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Reaction-bonded silicon carbide (RB-SiC) is an important ceramic material that has a series of superior properties such as

high hardness, high thermal conductivity and chemical stability. RB-SiC has potential applications in manufacturing optical
molding dies for aspherical lens and microlens arrays. However, RB-SiC is a typical difficult-to-machine material. Recent
efforts have focused on the precision machining of RB-SiC by grinding, lapping, polishing, and their combinations. Although
these methods can produce fine surface finish, the low machining efficiency and the high production cost are two major
obstacles in industrial production of RB-SiC parts. Other methods, such as laser ablation and focused ion beams (FIB) milling
could be used to generate micro structures, but the material removal rate and finished surface quality cannot meet the

requirements in optical applications.

Compared with the above-mentioned methods, ultraprecision cutting using diamond tools has higher material removal rate
and higher flexibility when fabricating complicated shapes and microstructures. However, to date, there has been no literature

on ultraprecision cutting of RB-SiC. The ultraprecision cutting mechanism of RB-SiC has not yet been understood.

RB-SiC is harder than most other materials except diamond, cubic boron nitride (CBN) and boron carbide (B,C). Hence,
available cutting tool materials for machining RB-SiC are very limited. Investigations on the cutting mechanism of RB-SiC
with ultra hard cutting tools are therefore a very challenging issue. If effective methods for ultraprecision cutting of RB-SiC

could be successfully developed, extensive industrial applications of RB-SiC can be expected.

The objective of the present dissertation is to realize the ultraprecision cutting of RB-SiC on a numerically controlled
ultraprecision lathe using single crystal diamond tools. At first, the cutting mechanism of RB-SiC and the wear mechanism of
diamond tool were investigated and clarified. After that, a new cutting method, namely, tool-swinging cutting method with

nano-particle lubrication was proposed and the machining characteristics were investigated. The effectiveness of the proposed



cutting method was verified by the ultraprecision cutting tests of RB-SiC.

The details of the experimental work and the main achievements in the present dissertation study are as follows.

(1) Cutting mechanism of RB-SiC

From the viewpoint of material microstructure, RB-SiC is a two-phase composite material consisting of interpenetrating
grain networks of crystalline 6H-SiC grains and crystalline bonding silicon. The two phases are different in mechanical
properties: the 6H-SiC grains are harder and the bonding silicon is softer. A set of cutting tests were performed under various
conditions. We found that the cutting mechanisms of the 6H-SiC grains involve ductile cutting, cleavage cracking, and grain
dislodgement. The removal behavior depends on the size and depth of the 6H-SiC grains and the bonding strength at the grain
boundaries. Raman spectroscopy testing on the machined surface shows that the silicon bond underwent amorphization during
cutting process, while no phase transformation occurred to 6H-SiC grains. Therefore, the ductile response of the RB-SiC

workpiece is originated from dislocation-based plasticity of 6H-SiC grain.

Due to the ductile response of silicon bond and the fracture energy releasing effects at grain boundaries, large-scale fractures
do not take place in cutting of RB-SiC. Experimental results showed that the machined surface roughness was less affected by
tool feed rate than single crystalline materials machining, but mainly depends on the material microstructure, namely, grain size.
The surface roughness in ductile machining is caused by the dislodgements of a very small amount of 6H-SiC grains. This

feature enables ultraprecision cutting of RB-SiC at a very high material removal rate.

(2) Wear mechanism of diamond tools

Diamond tool wear is one of the most critical problems in machining hard and brittle materials. In the present dissertation,
cutting experiments were performed using natural single-crystal diamond tools. The fundamental wear characteristics of

diamond tools when cutting RB-SiC mold material were investigated.

