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Abstract A new method was proposed for simulating the
anisotropic surface quality of machined single-crystal
silicon. This represents the first time that not only the
mechanical properties of silicon, but also the crystal
orientation, which is closely linked to the turning process,
have been given consideration. In this paper, the crystallo-
graphic relationship between machined crystal planes and
slip planes involved in ultra-precision turning was ana-
lyzed. The elasticity, plasticity, and brittleness properties of
silicon in different crystal orientations were calculated.
Based on the brittle—ductile transition mechanism of ultra-
precision turning of single-crystal silicon, the orientation
dependence of the surface quality of (111), (110), and (100)
crystal planes were investigated via computer simulation.
According to the simulation results, the surface quality of
all machined planes showed an obvious crystallographic
orientation dependence while the (111) crystal plane
displayed better machinability than the other planes. The
anisotropic surface properties of the (111) plane resulted
from the continuous change of the cutting direction, which
causes a change of actual angle between the slip/cleavage
plane and machined plane. Anisotropic surface properties
of planes (100) and (110) result from anisotropy of
mechanical properties and the continuous changes of the
cutting direction, causing the actual angle between slip/
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cleavage plane and machined plane to change simulta-
neously. A series of cutting experiments were carried out on
the (111) and (100) crystal planes to verify the simulation
results. The experimental results showed that cutting force
fluctuation features and surface roughness are consistent
with the anisotropy characteristics of the machined surface
as revealed in simulation studies.

Keywords Anisotropy - Surface quality - Ultra-precision
turning - Single-crystal silicon - Simulation and
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1 Introduction

During the practical application of optical components,
anisotropy of optical crystal materials has become a
problem in urgent need of attention. A number of studies
have achieved ductile mode cutting of silicon using micro-
turning processes [1-13]. However, in the research field of
ultra-precision machining, few studies have analyzed the
anisotropy of surface quality relative to the mechanism of
brittle—ductile transition. The research team led by Scatter-
good earlier discovered and explained surface anisotropy
[14-16]. Blackley and Scattergood explained the
orientation-dependent machining damage in silicon by
examining the variation in resolved tensile stress on the
{1 1 1} slip planes [16]. In recent years, academics have
begun to pay attention to this phenomenon, and through
qualitative analysis of the relative change between the
cutting direction and the crystal structure of single-crystal
materials, to explain the reasons behind anisotropy of
silicon crystal surface roughness [17, 18]. Shibata et al.
carried out diamond turning of single-crystal silicon along
all the crystallographic directions on the (001) and (111)
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planes. The experimental results showed that the orientation
dependence of the machined surface takes the form of a
fourfold symmetric and threefold symmetric cross through
the center on the (001) and (111) wafer surface, respectively.
They qualitatively explained the direction-dependent dam-
age effects by the use of a slip model [17]. To investigate the
nature of the chip formation process with crystal orienta-
tion, molecular dynamics simulations of nanometric cutting
on single-crystal aluminum were conducted by Komandurib
et al. The results showed that extensive dislocation occurred
ahead of the cutting tool, principally along, normal to,
along and normal to, or at —45°r —60° to the cutting
direction, depending on the specific orientation and
direction of cutting [19]. Hung and Fu studied the effect
of crystallographic orientation in ductile regime machining
of (100) silicon wafer. They found that ductile regime
machining could be achieved when cutting along the <110>
directions and pits were observed when cutting along the
<100> directions [20]. Cheung also carried out face
cutting experiments on silicon single crystals with
different crystallographic orientations. Experimental
results indicated that the anisotropy of surface rough-
ness occurs when the cutting direction relative to the
crystallographic orientation varies successively in dia-
mond turning [21]. O’Connor et al. measured the critical
chip thickness as a function of crystallographic orientation
on the (0 0 1) cubic face. Experimental results showed that
the critical chip thickness in silicon for ductile material
removal reaches a maximum of 120 nm in the [1 0 0]
direction and a minimum of 40 nm in the [1 1 0] direction
[22]. After carrying out sets of cutting trials, Marsh et al.
concluded that the underlying four-lobe symmetry of the
(1 0 0) crystal plane is clearly visible in the force and AE
signatures, and that this results from the anisotropic
variation in material properties of the Si crystal [23].
However, the binding force between silicon atoms com-
prises covalent bonds, so the distances between atomic
surfaces in different crystal planes are different, and the
distance between atoms in different crystallographic
directions is also different, resulting in the physical and
mechanical properties of silicon in different crystallo-
graphic directions being anisotropic.

