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Abstract

Single-crystal silicon is not only a dominant substrate material for the fabrication of micro-electro and micro-mechanical components
but also an important infrared optical material. Since silicon is a nominally brittle material, currently it is finished by grinding, lapping
and chemo-mechanical polishing (CMP). However, silicon can be deformed plastically in machining, yielding ductile chips under the
influence of high hydrostatic pressure. Therefore, an alternate approach would be to machine silicon with a single point tool in the
ductile mode without the need for subsequent polishing. This way damage due to brittle fracture can be minimized and the productivity
of complex-shaped components can be significantly improved. This technology involves the use of an extremely rigid, ultra-precision
machine tool and a single-crystal diamond tool with a high negative rake angle. However, one of the problems existing in the industrial
application of the ductile machining technology is the wear of diamond tools. Tool wear not only raises the machining cost but also degrades
the product quality. The tool wear problem becomes particularly serious when machining large radius components. This paper deals with
the performance of diamond cutting tools during single point diamond turning of single-crystal silicon substrates at a machining scale
smaller than 1�m. The cutting edge, the finished surface and the cutting chips were examined by scanning electron microscope (SEM)
and the micro-cutting forces were measured. It was found that the tool wear could be generally classified into two types: micro-chippings
and gradual wear, the predominant wear mechanism depending on undeformed chip thickness. In ductile mode cutting, flank wear was
predominant and the flank wear land was characterized by trailing micro-grooves and step structures. The tool wear causes micro-fracturing
on machined surface, yields discontinuous chips and raises cutting forces and force ratio. Experimental results also indicate that it is possible
to prolong the ductile cutting distance by using an appropriate coolant.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Single-crystal silicon is not only a dominant sub-
strate material for the fabrication of micro-electro and
micro-mechanical components but also an important in-
frared optical material. Since silicon is a nominally hard
and brittle material, it is currently finished by lapping and
chemo-mechanical polishing (CMP). However, silicon can
be deformed plastically in ultra-precision cutting, yield-
ing ductile chips and smooth surfaces[1–6]. This requires
the use of an extremely rigid, environmentally controlled
ultra-precision machine tool and a single-crystal diamond
cutting tool with a negative rake angle. Also, the machin-
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ing scale (undeformed chip thickness) must be controlled
to be extremely small, down to the range of a few tens
of nanometres, so that a high hydrostatic pressure will
be yielded in the cutting region[5,6]. This approach can
machine silicon in a ductile mode without the need for sub-
sequent polishing. This way the productivity of aspherical
and diffractive optical components and large-scale semicon-
ductor substrates for micro-electronic mechanical system
(MEMS) applications can be significantly improved[7].

However, in practice ductile regime machining of silicon
is often limited by rapid wear of diamond tools. Although a
diamond tool can be used to cut nonferrous metals such as
aluminium and copper for a distance up to a few hundreds
of kilometres[8], when cutting silicon an initially sharp tool
will wear and become worn out rapidly. As the geometry of
the contact zone between the tool tip and the workpiece is
extremely important for the attainment of plastic flow rather
than fracture in cutting, the wear of the diamond tool be-
comes a limiting factor in developing machining process for
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silicon. Tool wear not only raises machining cost but also
degrades product quality. This problem becomes particu-
larly serious when machining large components[9]. For this
reason, a better understanding of the performance of dia-
mond tools in silicon machining will result in significant pro-
duction cost savings. Various workers in the past have made
contributions to the understanding of the processes that take
place when a diamond tool wears[10–15]. However, most
of the work carried out has involved the wear of diamond
tools in cutting metal materials. Up to date, there is little
available literature on the tool wear in silicon machining.

This paper describes some experimental results on the
wear of diamond tools in single point diamond turning tests
of single-crystal silicon. As a complete understanding of the
wear of diamond tools can only follow understanding of
the individual mechanism, this paper is focused exclusively
on the effect of undeformed chip thickness on tool wear.
The results involve the scanning electron microscope (SEM)
observation of cutting edges, finished surface and cutting
chips, as well as the measurement of surface roughness and
micro-cutting forces.

