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Abstract:

Nanometriccutting of single crystal 3GiC on the three principal crystal orientations at various

c ut ttemperptures spanning from 300 K to 3000 K was investigated by the use of molecular
dynamics (MD) simulationThe dominance of the (111) cleavage was obseimedll the tested
temperatures. An observation of particular interest was the shift to the (110) cleavage at cutting
temperatures higher than 2080 Another key finding was the increase of anisotropy in specific
cutting energy from ~30% at 300 K to ~44#%1400 K, followed by a drop te36% and~24% at

1700 K and 2000 K, respectively. Thebtained results also indicated that the specific cutting
energies required for cutting surfaces of different orientations decrease b4388%t 2000 K
compared to whadre required at 300 K. Moreovéhge position of stagnation region was observed

to vary with changes in temperature and crystallographic orientation. Further analysis revealed that
the subsurface deformation was maximum on the (111) surface whereasntinimum on the

(110) plane.This is attributable to the occurrence of cleavage and the location of the stagnation
region.] n addi t i on subsurfeed aammaoguen ts coafl ed | i nearly wi't
temperfatanrtex fl ow ofhetomst ibregpetwdbl whaisc hali:

gual i taatail wgloyws to the plastic flow of silicot
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bywtom attrition wear and plastic deformation
cutt@aitndiigh temperatures. Neverdhélfeess onclaeamhi

wear i s plausible to be accelerated at high t
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1. Introduction

Silicon carbidgSiC) is aceramicwith outstandingnechanicabnd physicapropertiessuch asigh
strength high thermal conductivityhigh stability at high temperature, high resistance to shocks,
low thermal expansioripw density,high refractive index, wide (tunabl&andgap and chemical
inertness. This interesting material exhibits owémensional polymorphism characterized by
different stacking sequencesthe SiC bilayers3C-SiC, as a zinc blende structured JpGssesses
the highest fracture toughness, hardnelestron mobility and electron saturationagty amongst
the SiCpolytypes[1]. Thus,it has drawn substantial attentitm be utilized in the fabrication of
devices which require high performance in extrezngironments3C-SiC behaves as nearly an
ideal brittle solid materiaht room temperaturewing to its sp>-bonded nature and short bond
length. Accordingly, 3GSIC exhibits poor machinability at room temperatureAt high
temperaturegyield strength and hardness of this noatiybrittle material decreases and its fracture

toughnessmproves As a resultplastic deformation and machinability of &C enhances

Availableliteratureregardingmolecular dynamics (MD) simulation of nanoscale cuttiag mainly
concentrated oelucidating material removat room temperatur€300 K) and only rudimentary
studies have been performed on studying rrmestometric cuttingln a preliminary investigation
performedin our research groypmot machining of single crystal 36iC at 1200 Kwas compared
with the cutting at 300 Klit was found that hot machining results in loweriaggentialcutting

forces and thrust forceget shear plane anglemainedunchanged?]. In similar work, the authors
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[3-6] performedMD simulations to examine the characteristics of hot nanometric cutting of single
crystal silicon at various temperatures.was observedhat the anisotropy increases with the
increase otutting temperatureAlso, narrower shear zones were observedendutting the (111)

crystal plane or at higher cutting temperaturBarthermore,s mal | er resul tant
coefficient at the tool/chip interface and <ch
opposed to t he Theredrealsocouple &MD studiesom ranoindentatiorof

silicon, copper, gold and diamorad elevatedemperature§7-10]. Whatis known from these high
temperature nanoindentatient udi es i s that Youngds modul us,
recovery (spring back) decrease and softening increases with the increase of temperature. However,
it must be noted that nanometric cutting unlike nanoindentation is dominated by séssrast

thus leads tomore deviatoricstressconditions hence providing a wider ootk of thematerial

deformation.

It may thus be seen that there existelativelyfair MD knowledgeon hot naometric cutting and
nanondentation of silicorand some other materiddsit hot nanometric cuttingf 3G-SiC is still in
infant stage and needs therefobe exploredo as to fill the current pool of knowledge concerning
high temperature deformation behaviouB&tSiC. In particular, there exists no experimental work
up till now for nanometric cutting of 3GiC at elevated temperaturdtsis evident that in order to
be able to improve thieot nanometric cutting of 3GiC, it becomes necessary to have a clear and
unegquivocal understanding of the microscopic aspects ofpifuisessTo this endsimulationbased
studieshave to be performed. Thebtainedknowledgecould be vital in implementing the hot
nanometric cuttingf 3C-SiC with the assistance of Laser processiagordingly, a series oMD
simulations ofnanometric cutting of 3GiC on the (010), (110) and (111) crystallographic
orientationsat variots temperature¢300 K-3000 K) were performedn this studyusing an
analytical bond order potential (ABOP)]] to obtain a clear and unequivocal understanding of the
material removal behaviour i.anisotropic cutting behaviouchip formation,plastic flow of 3G

