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In this study, an abrasive grain homogenization method was studied and

implemented. The method is based on the generation of an acoustic streaming flow inside a
cylindrical cavity by ultrasonic vibration. It can be applied before injecting the disaggregated
abrasive grains in a nano-blasting nozzle that is impiging a workpiece.

Experiments confirmed that the agglomeration of particles with a primary particle size larger than 2
p m can be well broken down. In the case of particles with a primary diameter smaller than 2u m,
some agglomerates remained while the rest of the agglomerates were broken up.
The process was shown to allow blasting of surfaces at conditions near the boundary between particle
deposition and material removal. When abrasive grains with a primary grain diameter of 2y m were
used for processing glass, the surface roughness became noticeably smaller when ultrasonic vibration
was applied, under most processing conditions.
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Ultra-precision polishing is usually employed to finish the surfaces of optical components
such as microscope lenses and telescope mirrors, as well as artificial joint components used
in the medical field, to a surface roughness of the order of magnitude of Ra 1 nm. There are
several types of ultra-precision polishing methods that can be used for this purpose, including
Fluid Jet Polishing (FJP) and Ion Beam Figuring IBF). The particle size and velocity differs
greatly between these two particular processes. On the one hand, the velocity of particles is
limited by the velocity of the carrier fluid in FJP. The velocity of the jet is about 10 m/s when
the water pressure is around 1.0 MPa. In addition, the smaller the grain size, the more
difficult it becomes for the abrasive grains to penetrate the stagnant layer of fluid near the
workpiece, so it is necessary to use relatively large abrasive grains of 1 micron or more in
diameter. On the other hand, in IBF the maximum speed at which particles are ejected is
about 10,000 m/s. Ionized atoms are used which are several orders of magnitude smaller than
the micro-abrasives used in FJP. Therefore, the finished surface roughness can be very
smooth. However, FJP has much simpler implementation requirements, consisting only of a
pump and nozzle, whereas IBF requires a hard vacuum and other expensive equipment.
Therefore, the development of a method that uses abrasives with a particle size and speed
intermediate between those used in FJP and IBF may allow an improvement in surface finish
roughness while simplifying the complexity and cost of equipment, as shown in Table 1.

Table 1. Key characteristic of fluid jet polishing, ion beam figuring, and topic of this research.

FJP Proposed IBF
Particle size >1 um ~1 um <1 nm
Particle speed ~ 10 m/s ~1,000m/s ~ 10,000 m/s
Operating fluid Water Air Vacuum
Typical finish >]1 nm Ra ~1 nm Ra <1 nm Ra

Equipment cost <100K USD <100K USD >IM USD
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The material removal rate and the surface roughness are typically used to evaluate the
characteristics of machining processes. The removal rate determines the efficiency of the
processing method, and the surface roughness evaluates how smoothly the workpiece is
processed. In AAJM, the machining conditions influencing these factors include injection
pressure, abrasive grain size, impingement angle, stand-off distance, hardness of the
abrasive grains and workpiece, and the amount of abrasive grains injected per unit time, as
shown in Fig. 1.
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Figure 1. Process parameters in abrasive air jet machining.

The removal rate and the surface roughness increase as function of most processing
parameters, except for the jet angle. For a polishing process, the removal rate should ideally
be high and the surface roughness low, resulting in a trade-off relationship. When particles
are agglomerated, the diameter of the agglomerated particles can vary randomly according
to a distribution. As shown in Fig. 2, since the amount of material that abrasive grains cut
from the workpiece depends on the size of the impacting particles, the roughness on the
workpiece surface may become inconsistent if abrasive grains of various size collide with the



surface. Therefore, in order to achieve a better and more consistent surface roughness, it is
proposed to make the size distribution of abrasive grains smaller and more uniform by
breaking the agglomeration of abrasive grains. In order to break the agglomeration, an
acoustic flow is formed by ultrasonic vibration inside a homogenizer cavity, and an acoustic
radiation force is applied to the abrasive grains moving along the acoustic flow. The
disintegrated abrasive grains can then be injected into the nozzle and impact on the
workpiece. By achieving well controller processing conditions, it can be investigated whether
polishing is possible near the boundary between the removal and deposition process methods.

