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ABSTRACT

The multiphase microabrasive jet machining is a new type of surface texturing technique using
compressed air to accelerate the mixtures of abrasive and water to remove material. It is effective for
surface texturing on different materials, and can also reduce the pollution and cost by recycling the
microabrasive particles easily. Basing on this technique and using the micro synthetic diamond as
the abrasive, a multiphase jet technique is developed for machining on silicon carbide (SiC) surfaces. The
processing results are compared to other abrasives, and influences of the processing parameters such as
jet distance, jet pressure, abrasive concentration, particle size, and jet angle are investigated
experimentally. The improvement on machining quality and efficiency are confirmed.

Introduction

Mechanical seals are essential shaft sealing components in
rotary machineries. They are widely used in petrochemical
industry, jet engines, aerospace and metallurgical industry to
prevent the leakage of lubricants between dynamic and static
rings.""?! The abrasion of rotating and stationary rings surfaces
are critical which limits the reliability and durability of mechan-
ical seals, particularly under the conditions of high speed and
high contact pressure in modern industry. Over the past
decades, surface texture has be proven to be an effective way
to enhance the sealing performance and durability.*~!

Various materials including hard materials such as
cemented carbide and silicon carbide, and soft materials such
as carbon graphite and Polytetrafluoroethylene (PTFE), are
often used for the rotating and stationary rings of mechanical
seals to achieve a good mating performance.

To fabricate the surface textures with proper shape and
dimensions, many machining techniques such as LIGA lith-
ography, laser, electrochemical etching, and micromilling have
been developed.®® However, based on the mechanism of
machining, every technique has its limitation as well as
advantages. For example, the laser may result in heat affected
zone on the surface, the electrical discharge machining and the
electrochemical etching can do nothing with nonconductive
materials such as silicon carbide, the microultrasonic machin-
ing is always associated with the reduction of machining
precision caused by tool wear.

Microabrasive jet machining (MAJM), including micro-
abrasive water jet machining and microabrasive gas jet
machining, is also an effective method of material
removal.’ "2 Compared with the other processing methods,
the MAJM can be used to process a variety of materials, it
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doesn’t change the chemical and physical properties of the
material and has no heat affected zone or residual stress on
the processed surface.!">'*) Additionally, the gas jet machining
can operate under the pressure below 1 MPa, much lower than
that for water jet machining.">'® For the fabrication of micro
structures, the abrasive particles of small size are necessary.
However, it is easy to be released to the environment causing
potential pollution problem, and is difficult to be recycled,
which is costly to use the precious abrasives.!”!

Previously, Tsai et al.'® used compressed air to accelerate
the mixtures of abrasives, water and machining oil for surface
polishing. Inspired by that, Su et al." used green silicon
carbide (GSC) as the abrasives, developed a multiphase micro-
abrasive jet machining (M-MAJM) for surface machining. In
M-MAJM process, the abrasives particles are mixed with a
specific quantity of water, and then accelerated by compressed
air to remove materials at specific areas, so that the particles
can be reused by separating from water, and the jet flow could
get relative high speed with regular compressed air. The
M-MAJM performs well in processing of carbon graphite
and stainless steel when using silicon carbide as abrasives.
However, for fabricating microgrooves on silicon carbide
(SiC), the processing efficiency is low, and the surface rough-
ness on the bottom of microstructure is relative high because
of the existence of unmachined “isolated islands.” It is of great
value in the engineering application to make further research
to improve the machining efficiency and quality of M-MAJM
on hard materials.

Therefore, in this paper, synthetic diamond (SD) is used as
microabrasive, and the multiphase microdiamond jet
machining (M-MDJM) is proposed for micromachining on
SiC surface. The influences of jet distance, jet pressure,
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microabrasive concentration, jet angle and microabrasive par-
ticle size are investigated comprehensively. Moreover, the pro-
cessing effects with GSC and SD as the abrasives are compared
and the mechanisms of these two different processing
techniques are discussed.

Materials and Methods

Figure 1 shows the schematic diagram of M-MDJM processing
system. The abrasive is blended with water in the storage tank
to prevent the aggregation and sedimentation. The com-
pressed air from the air compressor flows into two ways after
the globe value. One way flows through the pressure maintain-
ing value, the throttle value and the globe value, sequentially,
then inhale the mixture of water and microabrasive particles
to form the high-speed multiphase jet flow through the nozzle;
the other way of the air flows through the globe valve to the
vacuum generator, which is used to suck out the microabrasive
particles and water from the processing tank and back to the
storage tank eventually, so as to realize the recycling of
microabrasive particles.

