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Abstract

In this paper, large scale molecular dynamics simulations are carried out to invehktigdiermakffecton nanometric
cutting of copperwhile usinga single tip and aulti-tip nanoscale diamoniol. A newconcept ofatomistic equivalent
temperatures proposed and udeo characterizéhe temperature distribution in the cutting zohbe results show that
the cutting heagjeneratedvhile usinga multi-tip tool is larger than that afsinga single tip tool.Thelocal temperature
is foundto be higherttheinner sids of the multitip tool cutting edges thanthe outer side Applying cento-symmetry
parameterand radiudistribution function, thdocal annealing procesand its effect on thantegrity of the machined
nanostructure are analyzed It is observed thathe local annealingit the machined surfacean improve thesurface
integrity of the machinedhanostructurgsespeciallyin the multi-tip diamond toolcutting process Thereexists agreat
potential to control théhickness of residual atomic defect layerough & optimal selection of the cutting speed with

designed depth of cut.

(Some figures in this article are in catonly in the electronic version)
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1. Introduction

In recentdecadesnumerous nanofabricatidgachniquesuch aptical and electron beam lithograpfysused
ion beam (FIB)milling, nanoimprinting, femtosecorldser machiningetc. havebeen developed ttabricate
nanostructure Thesenancstructures arghe building blocksfor many emerging higkech products suchs
plasmonic lenshio-sensors, solar celand high density magnetic hard disk gie3]. However, due to the
inherentlimitations ofthesefabricationtechniquesparticularlythe indility for scaleup manufacturingf high
qguality nanodevicesthese methods failto meet the increasing demama commercializing functional

nanostructured devices.

Diamond turningusing multitip diamond tool$iasrecentlybeenprovento bea promising method facaleup
manufacturing of micro/nano structuse on work material surface [2, 4-7]. Through ultra precision
saatching/turning operations, it is possilile replicate micro/nanostructurespre-featuredon the tip ofa
diamondtool onto a target specimesith high formation accuracyPeriodic micro graves[4-5], arrays|[6],
anddiffraction gratingg 7] have been successfully obtained by several research groups by usingjipriokils
fabricated by FIRwith tool tip dimensiongangng from 15um to 100um). Recentlyeven nanayratings with
pitch of hundredsof nanometergan be generated by this technique while using nanoscaldipndiamond

tools (with tool tip width of 150 nnj [2].

However, the formation mechanism of theses nanostructures and the influence faébons accuracy and
surfaceintegrity remain unclear. Obtaining nanostructures with great repeatability is still a challéaskng
when applying this techniqu&he cutting heat haeng been regaet as a significantfactor in nanometric
cuttingprocesg3, 8]. It will not onlyaccelerateool wear but alscsignificantlyinfluencethe material removal
elastic/plastic deformatioand local thermal annealingA detailed investigation intéhe thermal effectsis

therefore crucial togaingreatcontrollability and repeatabilitin the nanometric cutting process



Molecular dynamis (MD) simulationshave beereffectively usedto address somiendamental issue®lated

to nanometric cutting process|3, 8-12]. Atomistic models have beappliedto emulate¢he material removal
processiuringnanometric cutting of coppere et al.[3] andPeiet al.[8, 9 built single tipcuttingtool modes

to investigate the materiabmovalmechanism and the cutting hearformedat differentcutting speedsFang

et al.[10], Kim et al.[11] and Yanet al.[12] have usedhe pirtool MD modelto studythe AFM-based
nanoscratching procegs Moreover, the role of friction and tool wear in nanometric machining of copper
using single tip toohas also been report¢d, 11, 13]. These studies have made significant contributions
towardsthe understanding of thenechanism ofdiamond turningof copper However,no experimentsor
theoreticalmodek havebeendevelopedfor nanometriccutting to study the thermagffect on nanostructure

fabrication procesghile usingnanoscalenulti-tip diamond tools

In this paperatomisticnanometric cutting modekrebuilt andconductedo studythe thermaleffectsduring
the nanometric cutting of coppén. order tobenchmarkhe unique characteristonhile usinga multi-tip tool,
a detailed comparisonbetweenthe single tipand multitip tool cuttings have beencarried outin terns of

temperature distributioandtheintegrity of the machinedsurface.