2. Experimental

2.1. Experimental set up

The experiments were carried out on a TOYODA 20-25N
ultra-precision lathe, the schematic of which is shown in
Fig. 1. The machine has a hydrostatic bearing spindle and
two perpendicular slide tables alongx- and z-axis, respec-
tively. The slide table driving system has a two-level struc-
ture: a hydraulic system for coarse motion and a servomotor
system for fine motion. A precision tool post is installed on
the z-axis table. This tool post can rotate along the verti-
cal B-axis and enables the adjustment of cutting edge angle
with a resolution better than 0.01◦. Four air mounts were set
under the machine base to isolate the environmental vibra-
tion. To measure micro-cutting forces, a special tool holder

Fig. 1. Schematic of the experimental set up.

equipped with a three-component piezoelectric dynamome-
ter (Kistler 9251A) was fabricated.

2.2. Specimens

Single-crystal silicon (1 1 1) wafers were used as spec-
imens. These wafers are 76.2 mm in diameter, 1.2 mm in
thickness and obtained with lapped finishes. To avoid cutting
the workpiece centre where the cutting speed approaches
zero, the centre area of the wafer within a diameter of 20 mm
has been removed before experiment. Wafers were bonded
on diamond turned aluminium blanks using a heat-soften
glue and then vacuum chucked on the machine spindle. For
the purpose of removing the lap-damaged layer, facing cuts
were performed with other diamond tools different from
those used for experiments, providing a mirror-like surface.

2.3. Diamond tools

Most of previous studies on diamond turning of brittle
materials involve the use of a round-nosed diamond tool
[1–4,9,13,16]. In this case both undeformed chip thickness
and edge orientation will change as the position of cutting
point changes along the round cutting edge, leading to dif-
ficulties in identifying their individual effects on tool wear.

Instead of the round-nosed tool, Yan et al.[6] proposed
a straight-nosed diamond tool for ductile regime turning. In
this case, as schematically shown inFig. 2, both of the unde-
formed chip thickness and the edge orientation are uniform
across the entire width of the cutting edge. Undeformed chip
thicknessh is independent of depth of cuta, and is deter-
mined by tool feedf and cutting edge angleκ, according to
equation

h = f sinκ. (1)

Therefore, through the use of a sufficiently small cutting
edge angleκ or a sufficiently small tool feedf, the proposed
method makes it possible to thin the undeformed chip thick-
ness to the nanometric range over the entire cutting region.
This tool geometry also provides significant width to un-
deformed chip thickness ratio to ensure plane strain condi-
tions hence the relationships among the cutting behaviour,
the tool wear pattern and the undeformed chip thickness are
unambiguous and readily studied.

Fig. 2. Schematic of the cutting model of a straight-nosed diamond tool
[6].
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Fig. 3. SEM photograph of the main cutting edge of an unused single-
crystal diamond tool.

In the experiments of the present paper, cutting tests were
carried out using four straight-nosed diamond tools which
have the same geometry and crystal orientation. These tools
have 1.2–1.5 mm main cutting edges, 135◦ included angles,
0◦ nominal rake angles and 6◦ relief angles. The rake faces
of these tools are in accordance with the{1 1 0} planes and
the main cutting edges are in accordance with the〈1 0 0〉 di-
rections. Before cutting, all these tools were examined using
an SEM and the edge radius of these tools were estimated
to be within the range of 20–50 nm.Fig. 3is an SEM photo-
graph of the main cutting edge of an unused diamond tool.
The edge appears to be extremely smooth and sharp without
any visible defects. In all the experiments, the actual tool
rake angle were adjusted to−20◦ with steel spacers in or-
der to achieve both high hydrostatic pressure conditions and
relatively lower cutting forces[17].

