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Laser Metrology and Machine Performance

An atomistic investigation of nanometric cutting
process using multitip single crystal diamond
tool

ZhenTong, Xichun Luo
School of Computing & Engineering, University of Huddersfield,
Huddersfield HD3 3RR, UK

Abstract

In recent yearsrgat efforts are being made for the design and fabrication of
periodic nanostructures used in emerging Aammaucts such as plasmonic
lens, nanegrating and high density hard disk ditour previousesearch work,

a deterministic fabrication approach to eeffectively manufacturingnano
gratings over large area has been developeugh single point diamond
turning by using a multitip nancescale single crystaliamond tool fabricad

by FIB (Focus lon Beam). However, the machining mechanism and technical
limits of this approach i.e. the minimum dimension of nanostructingscan

be obtained has not known yet. Due to the limitation of-tiesd detect
equipment as well as the high research cost, it is difficult to obtain a quick
answer through experimental work. On the other hand molecular dynamics
(MD) simulation provides a cosiffective solutiorfor this problem

Based on the merit offered lije largescale molecular dynamicsnsillation
method and new progressmade in high performance computing (HPC)
technique, this paper proposes a new MD model for nanometric cuttiogspro
usinga multi-tip single crystal diamond (SCD) todls machinesingle crystal
copperworkpieces By udng centrosymmetry parameter (CSP) method and
combining it with the dislocation nucleatioand propagatiortheory, the
machining mechanism and generation of nanostructures are studiedhthrou
MD simulation.In order to reveal the dependence of the depth of cut on the
integrality of generated nanostructures, a number of $itBulationshave been
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carried out undedepthof cut varyingfrom 0.5, 1.0, 1.5, 2.0, and 3.0nithe
simulationresults show that thdepthof cut has significant influence on the
integrality of the machined nanostructdresurfacesand cutting force A
concept of maximum depth of cut to obtain high precision naratstad
surfaces ina single cutting pss is proposed based ormanalysis of the
dimensional accuracy of thétegrality machined nanostructse In all
simulationsthe cutting force fluctuate around a constant valadter chip
formation.

1 I ntroduction

Nowadays, higtprecisionmicro/nanoproducts have gained gredggmang in
thefields of medical, biological and clean energietc..Innovative machining
methodsare continually developed to meet the requirementsigh precision

and low cost for manufacturing these products. Using ftipltiingle crystal
diamondtools prepared by FIB in nanometric cutting is a newly developed
method for coseffective manufacturing of functionahicro/nano structured
surfaces on these mieror naneproducts[1-3]. It is noted thatboththe tools

and the machined structures aie the range of suimicrons or even
nanemeters The main challenge in applying this novel technique is to develop
a fundamental understanding of the mechanisms of material remogal an
formation of micro/nano structures during the machining process.

Due to he limitationof reattime detect equipment as well as the high research
cost it is difficult to obtain a quick answer through experimental waonk.
recent decademolecular dynamics simulation method has begtensively
used byresearcherso study thenanometric cutting procesMaekawaet al.
carried out MD simulation to study the role of friction and tool wear in
nanascale machiningd]. Kim and his ceworkers performed MD simulations

to study thenancindentation and scratching process. The ssuthgested that
the nucleation of the dislocatigatays moreémportant roles in determining the
abrupt drop during sticklip than subsequent propagation of partial
dislocations[5]. Yan et al. simulatd the multiple scratchingprocesses and
investigatedthe efiects of the feed rate on the deformation of the machined
surface, scratching deptland scratching forceq6]. The influence oftool
geometry on scratching process has also lexgtoredby Yan et al which
showedthatfour states exist between AFM pin tool and workpiece suifféice
These studiesonfirm the feasibility of using MD simulation method to study
nanametric cutting processHowever, these studies are focused on nanometric
cutting using single tip diamond tools

Due to thefact that singlecutting tool has ignored thepecific geometry of
multi-tip tool and cannot give details about the generation of structure in
nanosale, it is thereforerequiredto developa newMD model to study the
nanometric cutting process using muifi SCD tools to machine Cu
workpieces The generation mechanism of nanostructuidide differentfrom

that using a single tip diamond todlhis papemill carry outMD simulation to
study themechanisms of chip formation and generation of nanostructures
during mulit-tip SCD tool nanometric cutting procesnd quantify the
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influenceof depthof cuton themachined nanostructuredrface
2 Models and Simulation Methods

2.1 M ulti-tip tool nano-cutting model

As shown in Fig.1 (a) and (b) the FGEaceCentredCubic) crystalline lattice
and diamond crystalline latticare aligned for the single crystalcopper
workpiece and diamond tools respectivdlige cutting toolis applied along the
minusx directionat a constant speed of 200mf&ee boundary conditiorere
enforced in the x, y and z directions.