The orientation dependence of machined surfaces,
apart from being related to the change of cutting force
imposed on the slip plane and slip direction resulting
from the relative change between the cutting direction
and the crystal structure of single crystal materials, is
also related to the anisotropy of physical and mechanical
properties. Research into the brittle—ductile transition
mechanism suggests that single-crystal silicon under
action of a diamond tool will emit a number of
dislocations before silicon fracture [24, 25]. Consequent-
ly, by studying the contrast of the number of dislocations
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emitted from different crystal planes or different crystal-
lographic directions, the orientation dependence of plastic
deformation capacity or machined surface quality in-
volved in ultra-precision machining single-crystal silicon
can be demonstrated in a more accurate description.

In this paper, based on the previous studies of the brittle—
ductile transition mechanism, a simulation approach is
proposed for clarifying the nature of anisotropy of
machined surfaces involved in the ultra-precision turning
of single-crystal silicon. Firstly, the crystallographic orien-
tation relationships between the machined crystal plane and
slip planes were analyzed when cutting along different
crystal planes and the actual angles #' between machined
plane and the {111} planes were calculated. The elasticity,
plasticity, and brittleness properties of silicon involved in
machining were calculated. Secondly, based on fundamen-
tal theories and methods for studying the brittle—ductile
transition mechanism investigated in previous studies, a
simulation of plastic deformation and brittle fracture
behavior along different machined crystal planes and
crystallographic directions involved in the ultra-precision
turning process was performed, and the anisotropies of
surface properties derived by analyzing the distribution of
the emitted dislocations. Finally, verification experiments
were performed, with the experimental results showing
good agreement with the simulation results.

1.1 Crystallographic orientation relationships

To reveal the orientation dependence of ultra-precision
machined surfaces, the crystallographic orientation relation-
ships between the machined crystal plane and slip planes
need to be analyzed when cutting along different crystal
planes. Single-crystal silicon has an octahedral crystal
structure, where the {111} planes comprise the slip planes
and cleavage planes. The angle between the {111} planes
and {100} planes is equal to 54.74° while the angle
between the {110} planes and {111} planes is equal to
35.26°; the angle between different {111} planes is equal to
70.52°.

The relationships between the machined crystal planes
and slip planes are shown in Fig. 1, when cutting along
(100), (110), and (111) crystal planes, respectively.

According to the brittle—ductile transition mechanism
involved in the ultra-precision turning of silicon, the
deformation behavior of silicon under cutting force is an
interaction between crack propagation and dislocation
movement [24, 25]. Under the plane-strain condition,
assuming a composite load, depending on the cutting path
direction and based on the analysis of silicon crystal
structure, a model of the stress intensity factor &; and Ay
at the top of the crack contained in silicon is established as
shown in Fig. 2.
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4 Fig. 1 Relationships between the machined crystal planes and slip

planes: a between (100) and {111} planes; b between (110) and {111}
planes; ¢ between {111} crystal planes

Under the plane-strain condition, when cutting direction
changes by angle A along the machined plane, the actual
angle #' between the machined plane and the {111} planes
as shown in Fig. 2 can be calculated as follows:

<sin6’>2+ 20/sin A0 — 1 0
Sind cos“@'sin“Ab =

Where ¢ is the angle between the machined plane and
(111) slip plane after cutting direction change A#, and 0 is
the initial angle between the machined plane and {111} slip
planes.

It is obvious that the angle between the machined plane
and (111) slip crystal plane will be different when different
crystal planes are chosen as the machined plane. At the
same time, under plane-strain conditions, the actual angle
will vary continuously with the continuous changes in
cutting direction. From the above analyses, the cutting
component force on the machined plane and crystal slip
plane changes with the change of cutting direction; in other
words, under the action of the cutting force the behavior of
slip deformation and cleavage fracture also changes with
change of cutting direction.

