
ing performance. A cause and effect diagram to show the potential factors affecting USM
is depicted in Figure 5. Influences of major process parameters on the material removal
rate, machining precision, surface quality, and tool wear have been widely experimentally
investigated.

23
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(b)

Figure 3. Simulation results of direct hammering action on the work surface: (a) before calculation, (b) after tool impact
(0.1 s calculation), (c) 1 us calculation, and (d) after unloading.

Lee and Chan [18] investigated the influence of vibration amplitude, static load, and the
particle size on the machining rate and surface roughness. They suggested that the mate-
rial removal rate (MRR) would be increased, while the machined surface would be rough-
ened with any increase in these parameters. Yu et al. [20] stated that the machining speed
decreased with an increase in the static load beyond a certain level and the abrasive size
was a dominant factor influencing the surface roughness in USM. Guzzo et al. [21] demon-
strated an increase in material removal rate with larger abrasive particles due to the increase
in the stress induced by the impact of these particles against the work surface. Komaraiah
and Reddy [5] discussed the effects of mechanical properties of the workpiece on material
removal rate and found that the hardness and fracture toughness of the workpiece mate-
rial played an important role in ultrasonic machining. There was a reduction in material
removal rate with the increase of the hardness and fracture toughness of the workpiece
material. In another study of Komaraiah and Reddy [22], experiments were carried out to
clarify the effect of tool materials on the material removal rate, tool wear, and surface qual-
ity. While a difficult-to-machine material can be machined effectively, the tool in USM was
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Figure 4. Simulation results of impact action: (a) before calculation, (b) after the tool impact on the abrasive particle,
(c) after the particle impact on the work surface, and (d) rebound of the abrasive particle.

also worn. It was found that larger material removal rate, diametral tool wear resistance,
and lower surface roughness can be obtained when using harder tool material. They also
stated that both the hardness and the impact strength of the tool material would influence
the longitudinal tool wear. Hocheng et al. [23] considered that large vibration amplitude
increased the kinetic energy of abrasive particles, which wore the tool tip seriously, while
a large static load depressed the free vibration of the abrasive particles and slowed down
the tool wear.

Although many factors affect the machining performance of USM, it is believed that an opti-
mum machining condition can be found to meet specific machining requirements. Further
studies on the material removal mechanism in USM are extremely significant for under-
standing the influences of various process parameters on machining performance, which can
provide a guidance in choosing suitable machining conditions and improve the machining
performance.

25
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Figure 5. A cause and effect diagram for machining parameters in USM.

3. SPH simulation and experimental verification

3.1. Simulation method and results

3.1.1. Smoothed particle hydrodynamics (SPH)

Size distribution

Tool rotation speed (if e xist)

SPH is a mesh-free numerical technique first introduced to solve astrophysics problems. In

SPH, the system is represented by a set of particles that carry material properties and interact
with each other according to the governing conservation equation. Problems involved in large

deformation, which may cause errors due to mesh distortion and tangle with the grid-based
method, can be effectively solved by the SPH. Thus, it is capable to simulate a USM process,
in which material fracture occurs under repeated impacts of abrasive particles.

3.1.2. Material modeling

Glass, silicon carbide (SiC), and SS304 referred to stainless steel (AISI:304) were used for work-
piece, abrasive, and tool material, respectively. Glass and SiC, which are hard and brittle, have
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high compressive strength but low tensile strength; the Mie-Griineisen polynomial equation
of state was employed. On the other hand, the strength and damage behavior of these materi-
als were modeled with Johnson-Holmquist material model [24, 25], in which fracturing occurs
when the hydro tensile limit is reached. For SS304 material, the Shock equation of state was
used, and the strength is formed by Steinberg-Guinan model. The constants related to the equa-
tions of the material models and material properties, for glass [26], SiC [27], and SS304 [28],
are obtained from existing test data and summarized as shown in Table 2.

3.1.3. Modeling conditions and assumptions

In USM, a large number of abrasive particles act on the workpiece simultaneously by repeated
impacts of the tool, and the hammering action dominates the main material removal. Therefore,
the simulation model was built with two abrasive particles based on the direct hammering
action to figure out influences of the interaction between adjacent abrasive particles on the
process. Figure 6 shows a snapshot of the model. The dimensions for each part is as defined
in the figure. One half of the geometry was established with symmetric boundary conditions,
and spherical abrasive particles were considered. The abrasive particle and the partial work-
piece areas around the hammering site, where heavy deformation can occur, were built with
SPH solver. The ultrasonically vibrated tool and the remaining parts of the workpiece were
modeled by using the Lagrange finite element mesh. It is because that the SPH algorithm
takes more time to find neighboring particles, which is usually more expensive in computa-
tion time. Materials in small deformation to be constructed with the grid-based Lagrange
solver are helpful to reduce the calculation amount.