SiC workpieceand tool weaat different temperatures.
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2. Simulation methodology

MD simulationsareimplemented by using a publco mai n comput er cszalee, kr
atomic/ molecul ar massively WamMalel edtllh mei@mu loanta
nanometric cut3iilsg dneondoenls it @.fatBads iicral | y,pltamies n
stress rceopnrdei steihoena tmaschhiicni nBo p h®iBEswar kpi ece an.
cutting tool are bluhd tr eagi odmre fofr matbod ms bicadriee s e
di vi dadirieret odi ff er ent zzoonnee,s :t hbeorommodsatmay | @tn @bnt N e v
at xmne, i n accord with tHiél7]plrheev iboouasnldyasp/ustelrivse
ri gid bases for the workpiece and toollfhand
ther mes tagdteehd owed to follow Berendsen ther mos
outward heat conduction away from the machir
l ubricants duridipeadlewabnimachiabhiomg. whose beh
mooém equations arising from their Hamiltoniar
(LAMMPS dMYB mMimcsgr.der to minimize the boundary

wor kpi ece and cutting tool are selected adequ

The tempefathe atoms during the machining sim

conversion between the kinetic energy and tem

A my=oNKT

wheMies t he numbreaprods eanttosmgt,thteokmi,es| d chiet Bod ft z man

(1. 380¢8J0/3K)lDaedresents the atomistic temper s

fluctuations in kinetic energy (K.E.) of atom
and/ or spatieaslt)e pesv etro fceowmmvteirm 1 nto equivalent
the cutting tool contributes to the kinetic e

to compute the average temperature of the cut
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Hence, ABOP functionwas employedn this studyto model hot nanometric cutting of single
crystal 3GSIC. In order toobtainaccuratesimulation results, the corresponding equilibrium lattice
constantdor the studiedcutting temperatures i.&00 K, 900 K, 1200 K, 1400 KL700 K 2000 K

and 3000 K were calculatethdaccordingly were utilized to build the geometry of the workpiece.
The cohesive energy corresponding to the equilibrium lattice constant$iG3Gbtained frm the
simulation atvarioustemperatureare summarized ifable 1 In all cases, the tool was equilibrated

at 300 K before simulations; hence the lattice constant of 3.568 A calculated using the ABOP

function at 300 K was used for the carbon atoms.

Tablel. Calculated equilibrium latte constants and cohesive energiesingle crystal 3€SiC at

different temperaturassing ABOPfunction[11]

Temperature (K)  Lattice Cohesive Experimental
constan{A) | energy (eV)| lattice constant
(A) [18]
300 4.3623 -6.3376 4.3581
900 4.3681 -6.3342 4.3689
1200 4.3712 -6.3325 4.3754
1400 4.3738 -6.3297 4.3798
1700 4.4291 -6.1401 -
2000 4.4409 -6.1033 -
3000 4.4838 -5.9718 -
Toavoid the i ntweorrakcptd neccret b eattwatéhoemsbegi nnit hg of
cutting tool was placed at a di st alrhcee noofd el 0 w;

thahl owed totawgihitEheee d3els ipse d@ a b lé enphiers agtteuornee.t r vy d
and processiseadr a me tiéwisanometticucdtyng trials were simulated by
advancing the tool atoms at every tistep giving the tool &elocity of 50 m/s This cutting speed

was employed primarily due to limitation of computational power since implementation of
parametric investigations at realistic cutting speeds2(m/s) would requirgerylong computation
times.Fi nal | vy, AnOpen Vi s uB]waszuaed to eisualise aral lpggbcdsOivel T O)

atomistic data.



Table2. Details of the MD simulation model and the cutting parameters used in the study

Workpiecematerial Single crystal 3€SiC
Workpiecedimensions 34.8x19.6x4.4 nfh
Tool material Single crystal diamond
Cutting edge radius (tip radius) 3.5 nm
Uncut chipthickness (cutting depth in 2[ 3 nm
Cutting orientation and cutting directior Case 1: (010)<100>

Case 2: (110)<Qt>

Case 3: (111)gp0>

Rake and clearance angle of the cuttin] -25° and 10°
tool
Workpiecetemperature 300 K, 900 K, 1200 K, 1400 K700 K 2000
K and 3000 K
Cutting speed 50 m/s
Time step 1fs
Potential energy function ABOP [1]]