2. Computational method and themodeling parameters

2.1 Geometrionodes

To avoidthe size effectcaused bythe period boundary conditiof®], large scale nhanometric cutting models
with free boundargonditionin all directions were builtor single tipas well as fomulti-tip tool cutting (as
shown infigure 1).The geometry of thenulti-tip cutting tools is shown ifigure 1 (a). The tooctip width is
15a (a = 3.567 A) with the tool rake angld being @ and the tool clearance andbebeing 12. To save
computational time, a doubtg diamondtool with a pitch of 18 was employedo represent anulti-tip tool.

All of the toolswere built asdeformable bo@swith round cutting edge(edge radius of&. Copper is chosen
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as workpiecebecause of its high machinabilifgr diamond turning, particularly suitable for fabrication of
precision drums used in rohto-roll manufacturing [5]. The workpiece model has adimension of
50a,x80a0x40a0 (a0 = 3.615 A).The three orientations dtfie workpiece are [1 0 0], [0 1 0and [0 O 1]in the

X, Y, and Z directionsrespectively

(a) Tool geometry (b) Single tip model (c) Multi-tip tool model
Figure 1. Models of MD for nanometriccutting simulation

2.2 Potentialfunctions

There are thregypes ofatomicinteractions in the MD simulatioror the CiiCu interaction the embedded
atom method(EAM) potential proposed by Foiles et fl4] was used since it has besunccessflly used in
description of metal material8, 9, 15]. The total energ¥ of the atomistic system comprises summation over
the atomistic aggregate of the individual embedding energffatomi and pair potentiabeo between atom

and its neighboring atofnas shown in the following equation:
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where thdower case Latin superscriptsandj refer todifferentatoms,i is the distance betwedhe atomsi

andj, and” i is the electron density t¢fie atomi contributedby atom;.

For GC atoms, wedoped Tersoff potentia[16] and computed as follows:
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whereV; is thebondenergyof all the atomic bonds, j, andk label the atoms of the systemis the length of the
ij bond,b; is the bondrderterm, — is thebond angle between the boridandik, fris a twebody term anda
includesthe threebody interactionsfc merely represents a smooth cutoff function to limit taege of the

potential, and- counts the number of othkonds to atombesides thg bond.

Morse potential functiowas selected tdescrbethe interaction between &, which has been widely used in
MD simulations ofnanometriccutting of Cu[12]. A cohesion energ of 0.087eV, elastic modulusof 5.14

A%, andro of 2.05 Aare specified in present study

2.3 MD simulation

MD simulatiors were implementedby using an open source cbdeAMMPS [17] compiled on ahigh
performance computin@HPC) clustes using 24 coresBefore cutting,85,000 computingtime stepswere
carried outo freely relaxhe system to 293 KDuring cuttingandthethermal annealingrocesss the systers

were controlledby NVE ensemi® and he thermostat atomsere keepingat a constant temperature of 293 K



through using thevelocity scaling methodo perform the heat dissipatidf, 12] The other computational

parametrs used in the MD simulatiomgere summarized itable 1 for reference.

Table 1.Workpiece andimulation parameters

Single tip with multi-pass Multi -tip with single pass
Workpiece materials Copper Copper
Workpiece dimensions 50a,x80apx40ay (a0 = 3.615A) 50a0x80a9x40a, (@ = 3.615 A)
Number of atoms 760, 355 894, 870
Time step 1fs 1fs
Initial temperature 293K 293K
Depth of cut 1nm 1nm
Cutting speed 200m/s 100m/s,150m/s, 200 m/s 300m/s

Figure 2 shows thsimulationprocedure othe nanometric cutting anthetraces of the toolThe cutting tools
were applied along the-T 0 0] direction on the (0 0 1) surface of the copperkpiece Single tip tool
scratchd thework surfacealong thdine O,C; for the first cutting pas&@s shown irdigure 2 (a)). Then the tool
wasmoved to point @to scratchagainto produceghe seconehanagroove along the lin®.C, with same depth
of cut @s shown ifigure 2 p)). Formulti-tip tool cutting only asingle passvas takenalong lineOC with the
same cutting distance akown in fgure 2€). In this case, twmanagrooveswere formed at the same tirbg
a single passin order to fully reveal thdocal thermal elastic/plaE recovery ofmateriat during the
nanostructurgeneration process dter thecutting all of the modelsvere allowed to relaxfor 50,000 time

steps $0 ps) by holding the tool in the fixed loaded position.