1.2 Anisotropic mechanical properties of single-crystal
silicon

Binding forces between silicon atoms comprise strict
directional covalent bonds, which result in the mechanical
properties of silicon in different cutting directions exhibit-
ing differences [26]. The mechanical properties of silicon as
relevant to machining are chiefly elasticity, plasticity, and

KI: K]I ‘ Ag

Ky, Ky “—_-
T

Fig. 2 The relational model of crack plane and slip planes—cutting
path direction factor
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brittleness. The fracture toughness of silicon is obtained by
the following formula [27]:

an

K eave = 4G ———0
cleave 72(1 — 2‘/)

(2)
Where ay is constant and equal to 0.543 nm, v is
Poisson’s ratio, E is Yang’s elastic modulus, and G is the
shear modulus. The critical stress intensity factor needed
for crack emitting dislocation is shown as follows [28]:

(3)

Where v, is the unstable stacking energy of the slip

_ GI?
plane,yw =T

vector of three crystal planes respectively can be calculated by

and b is the Burgers vector. The Burgers

by = 1/2610, b0 = \/5/261(), and b9 = ag, respectively.
The elastic modulus and Poisson’s ratio can be calculated
as follows:

1 1
7= S —2 [(511 —Sp2) — 5544} (1L + LI + B2

(4)

1
V= —E|:S12 + (S]l — S — §S44) (112Wl12 + IQZWQZ + 122m22)

(5)

where Sj; is the flexibility factor, and §;;=0.768x
107" Pa!, §,,=-0.214x10""" Pa™', S44,=1.256%
107" Pa!, I; is crystallographic direction cosine, and i=
1,2,3; m; is the direction cosine of crystal direction
orthogonal to crystallographic direction, and i=1,2,3.

The elastic modulus and shear modulus of three crystal
planes with varying crystal orientation are shown in Fig. 3.
Figure 3 indicates that the elastic modulus and shear
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modulus of (111) plane are the same in all crystallographic
directions, while the elastic modulus and shear modulus of
the (100) and (110) planes in different crystallographic
directions are quite different. It is not difficult to obtain
brittleness and plasticity properties of different crystal
planes and in different crystallographic directions by
substituting the elastic modulus and shear modulus into
Egs. 2 and 3.

1.3 Simulation study methods

The basic theories and methods for studying the brittle—
ductile transition mechanism given in the references [24,
25] (i.e., given by Egs. 6-14) were also used for the
simulation study of anisotropic surface quality during the
ultra-precision turning of single-crystal silicon. However,
the important idea is that depending on the different crystal
plane selected as the machined surface, when the cutting
direction changes continuously, according to Eq. 1, the
actual angle 6" between machined plane and the slip
cleavage planes can be calculated, and the various
mechanical properties along the cutting direction can then
also be obtained from Egs. 2-5. Following, the results are
substituted into Eqs. 614, thus completing the simulation
of plastic deformation and brittle fracture behavior along
different machined crystal planes and crystallographic
directions involved in the ultra-precision turning process.

In the process of precision cutting silicon, the crystal
material is subject to the pressure-shear loading condition
as shown in Fig. 2. The stress on the slip plane under the
conditions of additional load ki, &y can be calculated using
Egs. 6 and 7 [29].

1 4
09 = ——— cos— [ki(1 + cos@) — 3kysind’ 6
0 > /_271'1” 2 [ 1( ) 11 ] ( )
S cos o [k;sin@ + k;(3cos & — 1)) (7)
O == ——— CcOS— -
" 2/ 2mr 2 "

Where o is normal stress, o,y is shear stress, and 7 is the
distance to the crack tip. If the dislocation is emitted from
the crack tip, the stress intensity factors contributed by an
emitted dislocation along slip plane are [30]

1 b, 4

—3 sin@cos? (8)

by = ——
50 amr, (1—v)

1 ub o
iy = — ——=—— % _(3cos6 — 1)cos? — 9
I = "3 o (=) G088~ Deos'5 ®)

where b, is the Burgers vector of an edge dislocation alone
the slip direction and r. is the distance from the crack tip to

the edge dislocation. Wang defines the stress intensity
factors Kj and Ky as follows: [31]

Ky = lim {\/ 27rr0'9} (10)
r—0
K]I([[S) = lg%[\/ 27Tr0r9:| (11)

Using Egs. 6-11, K; and Kj; and Kjs and Ky can be
obtained. K and Kjj5 are the stress intensity factors due to
the emitted dislocations, and K; and Kj are the stress
intensity factors applied on the tip of the crack by external
loading.

