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Abstract

The role of hydrostatic pressure in the ductile machining of silicon is demonstrated experimentally using a single crystal
diamond tool with a large negative rake (—40°) and a high side cutting edge angle (SCEA) ( ~ 88°) and undeformed chip
thickness in the nanometric range ( ~ 50 nm) using an ultraprecision machine tool and a special machining stage inside a high
external hydrostatic pressure ( ~ 400 MPa) apparatus. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Silicon is a nominally brittle material but can be
deformed plastically in machining, yielding ductile
chips under the influence of high hydrostatic pressure.
This involves the use of an extremely rigid, ultrapreci-
sion machine tool, a single-crystal diamond tool with a
high negative rake angle ( — 40°) and a high side cutting
edge angle ( ~ 88°) that enables extremely small unde-
formed chip thickness values ( ~ 50 nm) at light loads.

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 [1,2]. Currently, silicon is finished by
grinding, lapping and polishing. An alternate approach
would be to machine it with a single point tool in the
ductile deformation mode without the need for subse-
quent polishing. This way damage due to brittle frac-
ture can be minimized and reliability of parts in service
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can be improved. Silicon is an excellent material for
these applications for it can be made extremely pure
and practically dislocation-free. It also has an impor-
tant processing advantage for microelectronic applica-
tions in that its oxide, SiO, is a good insulator and can
be used for isolation and passivation purposes.

Silicon has a strong directional covalent bonding
with a diamond structure (4-fold coordination). The
predominant slip system is < 110> {111}. Pure edge
dislocations generally do not form in this material;
instead pure screw dislocations form with a Burgers
vector at 60° to the dislocation line. At room tempera-
ture, the dislocations are relatively immobile in silicon
and hence, silicon responds in a brittle manner. How-
ever, ductility can be imparted at higher temperatures
and/or high hydrostatic pressures. In this paper, this
will be demonstrated with two examples — one, in
ultraprecision machining with a single crystal diamond
tool and the other in machining/scratching under high
external hydrostatic pressure.

It is known from the theory of plasticity that while
the yield strength of the material is determined by the
deviatoric stress state, the magnitude of the hydrostatic
stress determines the extent of plastic deformation prior
to fracture [3]. In other words, hydrostatic pressure
determines the strain at fracture that in turn determines
the ductility or brittleness of the material under the
state of stress. Bridgman [4,5] conducted extensive high
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pressure studies on numerous ‘nominally’ brittle materi-
als, such as stone, chalk and glass and showed that
many are capable of ductile behavior (undergoes large
strain before fracture) but only under the influence of
high hydrostatic pressures. Thus a high value of hydro-
static pressure is a prerequisite for plastic flow to occur
in brittle materials at room temperatures. Such condi-
tions fortuitously occur at light loads under an indenter
in indentation testing where a spherical symmetry of
the bottom half of a spherical cavity is maintained in
the deformation zone [Fig. 1 (A)] [6]. Immediately
below the indenter, the material is considered as a
radially expanding core, exerting a uniform hydrostatic
pressure on its surroundings. Encasing the core in an
ideally ‘plastic region’ within which flow occurs accord-
ing to some yield criterion; beyond the plastic region
lies the elastic matrix.

It has been reported that crack-free hardness indenta-
tion is possible on single crystal silicon at extremely
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Fig. 1. (A) Model of elastic—plastic indentation. Dark region denot-
ing ‘hydrostatic core’, the shaded region ‘plastic zone’ and the sur-
rounding region ‘elastic matrix’ [6]. (B) Schematic of machining using
a straight edge tool with a high side cutting edge angle (SCEA).
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Fig. 2. Variation of the ‘critical’ undeformed chip thickness (or
‘critical’ depth) with the tool rake angle [14].

light loads (~0.05 N) [7]. Gerk and Tabor [8] at-
tributed this in part to a structural transformation from
diamond cubic (Si-I) into a metallic state B-Sn (Si-II)
that could occur under the indenter due to high hydro-
static pressure (10-13 GPa) [9]. They proposed that
material around the indenter would become sufficiently
ductile (due to in situ metallic transformation) to sus-
tain plastic flow. For example, under high hydrostatic
pressure (~ 115-120 Kbars) the crystal structure of
germanium is found to transform to a six-fold coordi-
nation and become metallic. Careful measurements of
electrical conductivity during indentation close to the
indenter on silicon showed a significant increase in
conductivity (from semiconducting to highly conduct-
ing) [10,11] strongly supporting a change to metallic
state underneath the indenter in which case the material
can be deformed plastically or in a ductile mode. It has
also been shown from SEM micrographs of the indents
in (111) silicon that a thin layer of material immediately
adjacent to the indenter is plastically extruded indicat-
ing metallic-like mechanical properties [12].

Such conditions of high hydrostatic pressure can be
generated immediately underneath the tool at extremely
light loads and small size of cut in machining silicon
with a high negative rake tool which resembles a blunt
indenter [Fig. 1 (B)]. However, to accomplish this re-
quires the use of an extremely rigid, ultraprecision
machine tool and a single crystal diamond tool with a
high negative rake angle (—40°). In order to obtain
extremely small undeformed chip thickness values ( ~
50 nm) a straight cutting edge with a large side cutting
edge angle (SCEA) (~ 88°) (instead of a tool with a
round nose) is required. This will enable thinning of the
chip in the nanometric range at the same time provides
significant width to undeformed chip thickness ratio to
ensure plane strain conditions. Also, the use of plain
cutting edge (instead of a nose radius tool) provides a
constant value of undeformed chip thickness instead of
varying from zero to final value and consequent adverse
effect on the stress-state at the tool tip that can result in
brittle fracture.