2.4. Cutting conditions

The experimental conditions are listed inTable 1. Unde-
formed chip thicknessh was set to 90 and 900 nm by ad-
justing cutting edge angleκ to 0.52 and 5.16◦, respectively,

Table 1
Cutting conditions

Diamond tool Single-crystal diamond straight-nosed tool

Crystal orientation Rake face:{1 1 0}, main cutting edge:〈1 0 0〉
Rake angle (◦) −20 (nominal: 0)
Relief angle (◦) 26 (nominal: 6)

Work-material Single-crystal silicon (1 1 1)

Depth of cut (�m) 1 and 2

Feed rate (�m/rev) 10

Undeformed chip
thickness (nm)

60, 90 and 900

Cutting speed (m/min) 94–358

Cutting environment Dry, kerosene mist, water

and keeping tool feedf constant to 10�m. As known from
the previous experimental results[6], the undeformed chip
thickness of 90 nm is just below the minimum critical chip
thickness (or critical depth,dc = 92 nm) for ductile–brittle
transition thus it corresponds to the largest material removal
rate in ductile regime; whereas the undeformed chip thick-
ness of 900 nm corresponds to a completely brittle mode
cutting. Depth of cuta was set to 1�m for h = 90 nm and
2�m for h = 900 nm, respectively. The rotation rate of ma-
chine spindle was set to 1500 rpm, consequently the cutting
speed changes from 94 to 358 m/min during a facing cut.
Dry cutting was first performed for the purpose of collect-
ing chips for observation. Subsequently, kerosene mist and
water were used as coolants in order to investigate the effect
of coolant on tool wear.

The tools were observed intermittently with an SEM at
intervals of every three facing cuts. Three facing cuts give
rise to a total cutting distance of 1.27 km. In order to observe
and measure the machined surfaces, a Nomarski differential
interference microscope, an SEM and a surface-profiling in-
strument, Form Talysurf, were used, respectively. The cut-
ting chips were also observed using an SEM.

3. Results

3.1. Tool wear patterns

In the fabrication of curved surfaces such as aspheric op-
tical elements, brittle mode cutting is sometimes needed be-
fore performing finish cut in order to achieve a high ma-
terial removal rate. In this study, first, brittle mode cutting
was performed at an undeformed chip thickness of 900 nm
under dry conditions.Fig. 4(a) is an SEM photograph of
the cutting edge after cutting for 1.27 km. In the figure no
obvious wear can be observed on the rake face whereas an
extremely small wear land and a few micro-chippings has
occurred to the edge. The size of these micro-chippings is
approximately 1�m, approaching the same level as the un-
deformed chip thickness. As cutting distance increased, both
the number and the size of the micro-chippings increased.
Fig. 4(b)is a SEM photograph of the same cutting edge af-
ter cutting for 7.62 km. The entire edge has been covered
with micro-chippings which are a few micrometers in size.

Next, ductile mode cutting was performed at an unde-
formed chip thickness of 90 nm.Fig. 5(a)is an SEM photo-
graph of the cutting edge after cutting for 1.27 km. A crater
wear has been formed on the rake face, the point of greatest
crater depth occurring near the midpoint of contact length.
Immediately near the crater wear, a 1�m wide flank wear
land is formed. Both the crater wear and the wear land are
smooth and uniform along the entire cutting edge, indicat-
ing that the tool wear has been a stable and gradual process.
As cutting distance increased, the width of the crater did not
change significantly whereas the width of the flank wear
land kept increasing rapidly. Also, the wear land surface
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Fig. 4. SEM photographs of the cutting edge after brittle mode cut-
ting for (a) 1.27 and (b) 7.62 km, respectively, showing occurrence of
micro-chippings.

becomes roughened from a cutting distance of 3.81 km.
Fig. 5(b) is an SEM photograph of the cutting edge after
cutting for 7.62 km. The crater wear on the rake face shows
no obvious increase compared with that inFig. 5(a), but the
flank wear land has increased up to 2 mm wide. Unlike that
in Fig. 5(a), the flank wear land inFig. 5(b)is covered with
numerous micro grooves oriented along the cutting direction
and a step structure can be observed on the wear land. These
features indicate that the tool wear has been accelerated and
has changed from a steady process to an unsteady process.

3.2. Effects of tool wear on cutting behaviour

Next, the variation in cutting behaviour with tool wear at
an undeformed chip thickness of 90 nm was examined.Fig. 6
shows the variation of surface roughnessRy (peak–valley)
with cutting distance. The measurement of surface roughness
was performed on the〈1 12̄〉 orientation of the workpiece,

Fig. 5. SEM photographs of the cutting edge after ductile mode cutting
for (a) 1.27 and (b) 7.62 km, respectively, showing the changes of crater
wear and flank wear land.

Fig. 6. Variation of surface roughness with cutting distance, indicating
the ductile–brittle transition of cutting mode at a cutting distance of
approximately 5 km.
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Fig. 7. (a) Nomarski micrograph of the machined surface and (b) SEM
photograph of the cutting chips after cutting for 1.27 km at an undeformed
chip thickness of 90 nm.

which is the orientation most difficult to be ductile machined.
It can be seen that until a cutting distance of 3.81 km, the
surface roughness kept almost constant at a low level. How-
ever, after 5.08 km the surface roughness began to increase
rapidly. The rapid increase in surface roughness indicates the
transition of cutting mode from ductile to brittle.Fig. 7(a)is
a Nomarski photograph of the machined surface after cutting
for 1.27 km. The surface is very smooth with no apparent
fractures.Fig. 7(b)is an SEM photograph of the cutting chips
formed under the same conditions. These chips are long and
continuous ribbon chips, like those of metal cutting. This
kind of chip demonstrates a ductile material removal mode.

Fig. 8(a)is a Nomarski photograph of the machined sur-
face after cutting for 11.4 km. Although a part of the surface
remains smooth, most of the surface has been damaged by
adjacent micro-fractures.Fig. 8(b)is a higher magnification
SEM photograph of the micro-fractures. The micro-fractures
consist of numerous micrometer level cracks oriented per-
pendicularly to the cutting direction. These micro-fractures
are thought to be resulting from the rubbing force generated
by the flank wear land of the tool.Fig. 8(c)is an SEM photo-
graph of the chips formed under the same conditions. These
chips are discontinuous and can be classified into powder

Fig. 8. (a) Nomarski micrograph of the machined surface, SEM pho-
tographs of (b) the micro-fractures on the machined surface and (c) the
chips after cutting for 11.4 km at an undeformed chip thickness of 90 nm.

type, fragment type and filament type, indicating the un-
steadiness of the cutting process.

Fig. 9(a)shows the variations in principal forceFc, thrust
force Ft per unit of cutting edge length (mm) and their
ratio r with cutting distance. Until the cutting distance of
5.08 km, bothFc and Ft tended to increase linearly. Af-
ter that, the forces increased with significant fluctuations.
Fig. 9(b) and (c)show the force waviness at 1.27 and
7.62 km, respectively. InFig. 9(b) the force waviness is
very steady, whereas inFig. 9(c) sudden fluctuations can
be observed frequently, indicating the unsteadiness of the
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Fig. 9. (a) Variations in cutting forces and force ratio; changes in force
waviness with cutting distance from (b) 1.27 to (c) 7.62 km at an unde-
formed chip thickness of 90 nm.

cutting process. FromFig. 9(a), it can also be seen that
the force ratio keeps increasing linearly as the tool wears.
These results demonstrated the possibility of monitoring
the tool wear using cutting force signals.

3.3. Effects of coolant on tool wear

Kerosene mist and water were used as coolants and the
results were compared with those of dry cutting. First, the
critical chip thicknessdc of silicon under these conditions
was measured. The value ofdc was calculated from the crit-
ical tool feed (fc) at the brittle–ductile transition boundary
[6], according toEq. (1). Fig. 10shows a comparison of crit-
ical chip thickness under the dry conditions and the wet con-
ditions. It can be seen that the use of either coolant causes
a decrease in critical chip thickness, i.e. leading to lower
ductile machinability than dry cutting. However, it was also
shown that the use of either coolant has prolonged the duc-
tile mode cutting distance.Fig. 11 shows the changes of
surface roughness with cutting distance at an undeformed
chip thickness of 60 nm under different coolant conditions.

Fig. 10. Variation of critical chip thickness (critical depth,dc) with coolant
conditions.

Fig. 11. Variation of surface roughness with cutting distance at an unde-
formed chip thickness of 60 nm under different coolant conditions, show-
ing that the use of coolants prolongs ductile mode cutting distance.

Compared to dry cutting, the use of water and kerosene
mist as coolants resulted in longer ductile mode cutting
distances.

4. Discussion

The wear of diamond tools in ultra-precision machining
has been the subject of controversial studies and is still not
well understood. Several different mechanisms such as me-
chanical, thermal, chemical and possible electrical effects
can contribute to diamond wear and multiple mechanisms
may be at work under some circumstances. However, the
predominant wear mechanism will depend on machining
conditions.

When cutting silicon at the micrometer level, i.e. in brittle
mode cutting, cleavage fracturing occurs to the work mate-
rial, forming micro craters in front of the cutting edge[18].
The micro craters make the cutting process intermittent and
cause micro impacts. These micro impacts will take place at
a very high frequency, leading to edge chippings. This mech-
anism may be similar to the fracture of other brittle-material
tools in traditional interrupted cutting or when cutting ma-
terials containing hard particles and inclusions[11,12,19].

When cutting silicon at an undeformed chip thickness of
a few tens of nanometres, i.e. in ductile mode cutting, the
initial tool wear tends to be a gradual process and can be
considered as the presence of a combination of adhesive
wear, abrasive wear and possible diffusion wear. That is,
when a diamond tool is new and sharp, conditions on the
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rake face are much more severe than those on the flank face.
Temperature and pressure are very high and the rake face
constitutes a heavily loaded slider[20]. Under such condi-
tions, diffusion wear will be predominant and the character-
istic wear pattern is a crater. As cutting distance increases,
the cutting edge recedes and the flank wear land becomes
predominant. The wear land results in a loss of relief an-
gle, which gives rise to increased friction resistance (cut-
ting forces). The wear land is normally a loaded slider with
maximum temperature at the trailing edge which increases
with increase in wear land length[20]. The wear rate rises
abruptly when the temperature at the trailing edge of the
wear land reaches the thermal deterioration point of dia-
mond. The thermal deterioration under these circumstances
may involve the diamond–graphite transformation at high
temperature[21] and the chemical reaction between carbon,
silicon and oxygen. Subsequently the deteriorated layer at
the trailing edge drops off due to the rubbing force between
the tool and the workpiece, forming step structures on the
wear land. This kind of wear is catastrophic and will lead
to the total destruction of the tool. The flank wear land also
causes unacceptable figure error in the part and induces sur-
face micro-fractures.

While the groove formation on the wear land is a com-
plex problem, whose mechanism is not yet clarified. It is
assumed that when the crater wear approaches the cutting
edge, micro-chippings occur to the edge and the work ma-
terial that is not removed by the chipped cutting edge rubs
without clearance on the tool, generating micro grooves.
Particles of brittle chips left behind on the previously cut
surface can also act as small cutting edges to induce wear
grooves. The presence of grooves on the cutting edge is a
source of surface roughness of the machined surface and
dictates tool life in finish machining.

5. Conclusions

Single-crystal silicon has been machined with single point
diamond tools and the tool wear characteristics were exper-
imentally investigated. The results can be summarized as
given further.

1. Tool wear can be classified into two types: micro-
chippings and gradual wear, the predominant wear mech-
anism depending on undeformed chip thickness. Brittle
mode cutting at an undeformed chip thickness of the mi-
crometer level leads to edge micro-chippings; whereas
ductile mode cutting at an undeformed chip thickness of
a few tens of nanometres causes gradual wear involving
crater wear and flank wear land. The flank wear land is
initially a smooth surface but eventually becomes rough-
ened by micro grooves and step structures, leading to a
total tool failure for ductile mode cutting.

2. Tool wear significantly influences the resulting surface
roughness, chip formation and micro-cutting forces.

When cutting distance exceeds a critical value (ap-
proximately 5 km under the present conditions), the
cutting mode transits from ductile to brittle, leaving
micro-fractures on the machined surface. The chip
changes from a continuous ribbon type to a mixture
type of powders, fragments and filaments. The ductile
cutting performance of a diamond tool is possible to be
monitored using cutting force signals.

3. A coolant has double-face effects on ductile mode cut-
ting. Compared to dry cutting, the use of a coolant de-
creases the critical chip thickness but prolongs the critical
cutting distance for ductile mode cutting.

The future direction of this work involves investigating
the chemical and thermal aspects of tool wear mechanism
and the effect of diamond crystal orientation on anti-wear
performance.
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