(a) Single tip cutting1® pas$ (b) Single tip cutting2"pas$ () Multi-tip cutting with single pass
Figure 2. Schematic othe nanometricutting traces

3. Results and discussion

3.1Temperature distribution

Cutting heat habeenregardedasone of the keyactorsto influence thequality of the generated nasouctures

as well as theool life in nanometriccutting processAccording tothe law of equipartitiorof energy the
representativaemperaturef a groupof atoms can be calculated from tia¢al atomickinetic energgs of the
group A new concept of atoristic equivalenttemperaturéy, which is calculated from the statistical average
temperature of neighbour atoms arouhd atomi, is proposedn order to more accuratelgharacterizehe
variation oftemperatureluring the nanomectric cutting procesas thenature of the temperature is statistjcal
the accuracy of the temperature calculated significatgfyendson thecutoff distanceused In generg the
larger thecutoff distancethe lower thecalculatedtemperature. Irihis paper, acritical radiusi = 4ap was
employed to select the neighbour atam®rder to reflect thehermalfeature of the shomange structure of
copper latticeduring nanometric cutting processThe translation betweehe atonic kinetic energy andhe

statistical temperatui@e computed using tfiellowing equation:
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where n is the number ofatomswithin the radiusi , & and 0 represent the mass and instantaneous

velocity respectivelyand Q is theBoltzmann constant.

The calculated results showed that at initial cutting stagecutting temperaturerapidly increaed until it
reacheda stable vale at a cutting distance d5 nm.Figure3 shows he detailedtemperaturalistributions of
thesingle tip and multtip cuttingtools ata cutting distance of 17 nmAtomsarecoloured according to their
atomistic equivalent temperatur€or all the tool models presented hehe, highest temperatigevere foundat
thetool cutting edges. Fdhe single tip tool cutting, thetoms with equivalent temperature around Bl®ere
distributed uniformly around both sides of the tool cutting edges; while for the-tipuitiol cutting, a local
temperaturef 610K was found at the inner sidef thetool tipswhich is higher thamthersides. Unlike the
single tip tool nanometric cutting where the ngmooveswere generatedseparatelythe twonancegrooves
were formed at the same tirdaring multitip tool cutting Thiswill resut in alargecompression between the
inner side of the tool tips andhe workpiece and thus leading to a high local temperat@imce the high
cutting heat is verglosely associated witle tool wearthe resultindicatesthatthe innersides 6utting edge

of amulti-tip tool aremore likely towearprior to other cuttingedges

(a) Single tip tool (T pass and® pass) (b) Multi-tip tool
Figure 3. The temperature distributiasf tool tipsata cutting distance of 17 nm

Figure4 shows the crossectionalview of the atonistic equivalenttemperature distribution fahe single tip
tool andthe multi-tip tool cuttings. For bettervisualization the white dottedines are used as the boundaries

betweerthelow and high temperature zongs550K). It is observedhatin all simulations, the temperature in



shear zones arourd 650 K, but the highest temperatufeund in the cutting chig is about900 K. Unlike

traditional metal cutting in this study the diamond towterial is significantly harder than tieorkpiece

material i.e. coppelt is a common knowledge that whére cuttingtool material is significantly harder than

the substratethe plastic deformation of the softeork material will be the main heat souride]. In our MD

model, the energiransferbetween copper and diamoistiescribedy the selected potentiilnctions. At the

interface of the diamond tool and copper substrate, there is an atomic layer (with a thickness of several atoms)

to transmit the energy between C and Cu atd@oepper and the diamond materidigth have high thermal

conductivity However the tiermal conductivit of the natural diamond was measured to be about

22W/(cm-K) which is five times more thacopper As a result,a large temperature gradient towards the

cutting toolwas observedh figure 4 Moreover, thdarge diamond cutting tool model built in present study

also help to release the cutting heat at toling edge.Therefore the diamonctutting toolwould have lower

temperatur¢ghanthe copper substrat&€he highest cutting temperature was foundhie cuttingchips.

Neverthelesdt can be seen th#terange othigh temperature region 650 K) whenusingthe multi-tip tool is

apparentljargerthan that of usinghe single tip tool.In order to further quantifthe difference incutting heat

whendifferent kinds of toolwereused detailed analysi®ias beemloneby compaing the number of atoms in

different temperaturaganges. Fom better comparison, only theorkpieceatoms within thecutting zone (z

coordinationlarger than20ay) were taken into account and thumbes of atomsin different temperature

rangeswere normalized by the total number of atoms sele¢tesdshown in figure 5)it was found that the

proportionof atoms with atonmstic equivalent temperaturg largerthan500 K in the multi-tip tool casewas

8.01%, which was more than twice largthanthat ofthe single tiptool cutting (being 3.3%) This resultwell

confirm that the cuttig heatgeneratedvhile using themulti-tip tool was much higher thanthe cutting heat

produced durindpoththefirst andthe secondhassof thesingle tip toolcutting
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(a) Single tip cutting Ctpass) (b) Singletip cutting (29pass)  (c) Multi-tip cutting with single pass
Figure 4.The crosssectioral views of thetemperature distribution atdepth of cubf 17 nm.

