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Abstract

Increasinginterest in commercializing functional nanostructured devices heglitenneed for cost effective
manufacturing approaches for nanostructufidss paperpresents an investigation afscaleup manufacturing
approacHor nanostructureghroughdiamond turningisinga nanoscale mukiip diamond tooKfour tip tool withtip
width of 150 nm)fabricatedby focused ion beam (FIB)lThe manufacturing capacity of this new technique is
evaluated through a series of cutting trialscmpper substraseunder different cutting condition&lepth of cut
100-500 nm,spindle speed2-120 rpm) The machined surface roughness and nanostructure gattemeasured
by using a white light interferometer andga@nningelectron microscope respectivelyResultsshowthatthe form
accuracy and integrity of the machined nanostructures were degradeatienititrease of théepth of cut and the
cutting speedThe burr and the structure damage are two major machining defiégis precisionnancgrooves
(form error ofbottom width <6.7 %9 wasachievedvhen asmalldepth of cubf 100 nmwas usedspindle speeet
12 rpm). Initial tool wear wvasfound at both the clearance cutting edge and the side edges of toaft¢ipacutting
distanceof 2.5 km. Moreover, he nanometric cutting process wasnulatedby molecular dynamics (MD)
simulations The research findings obtained from MD simulatiemealthe underlying mechanism fonachining

defectsandtheinitialization oftool wearobserved irexperiments.

(Some figures in this article aredolour only in the electronic version)

Keywords. nanometric cutting multi-tip tool; nanostructure molecular dynamics; processing parameters
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1. Introduction

Fabrication of periodic micro/nanostructures has drawn great interest in recent years He@ to t
applications in diverse research fields including optics and electronics, solar energy,ologl, bi
bioengineering and medical sciende3]. Numerous nanofabrication techniques including optical and
electron beartithography, focused ion beam (FIB) milling, nanoimprinting, femtosecond laaehmining
have been developed up to date to procasestructured devices/materials. Howetreg,extent othese
techniques tomassproduction of nanostructuresn industrial scalefor the commercialiation of
functional nanostructured deviceslimited. This is due tothe inherent limitationsof these techniques
particularly the complex processing step, low processing efficiencyglbrpierational costs.

Diamaond turning using mulitip single crystal diamond tools is a new promising approacihée
fabrication of micro/nanostructures by directly replicatinigro/nanostructures préabricated on the tip
of diamond tod onto work substrate surfaces. Periodiicnm grooves[4], arrays[5], and diffraction
gratings[6] have been successfully obtained by usimgro multi-tip tools fabricated by FIB (with tool
tip dimensions ranging from 15 um to 100 um). Recentyogratingswith pitch of 150 nmcan be
generated by this technique @rhusing nanoscale midtip diamond tools[7, 8]. Owing to the
unprecedented merits of high throughput,-step, and highly flexible precision pabilities, diamond
turning usingnanoscalenulti-tip diamond tools has led to the hope for breaking the technicégrmatk
for scaleup manufacturing of nanostructures.

Nevertheless, the formation mechanism of nanostrudiresng this techniquas well as the relationship
between the processing parameters and the integrity and accuracy of namestmegtated on work
substrate remain unclear, which has become a significant barrier to zaeathe deterministic
nanomanufacturing capability. As the tools and the machined structures ar@ngeeof submicrons or
evendozens ohanometreseven tiny fanometrdevel) machiningdefectscandegradeheform accuracy
of the machinedhanostructuredn-depthunderstanding athe machiningorocess especiallyknowing te
nanomanufacturing capability under different cutting conditisia$ great significanceo fully explore the

advance ofthis technique



On the other hand, atecular dynamics (MD) simulations have been effectively used to addness s
fundamental issues related to nanometric cuthingoppersuch aghe emulation ofthe material removal
procesq9], the cutting heat generated at different cutipgedg10], the effect of depth of cyil] and
feed rate [9], and the role of friction on tool wear[12, 13] Recently, he difference of machining
nanostructurgbetweerusing single tipand multitip diamond cuttingools has also been reportdd4, 15].