Rice and Thomson [28] suggested that the applied stress
intensity factor should be large enough so that dislocation
can be emitted through the region near the crack tip. In
other words, a critical stress intensity factor needed for
dislocation emission is

K%y = Kpe (12)

where K is given by Eq. 3.

The emitted dislocation modifies the stress of the crack
tip such that the stress intensity factors are shielded from
the applied stress as follows: [32]

K%, = K; + Kj

(13)

K%y = Ky + Ky (14)

The Sih’s fracture criterion is taken [33] as the fracture
criterion.

In general, atomically sharp cracks are formed by the
breaking of covalent bonds when a load acts upon Si single
crystals. A Si single crystal will plastically deform as long
as dislocation can be emitted from the atomically sharp
cracks, otherwise the cracks will propagate. As externally
applied stress intensity increases, the processes of disloca-
tion emission and the crack cleavage involved at the crack
tip can be described as follows, according to the results of
the simulation. The crack tip emits dislocations which can
shield it from external loading and protect it from
propagation, so that two processes coexist at the crack tip:
the increase in the crack tip stress intensity; and the
shielding of the crack tip field due to dislocation emission.
Firstly, the crack tip stress intensity increases with the
applied stress intensity until the critical stress intensity for
dislocation emission given by Eq. 12 is reached. The
dislocation emitted from the crack tip shields the crack tip
field, the local stress intensity factors as given by Egs. 13
and 14 decrease, and the ductile mode prevails. When the
applied stress intensity increases further, the crack tip stress
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intensity increases again, and the dislocations are emitted
one after the other, resulting in a cyclic process. If the
shielding due to dislocation motion is not sufficient to
offset the increase in the crack tip stress intensity, then the
fracture criterion as given by Sih’s fracture criterion is met
and brittle fracture occurs.

The flow chart of simulation is depicted in Fig. 4.

2 Results of simulation and discussion
2.1 (111) plane

The [112] crystallographic direction was chosen as the
initial cutting direction when simulating anisotropy of
surface properties during machining of the (111) plane,
and —40° and —25° negative rake angle cutting tools were
adopted in the simulation, with the results shown in Fig. 5.
Assume that the cutting tool on the (111) crystal plane turns
360° continuously counter-clockwise, and the initial posi-
tion named as 0° position in simulation study can be set to
the [112]crystallographic direction. Thus, when the cutting
tool rotates 30°, 60°, 90°, and 120°, the cutting directions
are the [101], [211], [110], and [121] crystallographic
directions, respectively.

Simulation results showed that the distribution of the
total number of emitted dislocations and the number of
dislocations emitted from the machined crystal plane and
slip plane simultaneously formed six peaks regardless of
whether loaded with the —40° or —25°negative rake angle

cutting tool.

Select crystal plane as the surface to be machined

y

Calculate actual angle between machined plane

and the (111) plane along cutting directions

v

Calculate Mechanical properties such as elastic modulus, fracture

toughness, critical stress intensity factor along cutting directions

v

Enter the value of rake angle (as the load phase angle)

v

Calculate the number of emitted dislocations in the cutting directions

before the cleavage plane fracture

Fig. 4 Flow chart of simulation of anisotropic surface quality
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Fig. 5 Relationship between numbers of dislocations and cutting
directions during the turning of the (111) crystal plane in a —40° and
b —25° rake angle

The mechanism of orientation dependence of machined
surface quality can be illustrated by observing the distribu-
tion of the number of emitted dislocations. The distribution
of dislocations in the range of 0-60° is taken as an
example. From both sides of the [112] crystallographic
direction to within 15°, only a small number of dislocations
are emitted from the machined plane, and moreover, the
number of dislocations emitted from the machined plane
and slip plane is very uneven. As a comparison, from both
sides of [101] crystallographic direction to within 15°, a
greater number of dislocations is emitted from the ma-
chined plane, and moreover, the number of dislocations
emitted from the machined plane is relatively consistent
with the slip planes.