Figure 7 shows the moving conditions of the tool tip. The solid curve is the ideal condition given in
the experiments: the tool tip vibrates sinusoidally with a frequency of 61 kHz and the total ampli-
tude of 4 um. Contrastingly, the dashed curve is the simplified condition for the calculation: the

Float glass SiC 55304
Equation of state Polynomial Shock
Density (g/cm?) 2.53 3.215 7.9
Bulk modulus (GPa) 454 220 None
Griineisen coefficient (I') None 1.93
Strength Johnson-Holmquist Steinberg-

Guinan

Shear modulus (GPa) 30.4 193.5 77 (G,)
Hugoniot elastic limit (GPa) 5.95 11.7 None
Yield stress (MPa) None None 340 (Y,)
Failure Johnson-Holmquist None
Hydro tensile limit (MPa) 150 750 None

Table 2. Material models and relevant parameters.

27
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Figure 6. Snapshot of the initial state of the simulation model for two abrasive particles.
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condition is approximated to be linear variation in the simulation model. Even though the force
between the tool and the abrasive particle may alter the tool motion, it is assumed that the velocity
variation keeps linear in the whole calculation. The tool velocity condition was applied to nodes on
the top surface of the tool, and the calculation starts with the velocity value of 0.75 m/s. All nodes
on the bottom and side surfaces of the workpiece were constrained in the direction of z and x/y
axes, respectively. Before calculation, the tool tip surface and the work surface are completely flat.
As the tool starts to touch the abrasive and forces the abrasive to penetrate into the workpiece, all
parts begin to deform or fracture. The contacts between the abrasive and the tool and the abrasive
and the workpiece were assumed frictionless. Effect of the liquid in slurry and its flow on the
material removal is negligible, which means that only the abrasive particle was considered.

3.1.4. Simulation results

The time-dependent simulation results along X-Z symmetric plane are shown in Figure 8.
The colors shown in the figure represent the state of the material. The green, blue, and red

Lateraleraeks

Me dian era cks

Figure 8. Simulation results of hammering actions by two adjacent abrasive particles: (a) initial condition, (b) after 0.1 us,
(c) after 0.25 us, and (d) after unloading.
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elements indicate elastic, plastic, and failure states, respectively. After 0.1 us calculation, plas-
tic zone induced by each of the two abrasive particles can be confirmed from the workpiece
beneath the hammering location as shown in Figure 8(b), which is the same as the result
obtained from the single hammering calculation. With increase of the penetration of the tool,
the median cracks initiate and propagate as shown in Figure 8(c). A simultaneous fracture
of the abrasives is also observed. With further penetration imposed by the tool, the cracks
indicated in Figure 8(c) propagated into the surrounding material at an angle to the load
axis instead of propagating parallel to the loading axis beneath the impact surface. In addi-
tion, the crushing of work material near the hammering site that is caused by each of the two
abrasive particles became larger and larger as the loading displacement increases and finally
coalesced. Figure 8(d) shows the final results after unloading. The lateral cracks also devel-
oped and propagated nearly parallel to the work surface after unloading.

3.1.5. Effect of the distance between impacts

Calculations were conducted by varying the distance between abrasive particles, and the
results are shown in Figure 9. When the distance is within a specific range, the cracks are
coalesced in the region between the impacts. With the increase of the distance between the
two particles, the crack distribution becomes more similar to the one developed by a single
impact, which means the interaction of the adjacent abrasive on the stresses in the region
between two particles is decreased. The change of the material removal rate of the work-
piece versus the distance between two adjacent abrasive particles is depicted in Figure 10.
The material removal rate was defined as the mean volume of the materials removed by the
mass of the two particles. It is noted that the interference between the two abrasive particles
decreases when the distance between the two adjacent abrasive particles increases, which

(@) )
(d)

Figure 9. Effect of the distance between impacts: (a) 6.5 um, (b) 8 um, (c) 10 um, (d) 12 pm, and (e) 14 pm.
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Figure 10. Effect of the distance between impacts on material removal of the workpiece.

increases the material removal rate. However, when a certain distance is exceeded, the inter-
action effect of the two adjacent abrasive particles is lost and the material removal would not
be increased any more. The optimal distance for enhancing material removal rate was found
to be 12 um, twice the particle diameter.

3.2. USM experiments for verifying the simulation results
3.2.1. Experimental methods

USM experiments were conducted with different slurry concentrations for investigating the
effect of the distance change among the abrasive particles. Table 3 lists the experimental con-
ditions. The machining was carried out with no circulation of slurry, and no tool feed was
applied on the tool. A noncontact laser probe profilometer (Model: NH-3SP; Mitaka Kohki Co.
Ltd., Japan) was used to scan across the machined area, and the volume of material removal
was obtained by analyzing the three-dimensional surface topography. The cross sections of
the machined surfaces were then created and examined using a scanning electron microscope
(Model: SUI510; Hitachi Co. Ltd., Japan).