In order b bridge the gap between the atomistic and continuum, stalé-scale modelling methokas
been developed by hybridizing the FE and MD simulatijdt§. These studies have made significant
contributions towardghe in-depth understandig of the mechanism of nanometric cuttingf copper.
However, nocomprehensive experimetht study or theoretical models have been developed, for
nanometric cutting, teystematicallystudy theprocessing technologwhen using nanoscalemulti-tip
diamond tods.

This paperthereforereports a seeis of nanometriccutting trials on copper substratéunder 15 different
cutting conditionslusing a nanoscalenulti-tip diamond toolfabricated by FIBThe focus will be on the
influence of operational parameters on the accuracy and the integrity luhieghoanostructures as well as
the tool wear. Molecular dynamics (MD) simulatiomere carried out to gain atomistic insight into the
work materialbehavoursduring the nanometric cutting proceasd to reveal the underlying mechanism

for machiningdefect andtheinitialization of tool wear observed experimers.

2. Experimental setupand machining conditions

2.1 Experimental setup
The nanometriface cuttingof an oxygen free copper (OFC) wafer (diameter = 5Q thiokness =10 mmn)

were conductedn a diamond turning machine (Precitech Nanoform 256 procedure of thdiamond
turning using the nanoscale mtip diamond tool and the fabricatsamples are illustrated in figute
Three diamond cutting tools were used in the experiment. Before thetimidtol cutting, a flat copper
substrate surface was prepared by face diamond turning using two ndiamabnd tools. One
conventional roughing tool was used for rough cutting of the copper surface. Afteugte cutting, a
controlled waviness diamond tool was used to generate the surface iwith fmish. The cutting fluid

(CLAIRSOL 330 special kerosine) was applied in these steps.



Thenanoscalenulti-tip diamond too(four tips) was then used to generate rgramves on the flat copper

surface.The multi-tip tool was fabricatedn aFIB instrument(FEI Quanta3D FEG)sing thedivergence

compensation methgatoposed by Sun et 4, 17] The tool ha atip height of 589.8 nm, a tip width of

152.9 nm and a tip base width of 458.5nm with the tip distance being 706 nho\asis figure 1 and

figure 11(a)). The geometrical features of the cutting tools are listed in Table 1.

Table 1: Geometrial features of the cutting tools used in the cutting trials

Tool nose Rake angle | Clearance | Cutting edge
radius (mm) ) angle (°) radius
Roughing tool 0.5 mm 0° 10° Standard
Controlled waviness tool 0.5 mm 0° 10° Standard
Nanoscale Multtip tool — 0° 10° 40 nm

FIB milling technique

Single crystal diamond tool

(FEI Quanta 3D FEG)

Nanoscale mulitip single
crystal diamond tool

Bumna puoweip
aoeuoIsIdald enn

= (0SZ WIiojoueN Yoe}931d)

Nanostructures

Figure 1: Procedure of diamond turning using nanoscale ripltliamond tools.



2.2 Plan for the multi-tip tool cutting
Three spindle speeds tested were 12 rpm (low), 60 rpm (medium), and 120 rpmHRbigkgch spindle

speed, the value of depth of cut was set at five different levels, from 100 nm to 50@mamwicrement

of 100 nm.The parameters are kstin Table2.

The machined surface roughness and the nanostructure pattern were measured by using a white light
interferometer (Form TalySurf CCI 3000) andseanning electron itroscopeintegrated inthe FIB

systenrespectively

Table 2: Operational variables and théwvels in facaliamondturning trials.