I Multi-tip
4+ BRR® Single-tip (1st)
B Single-tip (2nd

Normalized atoms numbers (%)

%OO 600 700 800 900

Temperature (K)

Figure 5. The proportion of atoms numtsdn different temperature ranges

3.2Thermalannealing aimachired surface
It has been widely accepted thaicrgstallization happens during local annealing process, notimmlyctile
metalic materials[3] but also in brittle materialsuch assilicon [19] anddiamond[20]. In macro machining
practice after the tool has left the machined region, there is a macroscopic timgdrthg) machined surface
to relax [3]. And by that time,atomic defects and dislocations under the subsurface might be able to get
annealedpartly. In nanometric cuttingthe thermal effects happen in such a short timesGaleaccurately
detect and measure the temperature distribution, it requires a timeeamlrement systewith extremely short
response time and high resolution. However, the spectral wavelefgiensors used in most current

commercial infrared thermograpi are ranging from 0.8m to 14em with the response time ranging from 2

ms to 120 m. It is thereforevery difficult to detect and monitor the cutting heat accurately by current
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temperature measurement syste@s.the other handviD simulation provides an effective way to solve this

problem by allowing the atomistic insigimto the material thermal behavior during nanaometric cutting

processs

In presentwork, in order towell simulatethe relaxationprocessand investigate the thermal effects when

differentkinds of toolswereused time relaxatiors of the machined work materialere performed forboththe

single tip and multtip tool cuttings It has been found througtia simulatiors thata period o650 psrelaxation

processvas enough for thepresensystem to cool down to 293 Kor theidentification ofthedamage formed

during the cutting processentreasymmetry paramete(CSP) was employed a# is less sensitive to the

temperaturencreasecompared with other methods sucha&smic coordinate numbandthe slip vector[9].

Moreover,radial distribution function (RDF)21] wasfurther employedto identify the changs in the lattice

structureduring therelaxationprocess

Figure6 showsthe crosssectioral views of the defectzonesat 0 ps and0 ps For better comparisoonly the

atoms inthe defectzonewere selected for analysis artde atoms inthe defectfree zonewere removed from

the visualizationg2?2]. It can beseenthat beforethe relaxation, therearelarge number oflislocationsand

atomicdefect beneath the tool tiffigure 6(a) and (c)) The depthof the subsurfacetomic defectayerin the

multi-tip tool cuttingis about~ 6 nm which is nearly twice of the singletip tool cutting (being ~3.5 nm).

However, a shown inifgure 6 (b), mostof atomic defects andislocationsn the machined areareannealed

after 50psfor the single tiptool cutting For multi-tip tool cutting the atomic defectanddislocationsarealso

remarkably annealedfter the relaxation process(as shown infigure 6 (d)), leaving behind an almost

dislocationfree machined workpiece.

11



(a) Singletip 2" pass(0ps) (b) Single tip2" pass(50ps)

(c) Multi-tip (Ops) (d) Multi-tip (50ps)

Figure 6. Thecrosssectional views oatomicdefecs distributionsat 0 ps and0ps.
Cyan and blue atoms represent partititdocationand stacking fault, respectively.

In order to furtheidentify the lattice integrity ofthe machined structure, thadial distribution functions (RDF)

of the machined nanostructures weraculatedoefore and aftethe relaxation process. Ashownin figure 7

(a), before relaxatiorthe RDF value of the first and the third peak fathe nanostructure machined the

multi-tip tool are slightly smallerthan ttose of the nanostructure created hysing single tip toglwhich

indicates that the atoms are @nhigher disorder in the case of muip tool cutting however afterthe

relaxation processhere is an increas# thefirst peakvalueof RDF for both the single tip and mutiip tool

cutting, and the twdRDF curveshavenearly the samshape(asshown in figure qb)). This resultis in good

agreementvith the CSPresultand indicateshat local recrystallizationtakes placeon the machinedsurface