To reduce the computational time a tviip SCD tool (& shown in Fig. (),)
with a pitch of10a (a = 3.567 A) is employedin this paperto studythe
nanometric cutting procesthe tool rake rakangle is set as’0The workpiece

of dimension of 58,% 80a,X40a, (ay = 3.615A) is utilized and consists
thicknesses of& and 3, for boundary layer and thermostat layer, respectively.

[o10]
(a) FCC (b) Diamond crystal ~ (c) Mutip tool cutting model
Figure 1: Model of MD cutting simulation

[o1a]

2.2 Simulation parameters

The interaction between CtCu and GC atomsaredescribed by the embedded
atom method (EAM) potentigB] and Tersoff potentigB], respectivelyMorse
potential function is selected to descript the interaction betwee@ @hich
has been widely used MD simulatiors of nanometric cutting of C[6, 7, 10,
11]. The time step is sets1 fs (10'%s) and D,000 steps are carried outthe
relaxationprocess for fully free relaxatioof the systemAll simulationsare
run at a constant temperature of 293K and the system is controlled MigEh N
ensemble.

In order to obtain the cutting forces informatiohe tvirial formula for stress
[12] is used to calculate the stress tensor for the atomistic system,
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where the first term on the right hand is the kinetic contribution of atwitin
massm and momentunP',, and the second term is the microscopic virial
potential stress. The stress for the atomistic system is defined as tingevol
average of peatom tensor.

2.3 CSP for post-processing

The visualization of the variation atomistic configurationsgluring the cutting
processs realized by VMD (Visual Molecular Dynamicspftware The paper
employscentrosymmetry parameter, Rhich has been proven to be effective
for FCC crystal$13] to view the evolution of defesin atomistic level

2

)

6
pi = §|Ri+ Ri.s

whereR; and R,¢ are the vectors corresponding to the six pairs of opposite
nearest atoms. The centsgmmetry parameter P increases from 0 for perfect
FCC lattice to positive values for defects and for atoms close to frexasirf
In the case of single crystal copper, the default valuB; @brresponding to
those atomic defect structures and its represent color are indicated in Table 1.

Table 1: The default value of atomic defects structu@Sp

Lattice Structure P; Represent Atoms Color
Ideal FCC structure P<3 Yellow

Partial dislocation 3<P<5 Cyan

Stacking fault 5<P<8 Blue

Surface atoms 8<P<215 Orange

Surface edge atoms P>215 Pink

3 Results and discussions

31 M achining mechanism

Fig. 2 shows the snapshaté nanccutting process as well as tlaomistic
dislocation evolutioas of workpiecewith a depth of cut of 1.0 nmsed Each
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workpiece atom is colored by CSP value according tdeTablt should be
pointed out that the isolated atoms with green color distributed inside the
workpiece are not lattice defects. Those atoms having CSP above three result
from the thermal vibration of atoms at finite temperafar#.

It can be seen from Fig. 2(a) thabme dislocatiors initiate unde the
tool-workpiece contact region due to the compress stress induced by initial
impact of tool tips. With the increa®f the cutting distance, more and more
dislocatiors nucleatedand propagate along the (111) crystal slip planes systems.
As shown in Fig. 2(b), the atoms accumulate and pile upoint ©f the tool

rake faceand form two independent initial chips. However, unlike single tip
cutting, in multi-tip cutting processthe dislocatiors generated under the tool
tips tend to interact with each other and further form the surface of
nanostructure between twa@djacenttool tips, as shown by Fig. 2(c). A
nanostructure with 1nm in height and 3.5nm in witkhgenerated byhis
multi-tip SCD tool after cutting distance d&.4nm.

dislocation nucleation

(a) 0.4nm

i * . : dislocation propagation
¥ chips formation

(b) 2.4nm

dislocation crosslip

: (c) 6.4nm , . :
Figure 2: Snapshots of cutting process and dislocation evolutio

workpiece at cutting distance of: (a) 0.4 nm, (b) 2.4 nm, and (c) 6.4 nm
when a depth of cus 1 nm.

