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Abstract: Problem statement: Ultra-precision machining of monocrystalline siic has become
tremendously important in microelectronic, micrommagcical and optical element manufacturing and
the mechanism of nanometric cutting monocrystallsilecon has been a focused research topic.
Molecular Dynamics (MD) simulation is developed as effective way for studying the material
removal process at nanometric scalpproach: Molecular Dynamics (MD) simulation of nanometric
cutting is conducted on monocrystalline siliconhathree dimensional diamond tool of 0° rake angle
to investigate the cutting force. The cutting pisscés explicitly described by the combination of
Morse and Tersoff potential. Nanometric cutting qass is explained using the mechanism of tool
extrusion induced lattice slip and distortioResults. Cutting force vibration phenomenon is
investigated in detail. Simulations on differentltautting edges are carried out with various ogtti
depth to study the cutting force variation. Theetiirold cutting depth for chip formation is given.
Conclusion: It is noted that cutting force vibration whichtie main reason for tool wear and surface
fracture is the result of tool extrusion and maledeformation. The cutting force curves are dgitin
from the threshold cutting depth of chip formatiand cutting forces decrease as the cutting edge
value increase when cutting with same cutting depth

Key words: Monocrystalline silicon, cutting force, Moleculary@amics (MD), material removal
process, cutting depth, threshold cutting, cuttiogl, Symmetry Parameters (CSP),
hydrostatic pressure

INTRODUCTION In  nanometric machining of monocrystalline
materials, cutting force is predictable if the chann
crystallographic orientation of the substrate miater

quality surfaces and intricate features (De Chuffee wggorespect to tfll-elcu.ttlEg dlrectt;on |shknow;’1 (Lee
al., 2003). Ultra-precision machining with diamond 1990). However, little is known about the real was

tools can make the production of components witfor the cutting force vibration which is an imparta
nanometric surface finish and sub-micron level formfactor in tool wear and few studies were done
accuracy possible (Fang and Venkatesh, 1998).deror the chip formation mechanism from the view of
to fabricate well-made components, it is necessary cutting force.

study the mechanism of nanometric cutting  In this study, the results of the MD simulations o
monocrystalline silicon, especially the cutting der the cutting forces in nanometric cutting of

which plays an important role in tool wear, surfaceyonocrystaliine silicon are presented. The simdlate
finish and form accuracy. However, as nanometric

cutting involves changes in only a few nanometremf cutting process was explained with the view ofidatt
the surface, it is difficult to observe the machi slip and distortion and the reason for cutting éorc

process and measure the cutting force accuratel;)’.i.bration was invgstigated in detail. Simulations 0
Molecular Dynamics (MD) simulation is developed asdifferent tool cutting edges were carried out with
an effective way for studying the material removalvarious cutting depths and the threshold cuttingtide

process at nanometric scale (Evans, 1983). for chip formation was also given.

Monocrystalline silicon is widely used in infrared
optics and electronic applications which requirdiaap
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MATERIALSAND METHODS atoms of the tool. All the boundary conditions se¢ to
be fixed for 3 dimensional simulations. The initial

MD 3D cutting model: The simulation model which temperature of the work piece is 300K. The simafati
consists of a 3D diamond tool and a monocrystallindime step is 1 fs.
silicon work piece is shown in Fig. 1. The work qge
has been divided into three different layers, ngmelInter-atomic potential: There are three different
boundary, thermo layer and Newton layer. Boundary i atomic interactions in the MD simulations processes
used to fix the work piece and avoid unexpected1) the interaction in the work piece; (2) the ratgion
movement of the work piece in cutting. Thermo layerpetween the work piece and the cutting tool; (3) th
maintains a constant temperature of 300K fofipteraction in the tool.
conducting the generated high heat away from the |, the simulations, Tersoff potentials are emptbye
cutting region. Atoms in Newton layer interact witte ¢, o interaction among Si atoms in the work piec

tool_ follow _Newtor_1 S Ia\_/v. '_I'he three d|men5|onal and Morse potential for the interaction between
cutting tool in the simulation is modelled with ke di d tool and sil The tool i ded iaigl
angle and a 12° clearance angle. iamond tool and silicon. The tool is regarded igir
body so that the atoms in the tool are fixed reddyi to
MD simulation conditions: Details of the work piece €ach other and with no interaction force amongtioé

and simulation conditions are summarized in Table 1atoms. The parameters used in the potential ensrgy
The work piece consists of 57600 atoms, while 4444hown in Table 2.

Cutting 4

Thermo laver
Bounda

Fig. 1: Schematic MD simulation model

Table 1: Work piece and simulation conditions

Work piece and simulation parameters

Work material Monocrystalline silicon Tool edge izl 1,1.5,2and 2.5 nm
Material structure Diamond cubic Potential Morse dersoff
Work dimensions 20ax15ax24a, a=5.431A Cutting divac <100> on (100)

Tool dimensions 4nm tool radius Cutting speed 480 m

Table 2: Potential parameters

Tersoff potential parameters

A (eV) 1.8308x10 B 1.1x10 H -5.9825x10
B (eV) 4.7118x10 n 7.8734x10 R (nm) 0.27

A (nnd) 24.799 c 1.0039%£0 S (nm) 0.30

p (nmm) 17.322 d 1.6217x10

Morse potential parameters i

D (eV) a (nm) fo(nm)