Face No. of | Depth of Spindle | Radius _Of Cutting Feed rate
cutting cut cut (nm) speed start point speed (M/s) | (um/re)
(rpm) (mm)

1st 100 12 23.0 0.02890 9

2nd 200 12 225 0.02827 9
Group A 3rd 300 12 22.0 0.02765 9

4th 400 12 215 0.02702 9

5th 500 12 21.0 0.02639 9

6th 100 60 19.0 0.11938 9

7th 200 60 18.5 0.11624 9
Group B 8th 300 60 18.0 0.11310 9

9th 400 60 17.5 0.10996 9

10th 500 60 17.0 0.10681 9

11th 100 120 15.0 0.18850 9

12th 200 120 14.5 0.18221 9
Group C 13th 300 120 14.0 0.17593 9

14th 400 120 13.5 0.16965 9

15th 500 120 13.0 0.16336 9

3. MD simulation

3.1 Geometric model for MD simulation

The MD simulation modeldevelopedfor the study of nanometriccutting usinga nanoscalenulti-tip
diamond tool vasshown in figure 2The geometry of the tool gywasbuilt according to thehape othe
multi-tip tool tips fabricatedoy FIB. The tool ha a tip widthW, of 3a, (a; = 3.567 A), a tip base widt
of 9a,, a tool rake angle of 0°, a tool clearance angfeof 10°, a tip angl® of 14°, and a cutting edge

radiusr of 5a,. To save the computational time, a dodigpenanoscale diamond tool with the tool tip
5



distancel of 14a; was employed in presentork to represent the nanoscale mtifti diamond tool(as
shown in figure 2(a))All the tooltips haveround cutting edge& radiusr of 5a;) as shown in figure 2
(b). The workpiece has a dimension5gk, x 80a, % 40a,(a, = 3.615 A) and consists of boundary layer
and thermostat layer with thicknesses af and 3,, respectively. Both the nanocrystalline workpiece
and the diamond cutting tool were modelled as deformable botlies.three orientations of the
workpiece areJ 0 0], [0 1 0] and [0 O 1] in the X, Y and Z directigas shown in figure 2 (c)Free
boundary conditions are applied in all directions. The cutting tools are appliedtifadofig0 0] direction

on the (0 0 1) surface of the copper. The other computational garameed in the MD simulatiose

summarized in Table 3.

A
LR A

xR
e
e

W,

Figure 2: Molecular dynamics simulation model. (a) Front view of the ntigtitool model; (b) right hand end

elevation of the mulitip tool model; and (c) nanometric cutting model.

Table 3: Simulation parameters of MBanometric cutting model.

Workpiece materials Copper

Workpiece dimensions 50a, x 80a, x 408, (a, = 3.615 A)

number of atoms 714,707

Time step 1fs

Initial temperature 293 K

Depth of cut (cutting speed = 200 m/s) 2.0 nm, 2.5 nm, 3.0 nm, 3.5 nm, 4.0 nm

Cutting speed (depth of cut = 2.0 nm)| 10 m/s, 50 m/s, 100 m/s, 160 m/s, 200 m/s, 250 m/s

3.2 Potential functions for MD Simulation

In nanometric cutting, hybrid potential functions can be used to describedtaeiiuns between the
tool and thewvorkpieceandrepresent the physical properties of each atoms type being simulated, such

as its elastic constants and lattice paramekensthe CuCu interaction the embedded atonethod



(EAM) potential proposed by Foiles et HI8] was used since it has besmccessfullyused in description
of metal material§l0] as shown in the followingquation:

Ean =2 F'(2 2'(r) %..Z,ﬂﬁi,—(r”) &)
i j#i ijiz]

where theEy,, is the total energy of the atomistic system which comprises summatiorhevatomistic

aggregate of the individual embedding enefggf atomi and the pair potentiag;; between atonn and
its neighboring atonj. The lower case superscriptsand | refer to different atoms, r%is the distance

between thatomsi andj, and p’(r¥) is the electron density tfieatomi contributed by atorji

For GC atoms, wedoptedTersoff potentia[19, 20]and computed as follows:

Euven =5 Fe ()L falr) B, (1) @
whereE« is thebondenergyof all the atomic bonds, j label the atoms of the systemis the length of
theij bond,b; is the bondrderterm,f is a twebody term and, includesthe threebody interactionstc
merely represents a smooth cutoff function to limitrdrege of the potential
The Morse potential functiof21] was usedto descibethe interaction between &biand the total energy

Enorse iS €Xpressed as:
E =>D ~2a(r—1y) —a(r-r,) 3
morse o| € ze

wherer is theinstantaneoudistance between atorandj. Thecohesion energ,, theelasticmodulusa,

andthe equilibrium bond distanegare0.087eV, 5.1, and2.05 Arespectively

3.3 MD simulation setup
MD simulatiors wereimplemened by using an open source cedeAMMPS [22] compiled on &igh

performance comping (HPC) workstationusing 32 cores. The systems were controlled by NVE
ensembleBefore cutting, 85,000 computing time steps were carried out to freely relaydiesn to 293

K. During cutting the thermostat atoms were kep a constant temperature293 K using the velocity
scaling method to perform the heat dissipaffjnThe cutting speed is applied on the boundary atoms of

the cutting tool.The visualization of atomistic configuratiomss realized by VMD (Visual Molecular



Dynamics) softwareThecolourscheme of centreymmetry parameter (CSP) valjdel, 23]is indicated
in Table4. Theatomistic equivalent temperatujts] was employed t@nalysisthe cuttingtemperature
distributions under different cutting conditions.

Table 4. The default value of atomic defects structure in (ISP

CSP value (P) Lattice Structure Represent Atoms ColoL
3<P<5b Partial dislocation Cyan
5<P<8 Stacking fault Blue

8<P<215 Surface atoms Orange
P> 215 Surface edge atoms Grey

4. Results and discussions

4.1 Nanostructures formed under different cutting conditions

As shown infigure 3 (a), the surface roughne& of the copper substrate was 1.85 nm prepared by the
face diamond turningl'he surface was themachired by the nanoscale mutip tool. The SEM images

of machinednanegrooves under different depths of cut al®wnin figure 4. In general, the periodic
nanostructurepre-fabricatedon the diamond tool tip were successfully replicated orctippersurface

when the depths of cut of 200 nm and 200 nm were used. As shown in figure 4 (a), the measuned bott
widths of the nangrooves generated under the depth of cut 100 nm are ranged from 142.3 nm to 150.2
nm, which are slightly less than the tool tip width of 152.9 nm. The deviatioairdy due to the elastic
recovery of the work material after the tool tip released from the syifadd]. Moreover, the surface
roughness, of the region between each cutting pass was found to be slighthased¢o 2.50 nm (as
shown in figure 3 (b)), which is mainly caused by the material squeezed from the adjacent cutting passes.
The form accuracy and integrity of the machined rgnmoves were found to be degraded with the
increase of depth of c¥isiable side burrs were observed when the depth of cut was equal or larger than
300 nm (figure 4 (c)). Structure damagasfound when a depth of cut of 400 nm was used (figure 4 (d)).
The resilts indicate that there exists an upper limit of depth of cut when maghanegrooves using

nanoscale multi-tip diamond tools.
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Figure 3: The surface roughness of workpigeg before nanoscale muttp tool cutting, and (b) after

nanoscale multi-tip tool cutting (the lens was focused on the surface regimebetach cutting pass).
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Figure 4: SEM images of nangrooves machinedsingdifferent depth of cut. (a) 200 nm; (b) 200 nm; (c)

300 nm; (d) 400 nm. (Spindle speed?2 rpm feed rate = 9 pm/re).

The SEM images of nanostructures machined &réifitspindle speesiare shown in figurg (depth of
cut = 100 nm). The results show that the form accuracy of #uhimed nangrooves degrades with the
increase of the cutting speed. No visible defect was found in the case of spindleeipgé@ rpmand
60 rpm However, side burrs were observed when gpiadle speedncreased tdl20 rpm A similar

cutting speed effeatas observed when a depth of cut of 200 nm was used (8yuseder a large depth

9



of cut of 300 nm (figure ){ the increase of cutting speed finally resulted seriously structure damage.
Therefore, it can be concluded that the burr and the structure damage are the two majof type
machining defects when improper processing parameters are used in nanoscaile toollttuting. The
atomistic insight into the work material behaviour responsible for the formation of the mgasfects

will be discussed in the next section.