Thedefinition of cuting force anctuttingforce-displacement curves the x, y
and z directionsluring cutting process are shown in Fig. 3. Th#ing forces

293



Laser Metrology and Machine Performance

are obtained by summing the atomic forces of tool atoms. It can been clearly
seen that both théangential cutting force f, and normalcutting force f,
fluctuate around a constant value aftee cutting distance reache2.4nm.
Correlating with thesnapshot of MD simulatiorshown in Fig. 2(b), the
simulations results indicate that the cutting fertend to bein a steady state
after the initial formation of chips. The main reason accounting for this
phenomenon is that the plastic deformation of workpiece is domingtéueb
dislocation nucleation at initial cutting stage, the 4wolkpiece contact area
increags while the workpiece atoms pile up in front of the tool raee fto
from chips. Butthe contact area is fixed at steady cutting stadee. flastic
deformations are mostly dominated by the formation and movement of
dislocationswhich lead to the release of the accumulated strain energy and
further cause the temporary drop of taegentialcutting force andhe normal
cutting force [11]. However, thecutting force inthey direction has an average
value near zero during the cutting process because obalamced forces
contributing from the two cutting tips.
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Figure 3: The definition of cutting force anafcedisplacement curves at
thedepth ofcut of 1nm.

3.2 Effect of depth of cut

3.2.1 Machined nano-structureintegrality

In order to study the effect of depdii cuton the generationf nanostructurg

a series of simulation have been carried out with the ddptht varying from
0.5, 1, 1.5, 2, and 3nrkig. 4 shows théormed nanostructure surface at the
cutting distance of 8nm. It can be found that as the d#pthtincreases, more
workpiece atoms pile around the tool and the £hgromes larger. It should be
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note that a fine namstructurecan be generated by usitigs twotip SCD tools
when the deptlof cut isless than 1/8m (as shownin Fig. 4(a}(b) and Fig.
2(c)). When adepth ofcut of 2nmis usedthe dimension othe machined
nanostructure is not exactly the same as the design dimension. \Wepth af
cut of 3nmis used the height ofthe generatedanostructure is nearlynm,
which is only 35% of the desigtimension.

These simulation resultsdicate that there exists a cutting limitatiomhen
using multitip SCD toolsto machine high precision nanostructuresr this
two-tip model the limit ofdepthof cutin a single pasis aroundl.5 nm.

(c) 2.0nm (d) 3.0nm
Figure 4: Snapshots of machined nanostructures under different depth «

3.2.2 Variation of cutting forces

The variations of cutting forces for different cutting depth are shavi#ig 5. It
can be seen from Fig. 5 that the cutting forces in all the cutting modaigiye
steady states.he larger the depthof cut, the less the cutting distance needed
for the cutting to reachthe steadystate.The averagetangential cuttingorces
and normal cutting forces at the steady cutting $tatéhe cutting distanceof
6-8nm are also calculatedAs shownin Fig. 6, both the tangential cutting
forces andthe normalcutting forces are increasgtwith theincrease oflepthof
cut This ismainly due tothe factthatthe energy for breaking the @u bonds

is somehow proportional to the depth of cutadidition, the chip volume which
reflected theiool-workpiececontactsarea is larger when using a large depth of
cut.
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Figure 5: Forcalisplacement curves in the cutting process
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Figure 6: The averagauttingforcesunderdifferent depth®f cut

4 Conclusions

In this work, anew MD model is developed to study nanometric cuttifig
single crystal coppemwhen using a twgip diamond tool.Based on the
simulation results, conclusions at@wnas follows:

(1) Unlike single tip cuttingin multi-tips cutting processthe dislocation
generated under the tool tips tend to interact with each other and further
form the nanostructurdsetweerthe tooltips.

(2) The cutting forces tend to lye a steady state after the initial formation of
chips. At initial cutting stage the plastic deformation of workpiece was
dominated by the dislocation nucleatiand thenby the propagation of
dislocations at steady ¢ing stage. Theut force inthey direction has an
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average value near zero during the cutting process because of the balanced

forces contributing from the two cutting tips.

(3) The cutting depth has significant influence on tbetting force and
integrality of the machined nanostructsrélhe largerthe depthof cut, the
larger the cutting foraeand the less the cutting distance neededHer
cutting to reachthe steadystate. Maximum depth of cut to be used to
obtain high precision nanostructured surfaitea single pass iaround
1.5 nm when using for a twiip diamond tool.
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