0.423 4.6487 1.9475

63



Am. J. Nanotech., 1 (2): 62-67, 2010

RESULTSAND DISCUSSION Figure 2a shows the initial interaction betwees th

] ] ] tool and the work piece. Cutting tool first intradu
Simulated  nanometric  cutting process: The  pydrostatic pressure underneath the tool edge. tBue
nanometric cutting process was investigated based qhe chip extrusion, lattice distortion comes inénig in
MD simulations for the monocrystalline silicon work the contact region. Meanwhile, the compressivesstre
piece. The simulated cutting processes are illtestran  zone leads to equivalent scale lattice slip towhele
Fig. 2. There are obvious lattice slip and distrti work piece. As the tool keeps on moving, compressiv
during every time step of the tool and materialstress zone also moves forward, which is showniin F
interaction (Fig. 2a-c). It is shown that the effee  2(b). Stress concentrate point separates the detbrm
rake angle, which is always negative (Faetgal.,  sjlicon atoms to flow to different directions anorm
2007), produces hydrostatic pressure, which hagytting chips and machined surface respectivelye Th
decisive effect on chip formation, subsurfacemachined surface is generated after cutting, wisch
deformation and machined surface generation. smooth and exhibits spring back because of theriahte
relaxation, as shown in Fig. 2c.

Tool and atoms interaction

Cutting force vibration: The force acting on an
: individual atom is obtained by summing the forces
- ‘;},‘ contributed by the surrounding atoms. The forces ar
calculated from the inter-atomic Morse potentials.
Cutting force is expressed by the summation otdke
force on all tool atoms.

Figure 3 shows the cutting force vibration in the
cutting process. Figure 3a is the typical curves of

; tangential and normal cutting forces of 2 nm cqgttin
@) depth with a 2 nm tool cutting edge. The cuttingcéo

: vibration is accordance with the cutting process
mentioned in Section 3.1. While Fig. 3b shows the
frequency of the cutting force vibration. Two main
frequencies, which represent small scale vibratod
tapered sinusoidal oscillation, could be seen cis@dy.

Initially, the cutting forces are negative duethe
attraction tool surface exert on the work piecensto
when cutting tool close to but have no contact ik
work piece. When tool edge imposes hydrostatic
pressure on the work piece, compressive stress is
created and lattice slip is formed. Small vibratomuld
be seen at the beginning. Cutting force increases
gradually as the interface between tool and wodcei
aggrandizes until the tool face fully contacts wiltie
material. Lattice disorder and atom flow at theaadjt
region between the tool and the work piece is tlagnm
reason for the small vibration, as shown in Fig. 4.

Figure 4a is the schematic for lattice disordéngis
Centro Symmetry Parameters (CSP) (Tsuzetkal.,
2007). The CSP for each atom is defined as follows:

P=>|R+R,| 1)

i=L,n

where, Rand R., are the vectors corresponding to the

nearest neighbors in the material lattice. In atroen

symmetric material, each atom has certain pairs of

equal and opposite bonds among its nearest neighbor

Fig. 2. Cross-sectional 3D cutting process: (a) ITo0As the material is distorted, these bonds will g®n
and material initial interaction; (b) Chip direction and/or length. The CSP is zero for atoms
formation; (¢) Machined surface perfect lattice but are of different values fortdition.
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Wherep(r,r") is the atom number in - r +Ar,p(r)
is the average ensemble parameter. RDF quantitatiieig. 4: Lattice disorder: (a) Schematic for lattice
analyzes the structural changes of the work piece i disorder; (b) RDF of cutting chip; (c) Raman
histogram form by evaluating the statistical infation spectrum of real cutting chip
of bond length variation. RDF results are in aceows
with the laser micro-Raman spectroscopy of the reaCutting force variation: Cutting forces with various
silicon cutting chip, as shown in Fig. 4c. tool cutting edges are simulated for different ioggt
Tapered sinusoidal oscillation occurs whendepth, as shown in Fig. 5. It could be seen thanthe
extrusion induced lattice slip extents to the thodd  cutting depth are below a certain value, all thtieg
and the material is sheared at the lattice slipayhe forces are homogeneous and without obvious
oscillation is the main reason for tool wear andase  increment, indicating no cutting chip formation. ke
fracture. Then, new balance is achieved after &ggar cutting depth above the critical value, the cuttiogres
and small oscillation takes place as the tool kemps start to increase, reveals the accumulation ofingutt
moving by the extrusion induced material deformatio chips on the tool rake face. Figure 6 is the tylpica
and finished surface generation. cutting force curves with and without chip formatio
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When the cutting depth is larger than chip formatio Cutting edge (nm)

threshold, cutting force increases gradually asctiips

accumulate on the tool rake face and then exhiits Fig. 7: Threshold cutting depth for chip formation

small decrease for chip removal. However, when the

cutting depth is below the threshold, deformeccsili  Figure 7 shows the chip formation threshold for

atoms could only flow along the cutting edge ane th different tool edges. The value increasea

cutting force does not show obvionsrément. small range as cutting edge valirkcrease.
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Fig. 8: Cutting force for different cutting edges

Figure 8 is the cutting force variation due to thenge
of the tool cutting edge. The cutting depth use@.&
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CONCLUSION

Tsuzuki,

Molecular dynamics simulations were carried out
to investigate the cutting process and chip foromati
mechanism in nanometric cutting of monocrystalline
silicon at the aspect of cutting force. The followgi
conclusions can be drawn:

» Monocrystalline silicon experienced lattice sligdan
distortion due to the extrusion imposed hydrostatic
pressure, which is in good agreement with the
cutting force curves and is the main reason fol too
wear and surface fracture

* The threshold cutting depth for chip formation is
given for various tool cutting edges. When there
are no cutting chips formation, cutting forces are
homogeneous and without obvious increment.
When there are cutting chips formed, cutting forces
increase gradually due to the chips accumulation
on the tool rake face

» Cutting forces decrease as the cutting edge value
increase when cutting with same cutting depth
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