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Rapid manufacturing of SiC molds with micro-sized holes using
abrasive water jet
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Abstract: Silicon carbide (SiC) is highly wear resistant with good mechanical properties, including high temperature strength,
excellent chemical resistance, and high thermal conductivity and thermal shock resistance. SiC molds, which can be produced with
diverse microstructural features, are now widely used in glass molding owing to their excellent characteristics, and also have
potential applicability in IT industries. SiC molds are traditionally fabricated by silicon micromachining or dicing. The fabrication
cost of silicon micromachining is very high, however, because several expensive masks are needed. Furthermore, the fabrication time
is very long. Meanwhile, it is difficult to make micro-patterned molds with arbitrary shapes using dicing saws. Abrasive water jet
(AW]J) is widely applied to cut and drill very brittle, soft and fibrous materials. It offers high energy density, the absence of a heat
affected zone(HAZ), high performance, and an environment friendly process. In spite of these advantages, micro-hole drilling via
conventional AWJ processing suffers from notable shortcomings. We proposed a new abrasive supplying method of AWJ. The
proposed method reduces frosting phenomena, and provides micro-machining of AWJ. The characteristics of a hole machined was
investigated by the proposed AWJ process according to the ratio of water and abrasives. With the optimal experimental conditions, 3
X3 array SiC molds with the diameter of 700 um and depth of 900 um were successfully manufactured.
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To improve the momentum transfer efficiency of
AWIJ machining, an abrasive suspension method was
recently developed. This method provides excellent

1 Introduction

Abrasive water jet (AWJ) machining is commonly
used for material cutting, drilling, slotting, and profiling
for soft material, multi-layered materials, and advanced
difficult to [1-5].
Conventional AWJ offers some advantages. First, the
machining thickness by AW is thicker than that yielded
by a laser. Second, it is possible to cut the material with
high reflectivity. Third, brittle materials such as glass
effectively.
Conventional AWJ is a non-contact high-energy density
process similar to laser machining, but the kinetic energy,
i.e. the machining energy, of abrasives transferred from a
high pressure water jet is very low, at about 3% [6].

materials that are machine

and stone can be machined more

micromachining results. Researches on micro water jet
cutting with pre-mixed abrasives, which are injected at
ultrasonic speed through a focusing nozzle using an
intensifier, have been reported by Miller [6]. He
achieved a minimum cutting width of less than several
tens of micrometers via a pre-mixed aluminum oxide of
several hundreds of nanometers. The micro water jet can
save significant amounts of water and abrasive, and also
reduce the required pressure compared to a conventional
water jet. For example, when a 70 um consumption is
reduced from 300—400 MPa to 70 MPa, from 10 L/h to 1
L/h, and from 2 kg/h to 0.1 kg/h, respectively.
However, the maximum cutting speed for 50 um and 3.0
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mm titanium specimens is only 400 mm/min and 15
mm/min, respectively. Thus, cutting speed remains
limited, and there is a technical limitation for increasing
the cutting speed. In addition, PALLEDA [7] reported
experimental results on material removal rate (MRR)
where the stand-off distance (SOD) and processing
pressure were varied for 4 mm thick, brittle glass
material. According to the report, increasing the SOD
leads a slight increment in MRR, but a reduction of the
SOD occurs beyond a certain range. CHEN et al [28].
conducted 64 iterations of experiments by varying the
process pressure in a range of 138—345 MPa, transfer
speed of 15-50 mm/min, abrasive consumption of
0.575-0.910 kg/min, and a SOD of 2—6 mm in order to
determine the optimal AWIJ processing conditions on
127 mm and 254 mm thick alumina ceramics.
According to the results, maximum processing depth of
approximately 21 mm could be achieved with a water jet
orifice diameter of 0.41 mm and a mixing nozzle
diameter of 1.27 mm using a garnet abrasive with mesh
number 80 for abrasive size at a water jet impact angle of
80°-85°".

In the present study, water jet pressure, the SOD
between the nozzle end and work piece, and abrasive
mass flow rate, major process parameters in the
conventional AWJ method, are studied. Second, a
theoretical analysis on abrasive and water jet is
conducted to determine the limitations and identify key
issues regarding precision machining via conventional
AW]. Finally, to produce micro-sized holes using the
proposed AWJ process, which is called the micro-AWJ
process, the abrasive flow rate is investigated
experimentally and the possibility of producing a SiC
mold with micro-sized holes is verified.

2 Theoretical

As shown in Fig.1, the high pressure water that
passes the intensifier is injected via the intensifier nozzle
in the mixing chamber according to on/off valve
operation. When the high pressurized water passes the
orifice, abrasives are mixed. Mixture of water and
abrasive is accelerated to machine the work piece. Here,
the speed of the abrasives should be the same as the
velocity of the water in the focusing nozzle. Using the
momentum transfer equation, the velocity of abrasive
particles (7,) could be determined from Eq.(1) [9].

m

Vo =k(———; (1
my, +m,

where Vj, m,, my, and k are the speed at orifice end, the

abrasive flow rate, the water flow rate, and the
momentum transfer efficiency between water and
abrasives, respectively. Under the assumption that water
is incompressible and frictional loss is ignored in the
system, Vj could be written as Eq.(2) according to
Bernoulli’s equation.
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where p and p,, denote the pressure and the density of
water, respectively. The speed of water was calculated to
be 600—660 m/s when the cutting pressure was 180—220
MPa. Under these conditions, the speed of the abrasives
was roughly 180 m/s. However, dry AWJ machining
requires air suction while the abrasives pass the orifice of
the nozzle. Therefore, frosting phenomena from
spreading of the abrasives are unavoidable. This
phenomenon is the major cause of failure at the work
piece surface. In this study, water was used instead of air
to minimize this type of failure. In addition, a micro-hole
machining method on the surface of brittle material was
proposed. Abrasives were supplied only with water and
the speed of the abrasives (7, ) can be derived from

Eq.(3) due to momentum transfer at the mixing nozzle.
V= l{m—W]Vj 3)
My, + M, +my,

where m,, is the additional amount of water that is
required during supply of the abrasives. If this value
becomes larger, the speed of the abrasive particles will
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Fig.1 Schematics illustrating AWJ processing
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be decreased. Therefore, the best machining performance
can be achieved when the ratio is optimal.