The above analyses indicate that inadequate and uneven
plastic deformation occurs in the [112] crystallographic
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direction, and it can be inferred that surface roughness is
relatively large when cutting along directions having the same
mechanical properties and crystallographic relationship.

Contrastively, more adequate and uniform plastic defor-
mation occurs in the [101] crystallographic direction, and it
can be inferred that surface roughness is relatively small
when cutting along directions having the same mechanical
properties and crystallographic relationship.

In fact, the elastic modulus and shear modulus are
completely the same in all crystallographic directions in the
(111) crystal plane, and the critical stress intensity factor of
dislocation emission and fracture toughness are also the same.
Therefore, the anisotropic surface properties of the machined
(111) plane is due to the continuous change in the cutting
direction leading to the actual angle between slip/cleavage
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Fig. 6 Relationship between numbers of dislocations and cutting
directions during the turning of the (100) crystal plane in a —40° and
b —25°rake angle
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Fig. 7 Relationship between numbers of dislocations and cutting
directions during the turning of the (110) crystal plane in a 40° and
b —25°rake angle

plane and machined plane changing simultaneously, which
accordingly results in a different extent of plastic deformation
and cleavage fracture cleavage occurring on the machined
plane and slip/cleavage plane.

2.2 (100) plane

The [110]crystallographic direction is defined as the initial
position in the simulation study on the machining (100)
plane and turning of the (100) crystal plane 360° contin-
uously counter-clockwise. Thus, when the cutting tool
rotates 45° and 90°, the cutting directions are the [010]
and [110] crystallographic directions respectively; results
are shown in Fig. 6.

Simulation results showed that graphs of the dislocations
distribution exhibit two-axis symmetry. The distribution of
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dislocations in the range of 0~90° are taken as an example.
From both sides of the [110] crystallographic direction to
within 15°, a small number of dislocations are emitted from
the machined plane, and moreover the number of disloca-
tions emitted from the machined plane and slip planes is
very uneven. As a comparison, from both sides of the [010]
crystallographic direction to within 15°, a relatively larger
number of dislocations are emitted from the machined
plane, and moreover, the number of dislocations emitted
from the machined plane is relatively consistent with those
from the slip planes.

The above analyses indicate that inadequate and uneven
plastic deformation occurs along the [110] crystallographic
direction; similarly, surface roughness is relatively large
when cutting along directions having the same mechanical
properties and crystallographic relationship. Contrastively,
more adequate and uniform plastic deformation occurs
along the [010] crystallographic direction, and similarly,
surface roughness is relatively small when cutting along
directions having the same mechanical properties and
crystallographic relationship.

a Experimental setup

Furthermore, the number of dislocations emitted from
the (100) plane is less than from (111), which indicates that
the (111) plane is more easily machined than the (110)
plane.

Unlike the case with the (111) crystal plane, the elastic
modulus and shear modulus are anisotropic in the (100)
crystal plane, and the critical stress intensity factor of
dislocation emission and the fracture toughness are also
anisotropic. Therefore, the anisotropic surface of the
machined (100) plane is due to anisotropy of mechanical
properties and the continuous changes of the cutting
direction causing the actual angle between slip/cleavage
plane and machined plane to change simultaneously, which
accordingly results in a different extent of plastic deforma-
tion and cleavage fracture cleavage occurring on the
machined plane and slip/cleavage plane.

The simulation results of machining (111) and (100)
plane also show that the crystallographic relationship and
mechanical properties of the machined plane and slip/
cleavage plane jointly play a significant role in the
orientation dependence of machined surface quality.