3. Results and discussion

3.1.Cutting forces andpecific cutting energy

From the MD simul ati on csatnacnhdepcouil mtt,e dt hbey cswtntmir
forces exerted by the <car badnsSia@ ormsp Tdfe etf loeg c e
component s,yahang etche ons descri be tangenti al,
Surface form errohlr uisg dhirefel ysi afcfee dtha ks kcy mpor

separate the wookpaddage ftrammemnhe al demeret sbriim

direction of cut chilpendficrkeneadss amnidahiet ssc wvicet riag
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behaviour changes dynamipadhbkbyic. €r aweiatri of,r a
materi al, heat goeonle,r adiisolno c ameiaorn osfl itph ee ttc . | e :
along the .Mérgtnagofi tcdée of the aveaermhagett dmog:
resul t aanntd fsoprecceisf i ¢ cutdti lndi eedn etr egngpr efyroat t sular lrejasls aahr
besmmmar iTaedenppendihe Aavael age of the forces
after the toovlorkgnyetckel t teaas 2s5h BiwigpAd t 6t he begi nni
of cutting, both the tangenti al and thrust fo

towards the -Siwgillkpicedgst abg8Ci ve forceskFiagr.e o

2, signifying otnmengef fagdtrsacof on forces. At oms
instantaneous distance between two atoms is |
the cutting tool advances mor e, cutting forc
proportionally, i n a sensd&r o bd veek ppgesn diitw tiAs, t
conspicuous that the values of tangemtiisdl |, t

worilkeg e mper dtour v ar i oasVithaheincseasa bfemparatufe atlee amplitude

of atomic vibrationwithin the workpieceincreaseslt is regarded as an increase in the number of
phonons. This phenomenon results in generating atomic displacements. The atomic displacements
within theworkpiee causes a ris@ the interatomic distances and a decrease in the restoring forces
owing to thermal expansiomesulting in lowering the energy nestito break the atomic bonds. As

a consequence, thermal softening occurs which reduces the cutting tpricedd¢o deform th8C-

SiC workpieceat high temperatures.
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Fig. 2 An MD output of the force plot showing the region where dlieragecutting forces and

specific cutting energy were measured
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room temperature

Table 3 Percentage reduction in specific cutting energ8®@fSiC at high temperatures relative to

Crystal % reduction in | % reduction in | % reduction in
orientation | cutting energy at cuttingenergy at cuttingenergy at
1400 K 2000 K 3000 K
compared to 30( compared to 30( compared to 30(
K K K
(010) Up to 1% Up to 4% Up to 600
(110) Up to 9 Up to 3&% Up to 546
(111) Up to 226 Up to 3% Up to 480
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3.2. Chipformation andcharacteristics

During nanometric cutting, t he wat k parnteocnesd ggen d
separates the at olmhse megrartalte dt cadlomsi sl i de of f
toat a constant velocity in a stationary f1l ow

region ahead of eshée heutpttiasg i ctodl oadvi Vvind pasupwa
showhi Inn ot her words,r adiovast otnhse fsltoang nuapt iaolno n g
consequent | yUndernmh btahtel tcahg gpa tantoamp desvsswar d i nt c
wor kplieeacdei ng to the formati onlhef [tolteatfioes olfy t
region can be deter mime dauerrr odge wloiaskdps aedcessdh @ om
directviaonlcawser gt e pr edsiesnptisa c edmdrftesa gat swoirnk pti eec e
when narmamdotif3negga Cs perofnortreds (dy wrsfaddddedKO.SI| op e

alternation of the displacement | ine fromepos
To nhoer e precise, in the stagnation r egTiaobd et he

summat heeposition ofstaagumamtmitl ccxsn froegitdre sndidi e

Chip
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010) 0 -18 3948 . 4 32.
900 110) 0 -06. 7 3B36. 09 32.
111) 1. 2 4448.9 44,
010) 0 -07. 9 3649 32.
1200 110) 0 -06. 7 3B36. 9 31.
111) 0 -07. 9 3649 45 .
010) 0 -06. 8 389.09 34,
1400 110) 0 -04. 6 273 % 32.
111) 0 -07. 9 3649 47,
010) 0 -06. 8 389.09 36.
1700 110) 0 -08. 5 23349 36.
111) 0 -07. 9 3649 46 .
010) 0 -06. 7 3B36. 09 37.
2000 110) 0 -08. 5 2339 39
111) 0 -06. 8 389.09 49
010) 0 -02. 4 19258 . 7 40 .
3000 110) 0 -0L. 3 1323. 09 41 .
111) 0 -06. 7 3B36. 09 50 .