Figure 5: SEM images of nangrooves machined under differesgtindle speesl (a) 12 rpm (b) 60 rpm

(c) 120 rpm (Depth of cut = 100 nm, feed rate = 9 um/re).

Figure 6: SEM images of nangrooves machined under differesgtindle speesl (a) 12 rpm (b) 60 rpm

(c) 120 rpm (Depth of cut =200 nm, feed rate = 9 um/re).
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Figure 7: SEM images of nangrooves machined under differesgtindle speesl (a) 12 rpm (b) 60 rpm

(c) 120 rpm (Depth of cut = 300 nm, feed rate = 9 um/re).

4.2 Atomistic observation of nanostructures formation process

10



4.2.1. Effect of depth of cut

TheMD simulation results ofmachined nanostructures under different depths ofcotting speed = 200
m/s)are shown in figur®. For better comparisom,ratio of depth of cut to tip height (d/inJas employed
when comparing the simulation results with experimental results. The yqudlithe machined
nanostructures was characterized by both the form accurathe ofiachined nanostructures in depth
directionand thethickness othe deformed layersThe form error was calculated bye deviation of the
depth of machined narmgroove to the design dimensiois shown in figure §a), o nanegrooves
were successfully generated wreedepth of cubf 2.0 nm (d/h = 0.46) was applietHowever, as evident
from figures 8 (b)-(e),the form accuracy islegradedwith the further increase of the depth of cut.
Apparent side burrs were observed on both edges of the machinedroawes. Tie formdivergence of
nanogrooves in the depth direction4s% when adepthof cut of2.5 nm was used. It increased®@
when cutting under a depth of cut of 8.

Moreover, the wedge dhe cutting tool resulted in material pilgps aroundhetool tips. Visible material
bulge between the machined nagrooves was found when a depth of cut & @nwas usedfigure 8

(b)), which mainly due to the overlap effect thfe multi-tip tool cutting[8]. However, with further
increase of the depth ofi; the height of bulge reduced and it disappeared when a depth of cut of 3.5 nm
(d/h = 0.81) was appliedigure 8 (d)). Apparently structure damage was found when a depth of cut of 4.0
nm (d/h = 0.93) was usefigure 8 (e)).

The thicknesses dhe deformed layewhen using different depths of cut are shown in the middle column
of figure 8. Significant dislocation pileips were observeldeneath the tool tipsThe larger the depth of
cut, the larger the range of the deformed layer and the dislocatibesips were observed.The
dislocation pileups would result in local strengthening of the work matenidhé normal direction. fie
resistance forcenakeswork materiasin front of each tip and between the tips flow up [8, T4js trend
resulted inthe built up volume of each cutting tipmerge into one big chias shavn in figures &c)-(e).

Due tothe emergence dhe chip mergingthe volume of chip and the height of the toblp separation
point significantly increasé When the static friction force between the sidé¢ tool tip and the
workpiece is large enoughdhesion slip takes place, and resultburrs andstructure dmags between

the tool tips.

11
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Figure 8: MD simulation results of machined nagoooves(left), the crosssectional views of deformed
layers (middle), and the cresectional views of machined nagoooves (right) under different degtbf

cut (cutting speed= 200 m/s): (a) 2.0 nm, (b) 2.5 nm, (c) 3.0 nm, (d) 3.5 nm, (e) 4.0 nm.