3.2.2. Experimental results

Figure 11 shows a schematic diagram of the experiment. In the simulation, only two par-
ticles were considered. However, there are a large number of abrasive particles worked on
the workpiece in practical USM. Therefore, in order to verify the simulation results, the two
parameters, i.e., material removal rate and distance of the two adjacent abrasive particles,

31
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Vibration frequency (kHz) 61

Vibration amplitude (um) 4 (peak to peak)

Tool material 55304

Workpiece material Glass

Abrasive (mesh size) SiC #2000 (mean size, 8.4 um)

Concentration of abrasive slurry 5, 10, 20, 30, 40, and 50 wt% mixed with water
Distance between workpiece and tool (um) 10

Machining time (s) 30

Table 3. Experimental conditions.

were defined for comparison. The material removal rate was calculated as the volume of
the materials removed from the workpiece divided by the mass of abrasive particles in the
machining zone as shown in Figure 11. The distance between two adjacent abrasive particles
in the slurry was calculated from the slurry concentration according to a formula taken from
previous work [29]:

~ (1/6) dg np,
A2dg p,+(rt/6) din(p, = p,)

C x100. (1)

in which abrasive particles with the same diameter d are supposed to be equally distributed in
the machining area and schematically shown in Figure 12. Ad, is the distance between the two
adjacent abrasive particles, C is the slurry concentration, 7 is the volumetric efficiency of the
abrasive particle, p_ is the density of the abrasive material, and p, is the density of the slurry
medium. In this work, the abrasive particle is SiC and the slurry medium is water; the corre-
sponding densities are p_=3.2 g/cm® and p, =1 g/cm?, respectively. Parameter 1 = 90%, which

Workpiece

Material removal rate (mm?®/g) = | removed particles in the

Volume of / Mass of abrasive
materials machining zone

Figure 11. Schematic diagram of the experiment.
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Figure 12. Distribution of abrasive particles in the machining area.

was determined by analyzing the abrasive particle shape using a particle analyzer (Model:
Sysmex FPIA-3000; Malvern Instruments Ltd.). By substituting these values, A under differ-
ent slurry concentrations can be obtained. The relationship between the material removal rate
and A was determined and compared with the simulation results as shown in Figure 13. The
simulation results were obtained from Figure 10, where the description of X axis was changed
to A by dividing the particle diameter 6 um used in the model. The values obtained from

80
2070 — ey ——Experimental results —|
g 60 ‘/ —=—Simulation results B—
£ 50 o~
S 40
2./ AN
& 30 ¢
- N
'E 20
= \
S 10

0 1 1 | |

1 2 3 4 5 6

A=Distance between adjacent abrasive
particles/diameter of abrasive particle (um/pm)

Figure 13. Effect of the distance between two adjacent abrasive particles on material removal rate.
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Figure 14. Cross sections of the machined surfaces: (a) microchip removal by lateral cracks, (b) example of median cracks.

the simulation results are constantly higher than those of experiments due to several factors
including the nonuniformity of the abrasive particles in real machining process. However,
both curves indicate that low material removal rate was obtained when the two adjacent abra-
sive particles are either very close or extremely far away. Maximum material removal was
developed only when the distance between the impacting abrasive particles is optimal, which
is found to be equal twice the diameter of abrasive particle from these results.

Although the material removal rate is influenced by slurry concentrations, the machined sur-
faces showed the same topography because materials are removed by the accumulation of
cracks. Figure 14 presents the SEM micrographs of cross sections of the surface machined by
USM. From the micrographs, material removal via microchips which were occurred by the
accumulation of lateral cracks can be confirmed. In Figure 11(b), the median cracks remaining
in the workpiece can also be observed. Both of the simulation and experimental results indicate
that the material removal during USM is mainly caused by the accumulation of lateral cracks,
while the median crack may play a less role. In addition, the median cracks that remain in the
workpiece may cause subsurface defects and accordingly lower the quality of machined surface.

4. Summary and prospect

The current work introduced the background of the USM firstly. The importance of develop-
ing efficient micromachining technology for hard and brittle materials was stated. By com-
paring several machining processes, the potentiality of USM in micromachining of various
hard and brittle materials was pointed out. Then, smoothed particle hydrodynamics method
was proposed to study the material removal in USM and to reveal the influence of distance
between two adjacent abrasive particles. The model was proven capable of simulating the
crack generation in USM and helpful for predicting the machining results.

As the machining requirements of modern electronical, optical, and automotive components
are getting stricter, there still exist many problems to be solved in the future for putting USM
into practical industry. In micro-USM, the volume of material removed per stroke is very
little due to the use of micrometer size abrasive particles. In fact, the corresponding machin-
ing speed is slowed down in order to obtain high form accuracy and superior surface finish
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without large damages. However, with respect to a brittle material, microcracks are expected
to be generated during this process and accordingly left on the machined surface. It is there-
fore important to find ways to remove these surface/subsurface cracks with no sacrifice of
the machining speed, which means that the best balance machining conditions should be
explored. A deep understanding of the mechanism and the effect of each machining param-
eter on USM needs to be given in future works.
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