The nozzle is one of the most critical parts of the experi-
mental system. Its shape, size and stability play a vital role in
machining effect.”*) Depending on the purpose and the machin-
ing conditions, a special nozzle is designed to realize sustainable
supply of microabrasive. The nozzle it is made of hard alloy
which mainly includes an entrance section, an inner venturi

1

—— Air Flow

Liquid Flow
— Mixed flow

tube, a mixing chamber and a focus tube, and its outlet diameter
is about 1.3 mm. The negative pressure is formed inside the
nozzle when the compressed air flow through the nozzle with
high-speed; the mixture is inhaled into the mixing chamber,
and then, mixed with compressed air, accelerated to form the
multi-phase microabrasive jet flow toward the workpiece.

To overcome the disadvantages of GSC, a harder material,
synthetic diamond (SD), is used as microabrasive in this
research. The SD powder of different mesh numbers between
800 and 3000 are selected. The corresponding relationship
between mesh size and particle diameter is shown in Table 1.

Figure 2(a) presents the SEM image of the typical SD
particles with the average diameter around 13 um. To fabricate
the surface texture with proper shape and size at particular
location, a mask with certain abrasion resistance and
relative thickness is designed and fixed upon the workpiece.
Figure 2(b) shows a typical mask of 304 stainless steel sheet
(thickness of 0.2 mm) of fabricated rectangular array with a
dimension of 3.3 x 0.5 mm via laser machining. To investigate
the processing technic and efficiency of the multiphase jet
machining, the finish depths of the machining regions under
different experimental conditions are measured for the sake
of comparison in the following sections.

As shown in Fig. 2(c), the nozzle is driven to move in a
S-type path across the unmasked area by two stepper motors
with the XY stages. The jet distance is controlled by the Z axis
stepper motor. In this research, the relative speed of the nozzle
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Figure 1. Schematic diagram of processing system.

6-Micro-abrasive and water

7-Multi-phase micro-abrasive jet



Table 1. The corresponding relationship between mesh number and particle
diameter.
Mesh number 3000 2000 1500 1200 1000 800
Grain diameter, um 45 6.5 8 10 13 18

and the workpiece is 0.8 mm/s and the feed distance was
0.1 mm to ensure the uniformity of processing.

Silicon carbide is a commonly used material of mechanical
seal end face.”!! It’s of high hardness, good wear resistance,
low chemical activity, and good heat resistance. In this
research, reaction-bonded silicon carbide (RBSC) is used as
the material of workpiece. The main physical properties of
SD and RBSC are compared in Table 2. The machined surfaces
were evaluated by a scanning electron microscope (HITACHI,
Japan) and a 3D optical profilometer (Bruker, USA). The
surface roughness is measured on a rectangle area of
1122 um? on the groove bottom.

Results and Discussion

To compare the processing results of different microabrasive
materials, GSC and SD of the same abrasive size were chosen
to process the RBSC. The processing conditions are jet press-
ure of 0.6 MPa, jet angle of 90°, jet distance of 12 mm, abrasive
concentration of 10%, and abrasive size of 13 pm. Since a big
difference exists for the processing efficiency between GSC
and SD, after repeated attempts, the processing time was fix
as 128 and 4 min, respectively.

The processing result of GSC abrasive is shown in Fig. 3(a).
After 128 min of processing, although the average depth is
10.4 um and the bottom surface roughness is 1.79 um, there
are still some spikes in the microgrooves. The top of these
spikes is almost as high as the unprocessed surface, just like
“isolated islands” in the processing area.

The processing result of SD abrasive is shown in Fig. 3(b).
After 4 min of processing, the average depth is 49.3 um and the
bottom surface roughness is only 0.59 um. Obviously, the
bottom of the groove looks smooth, and there is no “isolated
islands” on the processed area. It also can be found that the
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machining speeds are different for different abrasives. While
GSC is used, the ratio of groove depth over machining time
is 0.0812 um/min; while using SD as the microabrasive, the
ratio of groove depth over machining time is 12.3 um/min.
The results show that the processing efficiency of SD is
141.9 times that of GSC, and the machining consistency of
SD is better.

These results might be due to the different processing
mechanisms when using different materials as microabrasive.