Nevertheless, it is noted thalke local recrystallizationobservedn multi-tip tool cuttingis morenoticeable

than the single tip toatutting Although thedepth ofthe atomic defectayerbefore relaxation when usirige

multi-tip tool was much largethanthat of usinghesingle tip too] most of the defects weesnealedand left
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amostan ideal FCC lattice structureafter the relaxation processAs evident fromfigure 6 (b) and (d),he
depths ofthe residualatomic defectayer are 3.0 nm and 3.9 nm fibre single tip and multtip tool cutting,
respectively.The cutting heat produced dhy the nanometric cutting process provides the thermal energy for
the defects to get anneal&t]l. Therefore,the thermal annealing playssggnificant role in obtaining high

quality nanostructuresguringthe nanometric cuttingrocessespecially when usirgmulti-tip tool.
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Figure 7. Radial distribution functiofRDF) of machined nanostructures.
3.3Effect ofcutting speed
In metal cutting process, the cutting zone temperature significantly depends on the cuttinghspreled.to
investigatehethermal effecuinderdifferent cutting speexisimulatiors of nanometric cuttingprocessy using
multi-tip tools were performed over a wide rangecofting speed100 m/s, 150m/s, 200m/s, and 300m/g)

with depth of cubf 1 nm.

The nanegrooves and inside view of atomic defects distribution after p3 relaxation are shown in figure 8.
For the case afutting speedeing 100 m/s,therewerelarge numbes of surface edge atoneft (red colour)
after the relaxation process(figure 8 (a)) Because the surface edgéomsalso reflectsthe slip plan of
dislocations inside the workpied®s, some extenthe density and distribution of these edge atamesable to
indicatethe range andlip plans of material plastic flo22]. It is found that \ith the increase dahe cutting
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speedespecially when the cutting spesdhigherthan 200m/s, the number of surface edge atoms and the
range ofmaterialside flowareremarkablydecreasedThenancgrooves machinedoy usinga cutting speeaf
300 m/s has the best surface integfity shown in figure 8 (K))). Moreover,therange and depth oésidual
atomic defectayer after annealingverefound to besignificantly decreased witthe cutting speedhe depth

of residualdamagedayer being 2.9nm underthe cutting speeaf 300 m/s ismuch smaller than that 6f3 nm

for the case dfhe cutting speed at 10®/s while thedepth of residual damaged layer the cases af50m/s
and 200m/s arethe same (being 3.8m). Under all the above cutting conditions, extrathermainduced
damage was foundfter a cutting distance of 18 nrithe result indicatethe great potential to control the
thickness of residual atomic defect layer through selectiaptirinal cutting speedinder the adoptedepth of

cutwhen using nanasle multitip diamond tools

To achieve better understandinfj the effect of cutting speed on the cutting heat produced dtineg
nanometric cutting processet proportions of atoms with atomistic temperatuia islarger than 40K are
calculated adh shown in figure 90n one hangdthe cutting heat increases with tircrease of theperational
cutting speedAs shown in figure 9 (athe proportional of atoms at each temperature range increase with the
increase thecutting speed.However, he existerte of workpiece atomswith the equivalent atomistic
temperaturehat islarger than 600K onlpappeas when the cutting speésl equal or larger than 1%0/s This
importantresult explainswell the variation of surface integrity andhe depth ofresidual subsurfacatomic
defectlayer under different cutting spesdavhich has beewliscussedabove When the cutting speed is high
enough, thecutting heat generated #te high cutting speed would provide enough thermal energy for
annealinghe atomicdefectsand faciliaitingthe nanostructure formation procesthe dislocationsnovement
anddiffusional creepare more easily tactivateat a relativelyhigh temperaturg23]. The higher the cutting

speed, the higher the local cutting hgemeratedand thus the less tineimbers ofesidualatomicdefectdeft.
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(a) 100m/s

(b) 150m/s

(© 20m/s

(d) 300m/s

Figure 8. Thenancgrooves and inside views of atomic defects distribution after 50ps relaxal
Cyan, blue, and red atoms represent partidiocation stacking fault, and surfaeelge atoms
respectively.

On the other handhe high cutting hegbroducedat high cutting speed will result the initialization of the
tool wear at the cutting edgend decrease the todlel [24, 25]. Figure 9 (b) shows thproportions ofthe
diamond tool atoms idifferenttemperature rangek is found that the tool atomgth the equivalentatomistic
temperature that is larger than 30@nly appearsvhen the cutting speed higher than 150m/s. Althoughthe
high cuttingheatproduced at high cutting speed wopldvideenoughthermal energy foannealinghe atomic

defecs [3], to some extenthe increase othe cutting heat at the tool cutting edgeould in turnsoften the
15