€ Diagram of the experiment
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2.3 (110) plane

The [001]crystallographic direction is defined as the initial
position in the simulation study on the machining (110)
plane and turning of the (110) crystal plane 360° continu-
ously counter-clockwise. Thus, when the cutting tool
rotates 55° and 90°, the cutting directions are the [111]
and [110] crystallographic directions, respectively; results
are shown in Fig. 7.

Similar to simulation (100), the results showed that
graphs of the dislocations distribution have two-axis
symmetry. The distribution of dislocations in the range of
0-90° is taken as an example.

From both sides of the [110] crystallographic direction to
within 15°, a small number of dislocations are emitted from
the machined plane. As a comparison, from both sides of
[L11] crystallographic direction to within 30°, a larger
number of dislocations are emitted from the machined
plane, however the number of dislocations emitted from the
machined plane is significantly less than from the slip
planes.

The above analyses indicate that inadequate and uneven
plastic deformation occurs along the [110] crystallographic
direction; similarly, surface roughness is relatively large
when cutting along directions having the same mechanical
properties and crystallographic relationship.

Contrastively, more adequate and uniform plastic defor-
mation occurs along the [111] crystallographic direction,
and similarly, surface roughness is relatively small when
cutting along the directions having the same mechanical
properties and crystallographic relationship.

The simulation results of machining the (110) surface
showed the total number of dislocations to be greater in
comparison with machining the (111) plane. However, a
cleavage fracture occurs along the (111) crystal plane and
perpendicular to the (110) plane, hardly emitting any
dislocations. This phenomenon was discovered in the
process of simulation when the fracture criteria adopted in
simulation program [23] were met. Moreover, the number
of dislocations emitted from the machined (110) plane is
significantly less than that from the machined (111) plane,

Table 1 Cutting conditions

Specimen (111) and (100)crystal plane of silicon substrate

Diamond tool Rake angle of —40°; cutting edge radius is
50 nm;

tool nose radius is 2.6 mm

Cutting conditions  Spindle rotation speed, 600 rpm

(111) plane Cutting depth, a,=5 pum;

feed speed, /=2 um/rev
Cutting depth, a,=3 pm;
feed speed, /=0.8 um/rev

(100) plane
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Fig. 11 AFM images of the machined (111) plane in a cutting
direction of: a 0°, b 30°, ¢ 60°, and d 90°
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and the distribution of the dislocations between the
machined crystal plane and the slip planes during turning
of the (110) plane is always less uniform than that derived
from turning of the (111) plane. Therefore, cutting surface
quality is also poor when machining along the (110) plane.

3 Experimental study
3.1 Cutting force experiment

The simulation results have shown that the anisotropy of
surface quality results from the variation in machinability of
different cutting directions. The extent of the plastic
deformation of silicon can be clearly reflected in the
fluctuation of cutting force. Therefore, if the fluctuation
feature of cutting force can be determined by experiments,
it can provide a basis for further research.

The cutting force experiments were conducted by face
turning the specimen on a numerically controlled ultra-
precision lathe (Harbin Institute of Technology, China). A
diagram illustrating the experimental setup is shown in
Fig. 8. Experiments were performed on the (111) wafer,
which is mounted on a vacuum chuck. The diamond tools
used in the face turning experiments had rake angle of —40°
and a clearance angle of 5°. The radius of the unused
cutting edge was 50 nm. The cutting forces were measured
using a KISTLER Mini-3-D dynamometer (Type-9256A) in
conjunction with a KISTLER three-channel charge ampli-
fier and a DAT recorder. Figure 9 is a graph showing the
measured values of radial thrust force during the ultra-
precision machining of silicon under the given cutting
conditions; spindle speed, »=500 rpm; depth of cut, a,=
5 um; and feed rate, /=2 um/rev.
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Fig. 12 Relationship between the surface roughness and cutting
direction on the (111) plane
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Fig. 13 AFM images of the machined (100) plane in a cutting
direction of a 0°, b 15°, ¢ 30°, and d 45°

The results of power-spectral density (PSD) and discrete
FFT analysis of the force signal are shown in Fig. 10.
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Fig. 14 Relationship between the surface roughness and cutting
direction on the (100) plane

As can be seen from Fig. 10, with the exception of 0 Hz
(resulting from low-frequency interference signals), the
maximum PSD and a large harmonic component appear
around the 50 Hz frequency.