In principle, asmalldepth of cuis a necessargondition of improving the machining precisifi#d]. The

research findings from this woikdicate that this rule alsappliesfor the nanoscalenulti-tip diamond
12



tool cutting In the experimental work (figurd), the visible structure damagee observedwhen the
depth of cut issqual andarger thard00 nm (d/h = (7). In the MD simulation, the critical value of d/h
for which the onsets dftructure damagis 0.81 It is slightly larger than the experimental resuttich
mainly due tatheideally perfect single crystal structure of copper matearad the cutting tochssumed

in the MDsimulation model.

4.2.2. Effect of cutting speed

In order to obtain irdepth understandingf dhe effect of cutting speed observed in the experiménis,
simulationsof a nanometric cutting process wegrerformedover a wide rangef@utting speeds (1250 m/s)

using the same depth of cut of 2.0 nm.

As shown in figured, nanegrooves wereéndicatedwhen the cutting speed was lower than 160 m/s. Although
the tiny bulge of materials was observed when the cutting speedsacto 100 m/s, visible side burrs were
found whena cutting speeaf 250 m/swas appliedfigure 9 (e)). Moreover, dislocation le-rups were found
when the cutting speedias equalor higher than160 m/s (right column of figur®). This phenomenon
indicates that the overlap effect took place when a high cutting speed was used.

Figure 10summarizes the distributions of local cuttitgmperatures under different cutting speeds. As
expected, the range of the high temperature region (> 450gKificantly increases with the cutting speed.
The high cutting temperatunedicatedin the high speed cutting sofexithe work material at theutting zone

and extendd the range of material plastic deformation zowhjch finally resuled in the overlap effect
between the tool tips anthe formation of the side burr. Although the cutting speassed inthe MD
simulationsare still higher than tk cutting speeddapplied inthe experimers, the trend of the cutting speed
effect obtained fronMD simulations agreed with the experimental results qualitatively. The form accuracy of
the machined nano-grooves degraded with the increase of cutting speed.

Nevertheless, it is noted thhe cutting speed effect was found to be insignificant when a small depth of cut of
100 nm was used (figure 5). In the MD simulaticthg, form errors of the machined nanostructures in depth
direction are all less than 5% ftre cutting speed applied. Visible side burrs were observed only when the
dislocation pileups took place. Thus it is predicted that, in nanoscale -tiulibol cutting, there is a critical
cutting speed below which the overlap effect can be ignoredachimng nanostructures under a certain

acceptable accuracy.

13
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Figure 9: The MD simulation results of nargrooves formed under th&tudiedcutting speesl (a) 10 m/s; (b)
50 m/s; (c) 100 m/s; (d) 160 m/s; (e) 200 m/s; (f) 250 m/s. The left column shows the surfsmehivfed
nano-grooes; the middle column shows the crgsstional view of formed nargroowes; the right column
shows the inside view of the dislocation distribution under the cutting tool tips.
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Figure 10: Temperature distribution under different cutting sgeéa) 10 m/s(b) 50 m/s; (c) 100 m/s; (d) 160

m/s; (e) 200 m/s; (f) 250 m/s.

4.3 Observation of tool wear

The SEM images of the nanoscale mtifiitool before and after cuttirgre shown in figurdl. Unlike

the conventional single tip diamond tool cutting where ihigal tool wear was mostly found ahe
clearance face netire toolcuttingedges, tie tool wear in the multip tool cuttingwas found on both the
clearance face arttle sides of the tool tiaftera cutting distancef 2.5 km.No visible wear marks were
observed at the rake face of the tool tips. The measured tip distdamgedrfrom 706 nm to 743 nm
because of the wear on the sides of the tool tips.nfdia reason otool wearis that for multitip tool
cutting, the nanostructures dmmed synchronously within a single cutting pass. The sides of the tool
tips are involved in the formation of nanostructures. The compeesisess produced at tis&des of the

tool tipsincreasesn the friction between the tool tip and workpiece, #mas resuli in the initiation of

15



tool wear in this region.