(a) Abrasive grains with uniform grain size (b) Abrasive grains with non-uniform grain size
Figure 2. Roughness of workpiece surface due to variation of abrasive grain size.
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3.1 Interaction forces between abrasive particles

Generally speaking, as the grain size of abrasive grains reduces, the surface roughness of the
processed workpiece also reduces. However, as the particle size decreases, the ratio of the
surface area to the volume of the particles increases, and the adhesion force, which is a
surface force, becomes a dominant factor affecting the behavior of the particles. Thus, the
smaller the particle size, the more likely the particles are to agglomerate. There are 3 main
interaction forces that can play a role: the capillary (liquid crosslinking) force, Van der Waals
force, and electrostatic force. Fig. 3 shows the relationship between particle size and the
relative strengths of adhesion forces, of which the liquid crosslinking force is the largest. The
liquid crosslinking force can be controlled by the type and amount of liquid molecules
adsorbed on the particle surface, and can be typically reduced by desiccating the particles to
reduce the number of water molecules.
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Figure 3. Relative strength of three types of adhesion forces as function of particle size.

3.2 Dispersion of agglomerated particles in an acoustic flow

When acoustic radiation pressure is applied to a resonant tube, it creates a pressure
difference in the tube. Once a standing wave of ultrasonic pressure in the tube is achieved,
an acoustic flow is then induced between the belly and the nodes of the standing wave. The
global flow induced outside the boundary layer is called the Rayleigh acoustic streaming.
Rayleigh acoustic streaming is the streaming velocities of second order in powers of acoustic
Mach number, with vortices that span a quarter of a wavelength. The main mechanisms for
disintegration of agglomerated particles in air are acceleration and shearing force by airflow,
mechanical disintegration, and collision with walls or obstacles. The particles may
disaggregate if the dispersive force exceeds the sum of adhesion forces

3.3 Overview of proposed nano—blasting system
Fig. 4 shows a schematic diagram of a proposed Nano-Blasting (NB) system. Abrasive grains



are supplied at an approximately continuous rate from a screw based feeder and sent to the
homogenizer cavity. Acoustic vibration is generated by an ultrasonic oscillator connected to
the cavity, allowing disintegration and mixing of the abrasive grain agglomerates to take
place. These are then sent to the nozzle and sprayed onto the workpiece by the high-speed
air flow formed by high-pressure air supplied by a pump connected to the nozzle via a pipe.
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Figure 4. Schematic and photograph of the developed nano-blasting system.

In this study, the motion of abrasive particles due to acoustic flow inside the homogenizing
cavity was simulated by computational fluid dynamics (CFD). Fig. 5 shows the distribution
of the dropped particles in the device. The figure shows the position of the particles in the
device every 0.003 seconds from the start of the calculation. The red particles were dropped
first, and the blue particles were dropped later. The figure shows that red particles, which
were dropped earlier, are still in the device after some time when applying ultrasonic

vibration. By comparison, when no ultrasonic vibration is applied the particles go straight
from the entrance to the exit.
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Figure 5. Motion of particles in the homogenizer cavity under the influence of acoustic streaming.



4. WFIERR

Particles were blasted onto the glass plates with mirror finish. Five points were measured
for each machining condition. The measurement results are shown in Fig. 6. The surface
roughness can be seen to increase as function of the injection pressure, but it can also be seen
to decrease when ultrasonic vibration is applied. In particular, when ultrasonic vibration was
applied, the surface roughness was significantly smaller in the measurements at 0.3 MPa

and 0.4 MPa.
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Figure 6. Surface roughness of the glass plate after processing with WA #6000.

After measuring the surface form, the material removal rate was calculated as shown in Fig.
7. When ultrasonic vibration is applied, the material removal rate decreases by a factor of
0.62 times when the injection pressure is 0.3 MPa, and 0.56 times when the injection pressure
is 0.4 MPa. Clearly, the total mass of particles colliding with the surface is larger when
ultrasonic vibration is not applied. If the abrasive grain is large, it will collide with the
workpiece without changing its trajectory significantly from the direction of injection, but if
it is small, the trajectory will deviate outward from the direction of injection due to the
entraining force of the airflow as the air from the nozzle hits the workpiece. Therefore, as
abrasive grains become smaller, the range where abrasive grains collide should become wider,
and more particles may be unable to penetrate the stagnant near-wall layer of air.
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Figure 7. Material removal on the glass plate when processing with WA #6000.
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