When GSC is used as the microabrasive, the microabrasive
material is the same as the processed workpiece, so the inden-
tation theory can be used as the erosion model for RBSC.*?!
Figure 4 presents a diagram of solid particle impact mech-
anism. When the abrasive tip is pressed into the surface, a
plastic zone will is induced under the indent. In the vertical
direction, radial cracks will be generated, which will affect
the surface roughness and strength of machined surface.
Lateral cracks will be generated in the horizontal direction
of plastic zone, which is the main reason for the material of
workpiece to be removed. During M-MAJM processing, the
GSC abrasive particles impact the RBSC surface may produce
more radial cracks rather than lateral cracks. With the deepen-
ing and expansion of the radial crack, several micropits and
microprotrusion will appear in the processing area, which
leads to high surface roughness and appear the phenomenon
of “isolated island” on the groove bottom.

When using micro SD as microabrasive material, the
hardness of SD is higher than that of RBSC, so the machining
process could be the continuous cutting process of RBSC by
SD. Therefore, the processing efficiency is higher, and the
processing consistency is better.

The related research!’”?*! have reported that the jet
distance, jet pressure, jet angle, abrasive concentration and
the particle size of microabrasive are of significant influence
on machining effect. Hence, experiments were performed to
investigate the influence of these parameters on the processing
results.

Figure 5 presents the influence of jet distance on the depth
and surface roughness. The experimental conditions are the

Nozzle

Mask

Workpiece

XY stages

Figure 2.
Note: SD, synthetic diamond.

(@) SEM image of SD particles (mesh number: 1000); (b) the mask made of stainless steel; and (c) schematic diagram of the S-type processing path.
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Table 2. The physical properties of SD and RBSC.

Density p, Modulus of Tensile strength
Materials g/cm3 Hardness elasticity £, GPa 0y, MPa
SD 3.52 HV 1000 1100 1050-3000
RBSC 3.05 HRA 91 330 352

SD, synthetic diamond; RBSC, reaction-bonded silicon carbide.

same including the jet angle of 90°, jet pressure of 0.6 MPa,
abrasive concentration of 10% and abrasive size of 13 um. It
can be found that the groove depth was relative short and
the surface roughness was high while the jet distance was
either too short or too long. The groove depth achieved the
maximum when jet distance is 12 mm, and the surface rough-
ness reaches the minimum when jet distance is 9 mm at above
experimental condition, indicating that 9-12mm is the
preferable jet distance range.

The jet flow diverges after the nozzle exit, the longer the
distance, the more divergent. While jet distance is short, the
jet flow is relative thin, and abrasive particles will be gathered
and concentrated on a small processing surface area, so that
the collision between the abrasive particles might happen
frequently, and the kinetic energy of the particles is decreased.
Consequently, the machining efficiency is reduced. On the
other hand, while the jet distance is longer than 12 mm,
the multiphase jet is dispersed too much, which leads to the
reduction of the processing efficiency.

Figure 6 shows the effect of jet pressure on the depth and
surface roughness under the conditions of jet angle 90°, jet
distance 12 mm, microabrasive concentration 10% and abras-
ive size 13 um. The groove was shallow while air pressure was

0.3 MPa. With the increase of jet pressure, the machined depth
increased almost linearly. This phenomenon could be simply
explained that abrasive particles will get higher speed and
kinetic energy with higher jet pressure, hence, higher machin-
ing efficiency could be obtained. However, as the jet pressure
increases to 0.4 MPa, the surface roughness also has an obvi-
ous increasing, fortunately, when the jet pressure is higher
than 0.4 MPa, the surface roughness can stay stable relatively,
providing a stable processing condition.

The effect of different abrasive concentration on the
processing is shown in Fig. 7, while the jet angle is 90°,
the jet pressure is 0.6 MPa, the abrasive size is 13 um, and
the jet distance is 12 mm. Table 3 shows the abrasive flow rates
under different abrasive concentration. The results show that
the groove depth increases with the increasing abrasive
concentration. The reason could be that the quantity of micro-
abrasive particles per second is increased, which improves the
processing speed. However, the machining efficiency (defined
as the ratio of groove depth over abrasive flow rate) of a unit
mass of microabrasive is increased first and then decreased,
and the maximum value is reached when the abrasive concen-
tration is 5%. Meanwhile, the surface roughness reaches the
minimum value. Therefore, different abrasive concentrations
should be chosen for different processing requirements. In a
certain range, higher processing speed can be achieved with
higher abrasive concentration; when the abrasive concen-
tration is 5%, high surface quality and machining efficiency
of a unit mass of microabrasive can be achieved.

The nozzle vertically spraying to the workpiece, ie., jet
angle equaling to 90°, is the simplest setting. Tsai et al.**! have

280613 561.226 1122.453 um

1200 1271

Figure 3.

Typical processing results by different abrasives of (a) GSC abrasive and (b) SD abrasive. Note: GSC, green silicon carbide; SD, synthetic diamond.
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reported that when the jet angle is less than 60°, the material
removal rate is low and the jet machining process is often used
as a polishing process. In this paper, the effect of M-MDJM
on the jet angle of 90°-70° is studied and compared.
The processing conditions are the jet distance of 12 mm and
the microabrasive concentration of 10%. The SD abrasives
with the mesh number from 800# to 3000# were used in the
experiments.

Figure 8 shows the effect of microdiamond abrasive parti-
cles with different particle sizes and different jet angles. It is
found SD#3000 abrasive, the smallest particle in this study,
obtained the lowest machining efficiency; although the experi-
ment data varies in a certain rang, generally, the efficiency
increases when the particle size increases. This can be simply
explained that large particle will have high abrasive ability.
However, with large particles, the surface roughness also
increased. Therefore, similar to the grinding process, abrasive

0.9
Micro abrasive: SD
Abrasive concentration: 10%
Abrasive size: 13um
£ Jet angle: 90°
3 Jet pressure: 0.6MPa
@© A
s 08
ﬁ .
| |
< \- /
=)
3 |
o
; 0.7 1 \ /
% ]
‘©
3
(2]
06 T T T T T
3 6 9 12 15
Jet distance,mm
(b)

Figure 5. The effect of jet distance on (a) groove depth and (b) surface roughness.
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Figure 6. The effect of jet pressure on (a) groove depth and (b) surface roughness.
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Figure 7. The effect of abrasive concentration on (a) groove depth and (b) surface roughness and the ratio of groove depth over abrasive flow rate.

Table 3. The abrasive flow rates under different abrasive concentration.
Abrasive concentration (mass fraction) (%) 25 5 75 10
Abrasive flow rates (g/min) 2.85 5.70 8.55 11.40
140
—=— SD#3000| Jet distance: 12mm —=— SD#3000| Jet distance: 12mm
£— SD#2000| Jet pressure: 0.6MPa 14| —4— SD#2000| Jet pressure: 0.6MPa
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Figure 8. The effect of jet angle on (a) groove depth and (b) surface roughness.

selection is a compromised issue of machining efficiency and
surface roughness.

For the effect of jet angle, the processing efficiency on the
jet angle between 85° and 75° is higher than that of 90°, this
phenomenon is more obvious when the microabrasive mesh
number is 800. When the jet angle is reduced to 70° the
processing efficiency begins to decrease, and so does the
surface roughness. The main reason may be that the inclined
nozzle will provide horizontal velocity of the microabrasive,
which leads to the effect of scratch of SD particles on the
surface of RBSC, so that the material removal efficiency is
increased. However, inclined jet is easier to disperse accumu-
lated microabrasive particles and reduce the mutual impact

9 85 80 75 70
Jet angle,°

(b)

between the particles, reducing the kinetic energy loss of
particles consequently.

Conclusion

A processing technology of multiphase jet machining using
microdiamond abrasive was developed for the surface
texturing on the RBSC (SiC) surfaces. Experiments were con-
centrated on the effects of process parameters and reasonable
mechanism were proposed. The conclusions drawn from this
study are as follows:
1. The multiphase microdiamond abrasive jet machining can
be used in processing RBSC under the condition of relative



low jet pressure. Compare to the processing results of GSC,
the processing efficiency of synthetic diamond is 141.9
times that of GSC under the same processing conditions.
Additionally, the bottom surface roughness of the micro-
grooves is lower and the phenomenon of “isolated island”
is disappeared.

2. The multiphase microdiamond abrasive jet machining can
be used to fabricate surface texture of mechanical seals
efficiently. The processing effect is related to the factors
such as the jet distance, jet pressure, abrasive concentration,
jet angle, and abrasive size. Rational selection of machining
parameters can improve the processing efficiency.

3. The processing effect of multiphase microdiamond abrasive
jet machining under different jet angles was compared.
Under the same experimental conditions, reducing the jet
angle appropriately can improve the processing efficiency
significantly.
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