The frequency f; of spindle rotation:

fs =v./60 =50/6 Hz (15)

The frequency of cutting force fluctuation f; is equal to
50 Hz. The fluctuation frequency of greater cutting force is
thus six times that of spindle rotation, indicating that the
surface quality of the machined (111) plane will take the
shape of six parts significantly different in comparison with
other the parts.

3.2 Experimental research on anisotropy of surface
properties

In order to verify the simulation results for anisotropy of
surface properties in the ultra-precision machining of
single-crystal silicon, face turning experiments were per-
formed on silicon (111) and (100) crystal plane, with
turning conditions shown in Tablel.

The surface roughness of the machined specimen was
measured by atomic force microscopy, with scan range of
40%x40 pm. Under the cutting conditions mentioned
previously in Table 1, the AFM images of the surface
topography of the (111) plane in cutting directions 0°, 30°,
60°, and 90° are displayed in Fig. 11. A schematic diagram
of the surface roughness measured along a circle on the
(111) plane is shown in Fig. 12.

Comparing experimental results of the anisotropic
properties of machined surface roughness shown in
Fig. 12 with the simulation results of dislocation emissions
of the machined crystal plane, they can be seen to be
essentially consistent.
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The experimental results show that surface roughness
in the [112] direction is slightly less than in the [112]
direction. The reasons for this phenomenon can be
explained from the simulation process. The main reason
may be because of a phenomenon that occurs in
simulation process, i.e., when cutting in the [112]
direction, there are more dislocations emitted from the
crystalline plane below the machined surface, and fewer
dislocations emitted from the crystalline plane above the
machined surface. Therefore, when damage occurs in
single-crystal silicon, cracks at the top of the machined
surface can be removed by subsequent turning.

However, though the number of dislocations emitted in
the [112] cutting direction is the same as in the [112] cutting
direction, the dislocations are distributed in an opposite
fashion. Thus, when plastic deformation under the ma-
chined surface does not easily form, then fracture failure is
liable to occur, and the cracks are also more easily extended
to the machined surface under the action of the cutting tool,
resulting in the deterioration of surface quality.

The AFM images of the surface topography of the (100)
plane in cutting directions 0°, 15°, 30°, and 45° are shown
in Fig. 13. A schematic diagram of continuous measure-
ment of the roughness along a circle on the (100) plane is
displayed in Fig. 14. A group of smaller cutting parameters
with @,=3 um and /=0.8 pum/rev was used to perform the
turning experiment, as the silicon (100) plane does not
easily form a mirror machined surface. Comparing exper-
imental results with simulation results of dislocation
emissions of the machined (100) crystal plane, they are
also seen to be essentially consistent.

4 Conclusions

In this paper, simulation studies were performed on the
mechanism of surface anisotropy, and in particular both the
crystal structure and mechanical properties of single-crystal
silicon were simultaneously taken into account for the first
time. The following conclusions can be drawn:

The anisotropic surface quality during ultra-precision
turning of single-crystal silicon is caused by the number
of dislocations in different directions along the cutting
plane and also by the uneven distribution of the
dislocations between the machined plane and the slip
planes under the action of the cutting tool. Moreover,
the turned surface has six higher quality parts and six
lower quality parts in the form of a sixfold symmetric
cross through the center when turning on the (111)
crystal plane. In addition, the turned surface has four
higher quality parts and four lower quality parts in the
form of a fourfold symmetric cross through the center
when turning on the (100) and (110) crystal planes.

@ Springer

The surface quality of single-crystal silicon is deter-
mined jointly by the number of dislocations on the
machined surface and on the crystal surface, namely, the
greater the number of dislocations on the machined surface
and the more even the distributed dislocations between the
machined surface and the slip planes, the better the surface
quality. Therefore, machined surface quality is best when
machining along the (111) crystal plane. The simulation
results also showed that the use of a —40° rake angle tool
can achieve better surface quality.
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