2. Experimental setups and test conditions

In this investigation, a single crystal silicon with (111)
orientation was machined (facing tests) dry using a
Toyoda ultraprecision diamond turning machine
equipped with a hydrostatic spindle [13]. A single crys-
tal diamond tool with a straight cutting edge (1.2 mm
long), a 6° relief angle and rake angles varying from 0
to — 80° were investigated. The edge radius was esti-
mated to be ~ 50 nm. The depth of cut was maintained
constant at 1 um and the feed rate was varied up to 42
um rev ~— ! This provides an undeformed chip thickness
from a few nanometres to 1 um. The cutting speed was
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Fig. 3. (A) Schematic of the experimental setup used for the machin-
ing of silicon under high external hydrostatic pressures. 1, pressure
vessel; 2, pressure intake; 3, turntable; 4, Angular bearing; 5, Bridg-
man seal; 6, sleeve; 7, Bridgman seal; 8, lid; and 9, bolts to secure the
lid. (B) Details of the machining apparatus. 10, work material (speci-
men); 11, tool holder; 12, fulcrum of the tool holder; 13, diamond
stylus; 14, spring; and 15, spring adjuster.

varied in the range of 1.57-3.14 m s~ '. Fig. 2 shows
the variation of the critical undeformed chip thickness
(or critical depth) with the tool rake angle. It can be
seen that the critical undeformed chip thickness in-
creases from ~70 to 175 nm as the rake angle is
decreased from 0 to — 40° [14]. Further increase in the
negative rake angle up to — 80°, results in a decrease in
the critical depth to ~ 40 nm. As Komanduri [15] has
shown, the use of extremely high negative rake angles
result in significant increase in the ratio of the thrust
force to the cutting force and reduces the available
space for the chip to slide past the tool face. This
promotes plane stress conditions and side flow of the
material instead of chip formation. Hence, there is no
inherent advantage in using rake angle more negative
than —40°.

To investigate the effect of external hydrostatic pres-
sure on the ductile machining of silicon, Yoshino et al.
[17] built a special machining/scratching stage inside a
pressure vessel where external hydrostatic pressure of
400 MPa can be developed. Fig. 3 (A) and (B) are
schematics showing details of the machining apparatus
built inside the pressure vessel. Kerosene was used as
the pressurizing fluid. The pressure vessel was made of
steel with a design pressure of 500 MPa. The chamber

was connected to an external high-pressure pump
through the pressure intake. The shaft of the turntable
is connected to a variable speed motor. Machining
experiments were conducted in the range of cutting
speeds from 0.8 to 8 mm s~ !. The turntable is sup-
ported by an angular bearing and leakage around the
shaft is prevented using Bridgman seals. Fig. 3 (B)
shows details of the machining stage. The silicon speci-
men is attached to the turntable. A diamond stylus is
glued to the tool holder with an epoxy bond and is
supported by a fulcrum. The scratches made on the
silicon work material by the machining process was
examined in a scanning electron microscope.

3. Results and discussion

Fig. 4 (A) and (B) show the machined surface and
the corresponding chip generated in machining silicon
at an undeformed chip thickness of 868 nm. It can be
seen that the machined surface is far from smooth with
significant fracture across the entire surface. Fig. 5 (A)
and (B) show the machined surface and the correspond-
ing chip generated in machining silicon at an unde-
formed chip-thickness of 58 nm. It can be seen that the
machined surface is extremely smooth with no fracture
across the entire surface. Also, the chips generated are
long and continuous akin to the chips generated when

Fig. 4. (A) and (B) Machined surface and the corresponding chips
generated in machining silicon at an undeformed chip thickness of
868 nm.
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Fig. 5. (A) and (B) Machined surface and the corresponding chips generated in machining silicon at an undeformed chip thickness of 58 nm. (C)
Atomic force microscope (AFM) image of the machined surface showing the typical feed marks generated on the machined surface and an

extremely smooth surface without any fracture.

machining ductile materials such as aluminum, copper,
or, steel. Shibata et al. [16] examined single crystal
silicon surfaces by transmission electron microscopy
and observed plastic deformation in the machined sur-
face. Fig. 5 (C) shows an atomic force microscope
(AFM) image of the machined surface showing the
typical feed marks generated in machining and an
extremely smooth surface without any fracture.

In order to study the effect of hydrostatic pressure on
ductile machining of silicon, machining tests were con-
ducted on a specially built machining stage inside a
pressure vessel where external hydrostatic pressure of
400 MPa can be developed through the medium of
kerosene. Scratching tests were conducted on silicon
using a diamond stylus at 0 and 400 MPa hydrostatic
pressure. Fig. 6 (A) and (B) show SEM micrographs of
the scratched region showing significant fracture dam-
age at 0 MPa and minimal damage and a smooth
groove at 400 MPa hydrostatic pressure, respectively.

4. Concluding remarks

It is shown in this paper that smooth surfaces and
ductile machining of silicon yielding continuous chips
can be accomplished under the conditions of high hy-
drostatic pressure, using an extremely rigid, ultrapre-
cison machine tool, a single crystal diamond tool with a
large negative rake and a high SCEA and undeformed
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Fig. 6. (A) and (B) SEM micrographs of the scratched region showing
significant fracture damage at 0 MPa and minimal damage and a
smooth groove at 400 MPa external hydrostatic pressure, respec-
tively.
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chip thickness in the nanometric range ( ~ 50 nm) and
a special machining stage inside a high external hydro-
static pressure ( ~400 MPa) apparatus.
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