Moreover, the tool wear is closely related to the local cutting tempefa®rés, 26]. Figure 12(a)-(c)
show thetemperature distributionsf tool tips under different depthof cut. It is found thatthe
temperaturevas uniformly distributed at the tool tip whesm small deptiof cut of 2.0 nmwas used.
However,a high local temperature §20K) wasgeneratedothat the cutting edgesnd thesideedges
of the tool tipswhen cutting undea depthof cut of 3.0 nmSimilar results were observed when tiepth
of cut increased to 4.0 nm. iBhhigh local temperatar would soften the & bondg strength and
acceleratghe tool wear proceda these regiondn addition it has been showim figure 10thata hgh
cutting speedwill apparentlyincreasethe cutting temperature #te cutting zone. It ighusanticipated
that the tool wear ratwill increase withthe cutting speed as well

Theoretically, the tool wear happens in force machining and the wear during thmingof a single
part should not exceed the allowable liff#%]. The present study, for the first time, provides the
significant information about the initial tool wear of the nanoscale #ipltiliamond tool during the
nanometric cuttingMore research work are need to be carried ouh@future to obtain sufficientlata

base for building a rigorous tobife management and predication programme.

(O)¥*

743 nm

| . i
iuT_.r b

\143 nm

Figure 11: SEM images of the nanoscale miiti diamondtool. (a) SEM image othe tool before
cutting; (b) SEM image of the toatutting edges after cutting; ard) a close upview of the sape of tool

tips after cutting.
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Figure 12: MD simulation results of the temperature distributionstlte nanoscale muitip diamond

toolsfor different deptk of cut (a) 2 nm (b) 3.0 nm; andc) 4.0 nm.

To sum up, due to the limitation of current computational power, performaigcular dynamicsMD)
simulation on nanometric cutting withe same physical size and small cutting spesed inexperiments
remains a big challenge, especially for the largales MD model built in present wark-rom
experimental sidegifficulty has been the limitations of using FIB to fabricate mitifiidiamond tool in
several nanometers. It is also lack of detection equipment to capture the transient processsof defect
formation in nanometric cuttingdowever, this doesnot affect our analysis on the general nature of
multi-tip tool machining.In this study, the tip geometry of the tool model is a scaled down version of the
tool used in experiments. The ratio of depth of cut to tool tip height (d/h) was exhpl®ymdicator when
comparing the MD simulation results with the experiments. Byideriag these geometrical details, the
simulation results of the formation of machining defects and tool wea qualitatively compad with

the experimental result§.he tendency observed from the simulation is in good agreement with th

experimental resultsThe research findings obtained frothe MD simulatiors help interpretthe
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underlying mechanisstfor the machining defestas well as the tool wear durimganometricmulti-tip
tool cutting processThe present analysis will baaluable toany nanomanufacturing practicghere a

nanoscale multi-tip diamond tool is used.

5. Conclusions

In this work,experimental studshavebeen carried out to investigatee nanomanufacturing capacity of
usinga nanoscalenulti-tip diamond tooin conjunction with MD simulations. The conclusions are drawn
as follows:

(1) The operational parameters significantly affect thelity of machined n#structures.High
precision nanostructuregere successfully produced facediamond cutting under a depth of cut of 100
nmand a spindle speed of 12 rpm.

(2) Under the studied cutting conditions, the burr and the strucamagkare the twamajor typesof

the machining defect§.he MD simulations indicated thatith the increase of the depth of cut and the
cutting speed, the increasing overlap effect between tool tipspsnsible for the formation efdeburrs
and structual damages.

(3) Thetool wearis initially found at both the clearance cutting edge and the side edges of tool tips
after acutting distancef 2.5 km. The frictionproduced athe side®f thetool tips and the relatively high
local cutting temperature distributed at the tool cutting e@ge responsibfer the tool wear.

(4) An optimization of the cutting condition, by which the overlap effect can be igniordhe
nanostructures generation process, is recommended in the future wacki¢éwe high performance

machining of nanostructur@gen using nanoscale multi-tip diamond tools.
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