3 Experimental

A water jet was developed for the experiment. The
maximum available pressure was 400 MPa, but the
pressure was set at 250 MPa for the experiments. The
diameter of the nozzle and orifice is 0.5 and 0.1 mm,
respectively. The work piece for the experiment was SiC
material, a hard molding material that presents
challenges in mechanical machining. SiC material has
superior mechanical properties at high temperature, and
exhibits additional chemical stability. SiC is widely used
in precision glass molding. The properties of SiC
obtained from ACM Co., Ltd and used in the
experiments are shown in Table 1 [10]. The purity of the
SiC is 99.99%-99.999%, and the actual operating
temperature is higher than 1 800 C [7]. The abrasive
material for this study is alumina with particle size of 90
pum shown in Table 2.

Table 1 Mechanical properties of work piece material, SiC

Density/ Hardness/ Coefficient of thermal Flexural
(grem™) HV expansion/10 °K " strength/MPa
3.11 2 688 43 450

Table 2 Mechanical properties of abrasive material, alumina
(ALOs)

Density/ Hardness b
,)3] ¥ Hardness/GPa Strength/GPa
(grem ™) Mohr
3.9740.05 8.5 18.9-23.5 2.65

4 Results and discussion

Fig.2 shows high speed camera images taken at the
end of the focusing nozzle of a conventional AWJ, where
abrasives, air, and water are mixed, and at the end of the
nozzle of the proposed AWJ, where abrasives are mixed
only with water. As shown in the image, the conventional
water jet yielded a wide diameter jet of water, air, and
abrasives at a certain distance from the nozzle end. In
contrast, the proposed water jet showed a significant
reduction of water jet diameter due to the absence of air.
This could greatly mitigate the frosting phenomena, and
micro-hole machining on hard metal could be realized. In
this experiment, the cutting pressure, the orifice diameter,
the nozzle diameter, the SOD to the work piece, and the
machining time were set at 250 MPa, 0.1 mm, 0.5 mm,

(a)

Fig.2 High-speed camera images of water-jet: (a) conventional
AWI; (b) proposed AWJ

1.2 mm, and 5 s, respectively. With these controlled
parameters, the mixing ratios of water and abrasives
were varied as 10:0, 10:1, 10:2, 10:3, and 10:4. Drilled
cross-sections of SiC with different mixing ratios are
shown in Fig.3. It was found that with the increase of
mixing ratios the drilled depths increased from 750 pm
to 1 200 um. Diameters of the micro-holes increased
from 550 um to 1 000 pm.

As shown in Fig.4, a mixing ratio of 10:0 referred
drilling only with pure water. This yielded narrow
drilling diameter and increased depth, but the drilled side
face became excessively rough. As such, this is
unacceptable for micro-hole drilling. For a mixing ratio
of 10:1, shallow drilling depth with large hole diameter
was achieved, which is also unsuitable for micro-hole
drilling. When the mixing ratio was changed from 10:2
to 10:3, the drilled depth was maintained at nearly the
same level, but the diameter of the micro-hole was
slightly increased from 700 pm to 750 um. For a mixing
ratio of 10:4, deeper drilling depth along with a
significant increase in hole diameter (up to 1 000 pm)
were achieved, which is also inappropriate for
micro-hole machining. According to the experimental
results, the optimal drilling conditions were obtained at a
mixing ratio of 10:2-10:3. As shown in Fig.5, a 3X3
array with a hole diameter of 700 pm and depth of 900
um was successfully drilled on the surface of the SiC
mold.
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Fig.3 Cross sections of micro-holes

with different ratios of water to
abrasives: (a) 10:0; (b) 10:1; (c) 10:2;
(d) 10:3; (e) 10:4
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Fig.4 Depth and diameter of micro-hole with mixing ratio of Fig.5 SiC mold with 3X3 holes with depth of 900 um and

water and abrasives diameter of 700 um
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5 Conclusions

Micro-hole drilling was successfully achieved on
the surface of SiC, a hard material that is not readily
machined by conventional AWJ. From theoretical and
experimental results, the following conclusions have
been drawn. First, a new abrasive supply method was
proposed, where abrasives are mixed only with water, in
order to address the frosting phenomena during
micro-hole machining. Second, the hole diameter and the
drilling depth were increased along with a higher mixing
ratio of abrasive and water. Third, the optimal range of
the mixing ratio was found to range from 10:2 to 10:3.
Finally, a 3X3 array of micro-holes was successfully
produced on the surface of a SiC mold using optimal
processing conditions, demonstrating the feasibility of
rapid manufacturing of SiC patterns with micro-holes. In
future research, various SiC molds with micro-hole
patterns should be fabricated, and the proposed process
should also be applied to micro-glass forming processes.
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