15




t has beendureipnog t ea@ o otohedt@i € f on 1) hepdtah® oom
empercdtearva,geheoaduat tti gl nhdekbd|[ it i s gener al
domi nant mechanism on taamed ¢(hEl1)(hleddme dptd lacn@mn
bserved fr acXiuhne oprldaenre toofc t3eCatvalges whleaber i n
uttingaomnatykdanprl aphien adetlieovmeg mpler,b attthreeschi p f o
rocess was camaf ulhley |eoxcaanhi neendvi r on ment of at
hell wasFimp hld1 uetedtes abhetshmgesé 0 htehaet weovhdh!l u t
f cuttwhgl éocaéesing the (11Ar)y sctraylsliSati@ ss uorfft df
utting chip can be obsefr velde awageg eastt i miggh htee
n fact, the <c¢l| eavfaogre awals tohbes esrivBe0dD-20t0d,dv Kticdurap e 1
uttingsuheewh¢dlhl ) have not been shownHohweerveerf, ora
igh temper admalel eorf BMAOWNtK,of ¢ mygthal Icihti @s i wme |
0 thbeweroftemperaturiempr ved sp b setmgeeieTalitena te
ubstanti al domi nance of the (111) <cl eavage f
nd fracture surface entehoey yreoyfsttaHi sorfileend eag p ®a
haracterS3is@ iics od oingpBa rtaltbd te 2off A sd i eavmodnén [ ( H 7 o m
utting forces experience an abrupt drop at t
ff the cr-8§s€Cawitheunful®c€er goi hde ama tdpohensg antaoto

arrgnyuwork omtamgortihencatfti ng force drops

16



Before

Cleavage

After

Tangential cutting force
Thrust force
Axial force

Force (uN)

I I
0 5 10 15 20 25
Cutting distance (nm)

(b)

Fi.g &) Snapshots fromht he ®MDttsiimgl aheorf 111) (
demonstratungebhhbheaoftboraeakll) ficeoge se s p osodfi ncgu tdtrion
forces

17



Whi | e claenatviacdiep ailise ddomi nant on thedhEllldQ) olreavw
at hceut t iem@ eshaitguhreec2 0O O O al§ ewmrsi ng nanomatorciecs AESEL t
showiki gInt8 i s of enwctne!| e ha bgleshearased ut o awiotniges i d e
f or matnidonannohi lsataicemog!| éanud bgkassi ons bet wee
counter stak&kudqlcl)atagmsf i n accord with the ¢
the diamond undethi lyleummpte r2ight, di ewst efrt el osnhse aart st r e s ¢
are thought to dictate the failure amedttloeaes:
her et hdhi satmomar es the same cubprondaegd | cte8ts@ rwict
Hence, si mmhreatre rtii &lsu b dohcanvti aoa@td i n g cporud bdl ebmes e x p «
Note that very small amount odo0me mntamdrs ods ed

(010) and (110) at 300 K.

Cleavage

Fi gSn8pshot from the MDevseindud eafta goen vehhidlvigl Ogu ttt
cryst alt RI0OaDMe K

Frofm g. i9% ochasnetlieeable number ocfutactihonngs iimc rtehaes e s

increase of w o rekxpcieepcte ftoermptelreat Ul 1) crystal [

18



hi ghest number of atoms in the chip appears

ment i on elda regaer |vioodlrauamnesagoefur r ed whi | €r gt @ilhnus! &@ne
IS sensi bl ®i gthoe r o bnsuenrbveer e o €t Wiapg loens cutnt itnhlg. t he
Furthermoré&jgasttBeedepinhh of subBacdmexr dedpen
the temperature ofotevarrlkipere,ete vwoir kipts eencpheswat Ur e
we ankient er at omi ¢ bonthong whyshaltrdgfgermati on v
Thus, the | ayer deptl &ar. ®dir sd ed paanaftii o nb éoleacwincewsr
be common in boiSh&sdnglijei cAonjosgthaelr 3 C ght @ an be
t hatdetphdhulmdur f ace deft imemgateisan olnayerreaigsiiid) i pl
| owe st on the THdl0rcomwiem@apgedbnophoeadhi ng du
compr essiaomr esppeéer oposihtti on of st agaoaathiadvre rtehgel

key irnoldehobservati on.

18000
—=—(010)
1 ——(110)
16000 { —— (111)
o .
e
[&]
@ 14000 -
£ ]
2]
£ 12000 -
©
‘5 .
2 10000 1
£
3
e ]
8000
6000 I T T T T T T
300 900 12001400 1700 2000 3000
Workpiece temperature (K)
Fi g.Nutmber of atoms i n the cutting chip as a

orientation



6.5

{ ——(010)
6.04 ——(110)
= i ——(111)
£ 554
_E -
g 50-
c ]
= 4.5
E B
o -
2 4.0
kel .
[0}
© 3.5-4
£ ]
2
e} 30—
3
a ]
2.5
2.0 5
| 1 | I I 1 |
300 900 12001400 1700 2000 3000
Workpiece temperature (K)
Fig. SuWsurface deformation | ayer depth as a

orientation

Figshdbws the variation of resultant force exe
coefficient at the tool raidse Cf aome/deHifrient erc
pl anes at various tempertatnur eso.r c@l eeaxrelryt,e dt hbey
the chip are found toSibdn greal I(elsltl ) whithhee tya dat rt@i
| argest on the (110) orientation, which is <co
fri ctoieddf i ci ent at the tool 0.a4&2 dmcdi/fefhd rpenitn
pl anes and temperaturésictiomiago éfefoincoutenndt t 14
orienfAatimamkbbEeevati ohriictitohnatc otehfef i ci ent at
interfaceand oO0tefsih@yenses in the temperatur
and 300 K to 90a0s Ko,pproesediddio wehyys,ivaker @l ahe f

coeffi diaenntl ycamsreases with the increase of w



Resultant force exerted by
the rake face on the chip (uN)
N
|

2 -
I I I I I

1.0
o @ 1 ——(010)
=g 097 ——(110)
S8 08- —— (111)
g < y
S .o 074
éE’ 0.5- k\x\_ﬂ_\‘\‘
kS 1
'™ o 0.4 T T T T T T T

300 900 12001400 1700 2000 3000

Workpiece temperature (K)
Fig.Varl.ati ons of the resultant force exerted

coefficient at the tool raidse Cf aoe/decHifrient erc
pl anes at various temperatures

The theory of lpeatmar g esaeeondartyheand tertia
documented. During nanometric cutting, heat i
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the interface of woh&pTheeegamgeit mtodt t eame@aitmary d
zonear ansifretra etdhe chip thus the chipscaepaeat i
from the TWWwWorkpvesthieqadt egetntee at ed during chip
conseqtuheer t etye mper ature increase (due to the g
temperaamrel ement al at ciimiudingv4? btoma)ea ( 1d din Sil Ber e ¢
pri mary deformation zone and the variatildns o
canolbseetrvemwmmgt halRi | e cut ti nign titreleep(eT lJalh)g eplodn e300
1400 BEheeimhémperature i ncrease icnautsheed dbeyf iotshnea tgi
much hi gheors et hoadn ot tefsa,c ant y gtidlut able to the re
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form of heat during occurrence iodn.clHaweawer ,o0r
K, the amount of rel ease of heat I Shes maeé dleer
bonding beAwesenhaadaedmabove, the generated heat
into the chip thusthsetmi sdmdt themphji paageepi sk
Fig.ltl3must be mentmaynwedoximetr entbasi shenei es i1
i n thiss naneddy f acet eecariiviauearapbllaeys osfuch as adhes
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3.3 Plastic flow behaviour

I n ordewvestohgatpd astic deformation -#iedi atued n
nanomet r,i ca hceumtitci nfgivaw izlmimeefsdt he waskgeekiedhd ned
il lugthreatdes pl acement vectoratof3®Q ofmsonmftlkre @0
(111) orA ewmedtaglamnsi buti on of atowmaci buefwztbime b
wor kpiecean be Fddgdtwnatf rtohne at oms bdame artéhg ttome
experience a rotati onbalh afvWdifowsiCCT hiiss apnaarltoigcouul sa r
obsermeadur prevnoesamamgatyr i ¢ culamacgotohersimat
[2hNeverthealhesesesome dii.sec.r eptdpgtiheee moti on of at
cumgidir maotnhoomarn eod tSheCha@ si | i cloon pweorwtkipchuel caer ,
(11lolr)i enatat3 @OmKv, e ntehnet of appp ms r @b b h gtnhsenpe. o
This behaviour can be attributedut ¢ iotAipeot dhh@c u:
di ffer enbaet oinss tihhaetn engivvepnwar ds r at her bhaakwarodvsan
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observed f.orTupawar d s b Bi&€din&tno ms rwaemobe t he (11
surfpdaesi bt hheidlhert @l astaisc ar eomis glyguteinac eofofhar d
YoungoOs koBundppedsi ti on of 6Esagn8,dhn drha gi ocnr
orienadasatiopposed to. Sihei | atr hetro pslialniecson, t he ¢
underneath the $So€&€l owhb thiee gwadstiojuongd pd® ietdied mwe r
t han otfdhhtolseer sarrgfsatcalc h asmelcé stk oweof wihtehiant otnis
wor kplitectelaear ef or ehefabi pi f@arenati on and mater.i
cut proglehsssbserevatul onwbwnfi he plecwdstc omatst irregaldmnz

on the (111) pl ane
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Fi g.At b4i cf if @ lodvX Ypnl athlteehagomet r biBnci €n Y arei ous
cryplt adte s3. 00é d&c aotfi otnh e ciunt tcionngn ettcdid@il d i regwgenéins cC ¢
ber afcredimg. 5

As can beFisewhemr mmnometr iS¢ Ccatsti ag 800 B CK,
rotatfil omwalof itnh er ledjtipoomasc teilcianiilnypat ed. dhs seffarch | e
the ¢ngd4)all ogr apbdt omeas b b ebeMaree davsong, r es u
ofweak van der Waal s iatehiaghi dampéeitihee ew oartkqt

atoms have tendency to mowveéenhathraonige t thea tewit & i i@
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upward motiian rdeégiemoats hi gh t e®wpepoatamepludfd 30
expect teol gpxetriceivecoverfJhatreéeahsoeontfeopesathr eb
traced at t he-Smel tpirregipcdidmdt nbofc mBMno ABPP ob |l em i
to bond order potentials (BOP) frnoer| ts enngi cpoonidnu
attempt waal eonaldaet @ ot he -B1eCt pngdpoi adonipyh aBEBOP
met hhondidopt ehlgecti ve boundaries to d25%). hheh t
phase iastdalkintitrgyly ndlppeemu p esnippeerneetederleobser ve
3529 K &ndra2spctively, which ar28baTkKabefver &
satisfactory therdcatloéoé&el asitng amdoiveryumwmhi ch

high temperature of.3000 K cannot be achieved
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(110) crystal plane

s
[110]

(111) erystal plane

Fig.Atboni ¢ fHdaownhgemeutr BB i €n VY areicawbksda@riaphi c
s u r faaBc0eldsO

3.4. Stress, temperature and wear of the cutting edge of the tool
Fi gdanddemonstrate the varisatriesrs @afndauvermgpea au c
the cutting edge of the di amownfd siungli#&gcCrt oot a

di fferesntal é oigematpdt icons at TdhleflBie Appemdix Btisessithp e r a t
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It can be observeftom Fig. 16thatt he cutti ng t osotlr eesxsp earnide ntceensp elr
(111) <crystal pl ane compared t o ,otchoenrssi,s tvemitct
observedcrtirtancdli nvorc aMysieelsd isfbg €Ecfd u2 © ng thniamg me
[2PBesi desa,l uteke of stresses on the cutting edg
temperature toystalkl dgfdephienntpl anes. The magr
stress acting oncutheobeipytai ngowdgedohi ghet empe
the range of 38 to 68 GPa and 21 to 38 GPa, |
95 G¥Pya, [whi ch i s tdbet arii ma-pmrubny csift priresstec acl acuusl ea tsitorn
isitability in the diamond Sthiucthhe eaveéloawvge et ¢ |
the cutting edge spans from 680 K to 1060 K
crystallographirepoeskehtadfi @eesmpredasture buti on
whicluet tiheg ¢dgpd) ahe aitgi3lé@i gKTh &8 ma xtiemuprer at ur e

t hdei a momia@lé b s eo v eddthems wce@at i nNgoeteedigtesh.d tr atn s i ent t €
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asome ahodnbhteedmgng ght r edwah JIWEO0tKW high heat <co
and usage of thermostatic atoms (to ascertali
machined zone which is carried away hbyy)j agthti n

averteegmpenat the custimgtleedgeange of 680 K to 1
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Fig9 The hardness of diamohiRl as a funct

As cited RY,Cdhii goaat ag@mpefpatyrenfl uences the h:
hardness of diamond drops!| Wwu$ trri &bletd r dases daoev etde
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that the hardness ~»2 @k &n3a mn@P ad e crreesapseecst itvoe |l vy,
680 K and 1060 K. On the other hand,avatvaiglee s e
Mi ses stress acting on the cutting edge is fo
63. 5w68Phe cutting the (110) pl ane, respectiv
plastic deformation of cubbvwt agm aoDtH i taina@n tadwn
cuttingi @fat3Cdi fferent tempealat Ut es s ,uapf tdoe meme
wor kpi ece tempamatasneeofaci4o0bd Ket ween at-oms
Si C workpiece cul mteapes atoréenonedbievegeaethe ay
temperatures, dma&l t oo fetnehnainncge dantdhedecr ease of
abrasive action would be mitigated; hence a s
visi lbli&@7i €Gonsequentl y, Fi Bbtchaant baet sae ewo rfkrpoine c e
2000 K, -btyhteomtatmtri ti on wear i s quantitativel
correl ates highly with ttihneg aendoguen ta to ft hdébsree stgeens
the shape of the cuttingetooimed swhioluendc utot ih
comparison wi t h t hat of c@OODOr nK. t hTahte s e h iol bes e
temperaturbeyat ommheaet atiomi on wear and plastic de
could be allevi atledveadlicweddaiti woihemi ancaydhbhesi

accelerated at high temperatures.
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nclusions

O superi oSi r otpheirst i mast eorfi a3lC has been in
onductor to be wutilized in the fabricati
potenti al demand f @ro mpd st CS fCfoentpt oi nveen t nsa nwui
h . Nanometric cut tpirnegciiss omowaanufast abli n

ranfd nd#&mhage fwaictels si gni fi c.anloweovsetr ,r eidnucr

ng ofl &risSelCe 3Makterdiamond t ool faces tr
cases, met hods are required to be i dent
rate so as to Iimprove the maShConh#&t!l ht g!

rature reduces the yield strength and ha

I mproves its plastic deformation. Howeve
be vital i n i mp lod me&si@Ci nwgi tthh et hfreota sma sH
ssing. Thi s procesfsorcamewo peammep cnaiv, ho
tific developments i-8i €Chédmpaeceedal abemamuf
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temperature el scturserdi cisn asnpda cezenmadrt smiaanrdo vaa v e
el ectronics wusedd iont hreadaarp pdy ctad mo,n sTak nmg be |
accotvemt af orementioned pointstoMDnwesnuil gati ent |
nanometrpot -Bic@tomgdi fferent crystallographic
under a wide range of WOOIOpiKgce nt empesrr atthuer essh
mechani sms i nvolfThwedi marnydadiineggsps ot ebkkows:
1. The anisotropy in the specific cutting energy initially increased with increase of
cutting temperature up to 1400 K and then decreasbdyher temperatures i.£700 K
and2000 K.
2. The stagnation region wagento bepositiored at a lower position on the (110) crystal
plane or at elevated temperaturésirther analysis revealed that the stagnation and
friction angles were closely correlatedwvhile cutting the (110)crystal planein the
temperature range of 300400 K.
3. A shift to the (110) cleavage at the cutting temperatdrigher than2000 K was
witnessedMoreover, crystallite®f 3C-SiC in the cutting chip wsobserved in thell
simulated temperaturewhile cutting the (111) planeNevertheless, ta3000 K, the
amount ofcleavage wasmaller than those of lower temperatures.
4. The increase of cutting temperature led to the formation of deeper subsurface
deformationlayer. Maximum damage depth for the preferred cleavage plathe (f11)
was found to be consistently largbah those of other planes.
5. The values of resultant drordcuetetenxnegrifteewn dy
to be small es$i Whohetleat¢tlhh) 3Cwy kaeragle spgl &
on theu(rfmkjet hehmorfe, ction coefficient e
i nt ewdmicrei mum on the  THdlfl)i oriiemtadeohni ci
face/ chipnitnhwaglakder oedst ant wyttdetheasacrtr

wor kpi ece temperature.
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6. Much he xgtheemt of temperature increasdhea
def or mati wawirtergd sosne d whi |l e cuitn i hge tbeat
temperature rangpel aofsi3p00 Kluteo t 4 0,curr e
crystallographic orientation.

7. Atoms beneath the cutting tool were four
practancalloggous t o t he opl a&sTlhiec cefllionn nbaethi aovni
fl owt haet cutti ng 30eOnDp e Katwansen intbf@ et t he (1
crystallographic orientation than other s

8 According to the stress state on hteheatoun
byatom attriti odefwerama tainodn polfa stthwee rdei asneoennd
be alleviated while cuttK.HMgowaveh,igbhe¢emmp

Vidi.ssodiuftfiwsi on ancdouvalddhascehewaterd at hi
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Appendix A
Table 1A. Average forces angpecific cutting energwvhile cutting single crystal 3GSiC on

different crystallographic orientations at various temperature

Workpiece | Crystal Average | Average| Average| Average

temperature| orientation| tangential | thrust | resultant| specific
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(K) cutting force force | cutting
force (nN) (nN) (nN) energy
(GPa)
(010) 2112 4564.8 | 5029.7 381
300 (110) 2280.5 4660.6 | 5188.6 | 393.1
(111) 2122.3 2943.1 | 3628.5 | 274.9
(010) 1863.7 4156.8 | 4555.5 | 345.1
900 (110) 1988 4462.9 | 4885.7 | 370.1
(111) 1781 2393.4| 29834 226
(010) 1869.7 | 4100.4 | 4506.6 | 341.4
1200 (110) 1888.5 4463.5 | 4846.6 | 367.2
(111) 1741.6 | 2270.7 | 2861.7 | 216.8
(010) 1792.9 3691.4 | 4103.8 | 310.9
1400 (110) 1934.8 4349.3 | 4760.2 | 360.6
(111) 1680.3 2062.3 | 2660.1 | 201.5
(010) 1604.7 2983.1 | 3387.3 | 256.6
1700 (110) 1841.1 3459.6 | 3919 296.9
(111) 15%4.9 1947.8 | 2492.3 | 188.8
(010) 1433.6 2526.2 | 2904.7 220
2000 (110) 1672.7 2804.8 | 3265.7 | 247.4
(1112) 1606.3 1864.1 | 2460.7 | 186.4
(010) 1067.1 1717 2021.6 | 153.1
3000 (110) 1330.6 | 2039.5| 2435.2| 1845
(111) 1267.6 | 1402.9 | 1890.8 | 143.2

Appendix B

35




Table 1B. Average stresses and temperature on the cutting edge of the diamaevidl¢oclitting

single crystal 3€SiC on different crystallographic orientations at various temperatures

Wor kpi Cryst| von M|Tresca Temper
temper orient|{stress on tH on tH
( K) cuttincuttincuttin
( GPa ( GPa (K)

(010) 6 6 38 773. ¢

300 (110) 67. 7 38. 3 927 . |
(111) 61. 4 34. 3 679.

(010) 61. 2 34. 3 878. |

900 (110) 66.5 38 1037.
(111) 56. 8 32.6 729.

(010) 60. 4 34.1 937.

1200 (110) 65. 6 37 1049.
(111) 55. 7 32.9 733.

(010) 59. 8 33. 7 958.

1400 (110) 63.5 36. 3 1060.
(111) 54 .1 31. 3 783. |

(010) 56. 1 32.2 927 . :
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1700 (110)] 58.09 35.3] 1010.

(111) 46.6 28. 9| 775.:

(010) 48.9 27.1 909 . !

2000 (110)] 54.3 30. 1 98 3

(111) 41. 7 22.6| 758.

(010) 44.5 24.7| 871.:

3000 (110)] 46.5 25. 2| 919.

(111) 38.5 21. 1] 738. |

References
[1] P. Mélinon, B. Masenelli, F. Tournus, A. Perez, Playing with carbon and silicon at the

nanoscale. NateMaterials 6 (2007) 47490

[2] S. Goel, W.B. Rashid, X. Luo, A. Agrawal, V. K. Jain, A theoretical assessment of surface
defect machining and hot machining of nanocrystalline silicon carbide. Journal of Manufacturing

Science and Engineering, 136 (2) (20021015

[3] S. Z. Chavoshi, S. Goel, X. Luo, Molecular dynamics simulation investigation on plastic flow
behaviour of silicon during nanometric cutting. Modelling Simul. Mater. Sci. 2dg(2016)

015002

[4] S. Z. Chavoshi, X. Luo, An atomistic simulatiamvestigation on chip related phenomena in
nanometric cutting of single crystal silicon at elevated temperat@esputational Materials
Science, 113, (2016)10

37



[5] S. Z. Chavoshi, S. Xu, X. Luo, Dislocatiemediated plasticity in silicon duringanometric
cutting: A molecular dynamics simulation study, Materials &m®ein Semiconductor Processing,

51, (2016) 6670

[6] S. Z. Chavoshi, S. Goel, X. Luo, Influence of temperature on the anisotropic cutting behaviour
of single crystal silicon: A moledar dynamics simulation investigatiodbournal of Manufacturing

Processes, Accepted

[7] T-H Fang, Gl Weng, 3G Chang, Molecular dynamics analysis of temperature effects on

nanoindentation measurement. Materials Science and Engineering A, 357 (2@03) 7

[8] C-L Liu, T-H Fang, JF Lin, Atomistic simulations of hard and soft films under nanoindentation.

Materials Science and Engineering A 4823 (2007) 1358141

[9] J-Y Hsieh, SP Ju, SH Li, C-C Hwang, Temperature dependence in nanoindentation of a metal

substrate by a diamonrlike tip. Physical Review B (2004) 70, 195424

[10] H. Zhao, P. Zhang, C. Shi, C. Liu, L. Han, H. Cheng, L. Ren, