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ABSTRACT

This paper describes a novel process, “ Silicon Carbide
Micro-reaction-sintering ”, to fabricate high-aspect-ratio
silicon carbide microstructures. This process consists of
micromachining of silicon molds, filling of material
powders ( a-silicon carbide, graphite, silicon and phenol
resin) into the molds, bonding of the molds with
adhesive and reaction-sintering by hot isostatic pressing
(HIP). Using our process, we have successfully
fabricated silicon carbide microrotors of 5 and 10 mm
diameters for micromachined gas turbines. We observed
the cross section of the microrotors with a scanning
electron microscope (SEM). The SEM observation
demonstrated that the material powder was densely
reaction-sintered by HIP. We aso investigated the
compositions of the microrotors by X-ray diffraction
(XRD) analysis. The XRD analyses proved that graphite
in the material powder reacted with melted silicon
derived from the mold, and consequently b-silicon
carbide was produced around the a-silicon carbide
originally included in the material powder.

INTRODUCTION

Silicon carbide (SiC) has outstanding properties of heat
resistance, wear resistance, chemical inertness and high
hardness. These properties are attractive for
microelectromechanical  systems (MEMSs) in hash
environments, such as fuel nozzles of heat engines,
microthrusters for small spacecrafts and micro-gas
turbines [1]. Among them, the SIC micromachined gas
turbine requires especially challenging devel opments.

We are developing the SiC micromachined gas turbine,
which has a microrotor of 5-10 mm diameters with high-
aspect-ratio blades on the both sides. It is, however,
difficult to fabricate such a microrotor using
conventional methods. For example, grinding and
eectric discharge machining (EDM) have the limitation
of shape resolution due to the large size of tools. They
also suffer from the rapid wear of tools especially in the
case of using microtools. Chemical vapor deposition

(CVvD) and reactive ion etching (RIE) realize shape
resolution of micrometer order. However, they generaly
suffer from slow fabrication speed of less than several
micrometers per hour, so that they require impractically-
long time to fabricate SIC microstructures of more than
several ten micrometersin height.

Therefore, we have developed a novel microfabrication
process, “ SIC Micro-reaction-sintering ”, combining
silicon micromachining, reaction-sintering and lost-mold
technique [2] to form up-to-millimeter-sized SIC
microstructures with shape resolution of micrometer
order [3].

PROPOSAL OF SILICON CARBIDE
MICRO-REACTION-SINTERING PROCESS

The SiC micro-reaction-sintering process is summarized
as reaction-sintering of material powder including SiC,
graphite and silicon (Si) filled in micromachined Si
molds by hot isostatic pressing (HIP). Figure 1 illustrates
the SIC micro-reaction-sintering process using 2-layer Si
molds. The process consists of 9 steps, (1)
micromachining of Si molds, (2)(3) filling of material
powders into the molds, (4)(5) bonding of the molds,
(6)(7) preparation of reaction-sintering, (8) reaction-
sintering by HIP and (9) release of the sintered
workpiece from the molds. The detail of each step,
whose number corresponds with that in Fig. 1, is as
follows.

(1) S molds for reaction-sintering are fabricated by
photolithography and deep-RIE. The molds have
alignment holes, which are used in the step (5).

(2) Materia powder is prepared by mixing a-silicon
carbide (a-SiC), graphite, Si, binder (phenol resin) and
small solvent (isopropanol), and isfilled into the molds.

(3) Cold isostatic pressing (CIP) is performed to pack the
material powder into the molds; the molds with the
material powder are wrapped in rubber bags, and are
isostatically pressed by hydrostatic pressure of several
hundred atmospheres at room temperature.
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Fig. 1. Schematic of the SiC micro-reaction-sintering process.



(4) The surfaces of the molds are finished to be flat by
grinding away the excess material powder on the molds.

(5) The molds with the material powder are aligned each
other by observing the alignment holes with an optical
microscope, and are bonded with adhesive (phenol resin
with isopropanol).

(6) CIP is performed again to wrap the bonded mold in
boron nitride (BN) powder to prevent the mold from
reacting with a glass tube in the step (8).

(7) The mold wrapped in the BN powder is vacuum-
encapsulated in a glass tube.

(8) The material powder in the mold is reaction-sintered
by HIP; the material powder in the mold is isostatically
pressed by argon pressure of more than several hundred
atmospheres, a higher temperature of more than the
melting point of Si (1414°C). The melted silicon derived
from the mold penetrates into the material powder, and
reacts with graphite in the material powder to become
SIC. The new SIC grows around the origina a-SiC
powder, so that a densely-sintered SiC is obtained. On
the bonding surface, the carbonized phenol resin also
reacts with the melted silicon to become SIC, and
consequently the originaly-separated parts of the
material powder are completely bonded to become a
single sintered body without the bonding surface.

(9) The S mold covering the sintered workpiece is
etched away by etchant composed of hydrofluoric acid
and nitric acid.

This process has two advantages. The first advantage is
that photolithography and deep-RIE can fabricate
precisely the S mold with high-aspect-ratio
microstructures. The second advantage is that SiC
microparts with complicated multilayer structures can be
formed easily by bonding the molds only with the
adhesive. The process illustrated in Fig. 1 can be aso
applied to the process using more than three molds.

5mm

Fig. 2: A photograph of the Si mold for a gas turbine of 5
mm diameter.

EXPERIMENTAL MICROFABRICATION
OF SILICON MOLDS

We used this process, “ Micro-reaction-sintering ”, to
fabricate a microrotor for a micromachined gas turbine.
The microrotor has a complicated multilayer structure
with a compressor and a turbine on the upper and lower
side respectively. To form the microrotor, a pair of Si
molds, a mold for the compressor side and that for the
turbine side, is used. Figure 2 shows a photograph of a Si
mold for the turbine side, whose size is 10~ 10 *~ 0.6
mm?®. Using this mold and a mold for the compressor
side, we have formed a microrotor of 5 mm diameter and
800 mm thickness. The process to fabricate the St mold
proceeds aong the following steps, whose numbers
correspond with those in Fig. 3.

(1) An oxide film is thermally grown on both sides of a
600-mm-thick Si substrate. Positive photoresist (PR) is
formed on the upper side of the substrate by spin-coating,
and the oxide film on the lower side is then etched away
by buffered hydrofluoric acid (HF).

(2) PR is formed on the lower side by spin-coating, and
patterned with the shape of the alignment holes. The
substrate is etched by deep-RIE.

(3) The PR on the upper side is patterned with the shape
of adisk. The oxide filmis etched away by buffered HF.

(4) The PR is removed. A PR is formed again on the
upper side and is patterned with the shape of
compressor/turbine blades. The substrate is etched by
deep-RIE to form a cavity for the blades.

(5) The PR is removed. Using the oxide mask patterned
in the step (3), the substrate is etched by deep-RIE to
form a cavity for the disk. The aignment holes are
penetrated in this step.

(6) The oxide film is etched away by buffered HF.

By applying the similar process to thicker Si substrate,
whose sizeis 20~ 20~ 1.5 mm®, we have also prepared
Si molds with a cavity of 1 mm depth for a microrotor of
10 mm diameter and 2 mm thickness.

REACTION-SINTERING

We performed the reaction-sintering three times in the
conditions listed in Table 1. In the 1st and 2nd reaction-
sintering, material powders with the same compositions
were reaction-sintered at different temperatures and
pressures. In the 3rd reaction-sintering, material powder
with different compositions from the previous one was
reaction-sintered at the same temperature and pressure
that were used in the 2nd reaction-sintering. a-SiC
powder of 0.47 mm in average diameter, graphite powder
of 5 mm, Si powder of 1 nm and phenol resin powder are



used as the material powder. In the preparation of the
materia powder, these powders with small solvent of
isopropanol were mixed into the compositions described
in Table 1. The two times of cold isostatic pressing (the
step (3) and (6) in Fig. 1) before the reaction-sintering
were performed at hydrostatic pressure of 100 MPa and
a room temperature for 15 sec. For the vacuum-
encapsulation (the step (7) in Fig. 1), a Pyrex glass tube
was used.

Figure 4 (a) and (b) are photographs of microrotors
fabricated by the 1st and 2nd reaction-sintering
respectively. As shown in Fig. 4, the shape of the Si mold
was transferred precisely to that of the sintered
microrotor. Figure 4 (b-2), which shows the cross section
of the microrotor, indicates that the bonding surface
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Fig. 3: Process flow to fabricate the Si molds.
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disappeared. The shrinkage of the sintered rotors
compared to the molds was estimated at about 3% by
measuring the diameters of the molds and the sintered
microrotors using an optical microscope.

Figure 5 (@), (b) and (c) are scanning electron
micrographs (SEMs) of the cross sections of the
microrotors formed by the 1st, 2nd and 3rd reaction-
sintering respectively. Figure 5 (a) shows grains of 1-4
mm diameters. We think that the grains are the material
powders which remain not to be reaction-sintered. The
cross section shown in Fig. 5 (b) is finer than that shown
in Fig. 5 (8). The HIP condition of the 2nd reaction-
sintering proves to be better than that in the 1st reaction-
sintering, because the compositions of the material
powder used in the both reaction-sintering are the same.
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Fig. 4: Photographs of (a) the microrotor of 10 mm
diameter formed by the 1st reaction-sintering, (b-1) the
microrotor of 5 mm diameter and (b-2) the cross section
of the rotor formed by the 2nd reaction-sintering.

Table 1: Conditions of reaction-sintering

Experiment number 1st 2nd 3rd
- a-Sic : 3.0 a-SiC : 3.0 Si :2.8g
of fr:%trgrr)i?als'gg\l/quc'jer Graphite R 1.58 Graphite R 1.58 Graphite il
Phenol resin : 0.45g Phenol resin : 0.45g Phenol resin : 0.369
Furnace temperature ( °C) 1500 (15 °C /min*) 1700 (17 °C /min*) 1700 (17 °C /min*)
Furnace pressure (MPa) 100 50 50
Rotor diameter of the Si mold f 10mm f 5mm f5mm
(* Heating speed of the furnace)



Figure 5 (c) shows a rougher cross section with grains
of 1-5 mm diameters than that shown in Fig. 5 (b).
The compositions of the material powder used in the 2nd
reaction-sintering proves to be better than that used in the
3rd reaction-sintering, because the HIP conditions of the
both reaction-sintering are the same. Therefore, we can
conclude that the condition of the 2nd reaction-sintering
was the best in these experiments.

X-RAY DIFFRACTION ANALYSES

We have investigated the compositions of the sintered
samples by X-ray diffraction (XRD) analysis. Figure 6, 7
and 8 show the XRD patterns of the samples obtained by
the 1st, 2nd and 3rd reaction-sintering respectively.
Each figure shows the XRD patterns of (a) the material
powder and (b) the sintered sample. The marks
(A, 0,0 @) represent the materials which have the
peaks of XRD (graphite, Si, a-SiC, b-SiC). Graphite, Si
and a-SiC have high peaks at 2q = 26.5, 28.0 and 36.0°
respectively. b-SiC has a high peak at 2q= 41.0°, by
which b-SIC can be distinguished from a-SiC. For
example, Fig. 6 (a) has the peaks of graphite and a-SiC,
and Fig. 6 (b) has the peaks of graphite,a- SIC and b-
SiC.

As shown in Fig. 6, the pesks of graphite decreased and
the peaks of b-SIC appeared after the 1st reaction-
sintering. This result demonstrates that graphite in the
material powder reacted with melted silicon derived from
the mold to become b-SiC in the reaction-sintering. A
certain amount of graphite, however, remained in the
sintered sample, suggesting imperfect reaction-sintering.

Fig. 7 indicates that the peaks of graphite disappeared
and the peaks of b-SiC appeared after the 2nd reaction-
sintering. This result suggests that most of the graphite in
the material powder contributed to the reaction-sintering.

Fig. 8 indicates that the peaks of graphite and Si
disappeared and the peaks of b-SiC appeared after the
3rd sintering. This result demonstrates that b-SiC is
produced by the reaction of graphite and melted silicon.

From the results of the XRD analyses and the SEM
observations, we can conclude again that the condition of
the 2nd reaction-sintering is the best in these experiments.
We think that high temperature of 1700 °C promoted the
penetration of melted silicon into the material powder as
well as the reaction of graphite and melted siliconinto b-
SiC, so that b-SiC completely filled the space among a-
SiC originaly-included in the material powder in the 2nd
reaction-sintering.

CONCLUSIONS

We have developed a novel process, “Silicon Carbide
Micro-reaction-sintering”, to fabricate high-aspect-ratio
SiC microstructures using micromachined Si molds. This
process consists of micromachining of Si molds, filling
of materia powder (a-SiC, graphite, Si and phenol resin
with isopropanol) into the molds, bonding of the molds
with adhesive and reaction-sintering by hot isostatic
pressing (HIP).

Using our process, we have successfully formed micro -
rotors of 5 and 10 mm diameters for micromachined gas
turbines. The microrotor has compressor blades and
turbine blades on each side respectively. We have
confirmed that the shape of the Si mold was transferred
precisely to that of the sintered microrotor. We have aso
confirmed b-SIC was produced by the reaction of
graphite originally-included in the material powder with
Si of the mold by X-ray diffraction analysis.

We believe that this process can open up the way to new
applications of SiC in the area of micromachines, such as
a micromachined gas turbine, a microrocket thruster, a
fuel nozzle and so on.
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Fig. 5: Scanning electron micrographs of the cross
sections of the microrotors formed in the (a) 1<t, (b) 2nd
and (c) 3rd reaction-sintering.
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Fig. 6: XRD patterns of (a) the material powder and (b)

the sintered workpiece obtained by the 1st reaction-

sintering. The marks (A\,O,@) represent the materials

(graphite, a-SiC, b-SiC).
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Fig. 7: XRD patterns of (a) the material powder and (b)
the sintered workpiece obtained by the 2nd reaction-
sintering. The marks (/\,O, @) represent the (graphite,

a-SiC, b-SiC).
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Fig. 8: XRD patterns of (a) the material powder and (b)
the sintered workpiece obtained by the 3rd reaction-
sintering. The marks (/\,[],@) represent the materials
(graphite, Si, b-SiC).