It was found that flank wear is significant in the diamond cutting process of RB-SiC. The flank wear land consists of two
regions having different wear patterns: periodical micro grooves and non-periodical scratch marks. The non-periodical scratch
marks may disappear as the cutting distance increases, while the periodical grooves become deeper and deeper. The periodical
micro grooves were found to be oriented along the cutting direction and the pitch between the grooves is the same as the tool

feed per revolution of the workpiece. It was clarified that the groove wear is a replication of the tool feed marks on the



machined surface. Raman spectroscopy performed on the flank wear land indicated that the high-pressure abrasive wear at the
tool-workpiece interface dominates the wear behavior, rather than the diamond-graphite transformation as reported in

literatures.
(3) Tool-swinging cutting method

We proposed a new cutting method, namely, tool-swinging cutting method that can reduce the diamond tool wear in cutting
hard materials. In this method, an ultraprecision machine tool with X-, Z-axis linear tables and B-axis rotary table was used. A
large-radius round-nosed diamond tool is set on the rotary B-axis table. A tool-swinging movement is realized by rotating the
B-axis rotary table. Because the geometrical center of the tool edge is adjusted to be in coincidence with the swinging center of
the B-axis table, by swinging the B-axis rotary table, the cutting point will keep varying along the tool edge during machining
process. As a result, the cutting time for a certain cutting point becomes very short and the temperature rise at that point will be

dramatically reduced.

In metal cutting, cutting fluid enters the cutting zone as a result of the kinetic action of the capillary network in tool-chip
interface and forms a boundary lubrication layer by physical and chemical adsorption onto the capillary wall. However, when
cutting RB-SiC, the tool-workpiece contact pressure is extremely high, so that the capillary network is hard to form, and the
fluid cannot enter the cutting region. This situation, however, can be improved by tool-swinging cutting. The coolant/lubricant
around the cutting zone can penetrate the tool-workpiece interface as it swings, and hence an effective cooling/lubrication can

be realized at the tool-workpiece interface.

Experimental results showed that the tool-swinging cutting method significantly suppressed diamond tool wear. This cutting
method enabled the improvement of the working conditions at the diamond tool tip, and therefore producing high quality
optical surface on RB-SiC. The improvement in surface finish is mainly because of the reduction of the dislodgement of

6H-SiC grains from the machined surface at a reduced diamond tool wear.

(4) Nano-particle lubrication method

Lubrication is a key issue in diamond turning of hard materials. Conventionally, oil (mostly kerosene) mist is widely used in
diamond turning to lubricate the cutting tool and reduce the tool wear. However, kerosene mist cannot effectively reduce the
tool wear in diamond turning of RB-SiC, because the high contact pressure easily destroys the oil film at the tool-workpiece
interface. In addition, the application of kerosene mist for a long time induces some other problems. For example, the floating

kerosene mist in air is health hazard and the recycle system increases the total manufacturing cost.



In this dissertation, nano-particle lubrication was proposed for diamond turning of RB-SiC. Four kinds of commercially
available solid particles: molybdenum disulfide, graphite fibre, copper and copper oxide were used, respectively, for lubricating
in diamond turning of RB-SiC, and their effects were compared. The particle size ranges from a few tens of nanometers to
hundreds of nanometers. These nano-particles were dispersed into a kind of calcium-based grease. During diamond turning,
the grease containing solid particles was smeared onto the workpiece surface as a thin film. With the help of the micro
unevenness on the tool face and the workpiece surface, nano-particles can be brought into the tool-workpiece interface under
the help of the tool-swinging movement. Under a high contact pressure, particles can be deformed and squeezed into thin films.
In this way, an extremely thin solid lubricant film can be generated at tool-workpiece interface. Results showed that the type
and the concentration of the dispersed nano-particles significantly affected the lubricating performance. Cutting under the

lubrication of base grease containing 10% Cu nano-particles produced the lowest surface roughness and the smallest tool wear.

To summarize, in this dissertation, cutting mechanism of RB-SiC and wear mechanism of diamond tools were clarified. By
using the proposed tool-swinging cutting method and the nano-particle lubrication method, diamond tool wear was
significantly suppressed and the ultraprecision cutting of RB-SiC was realized. The achievements in this work may also be

effective in machining other hard materials.
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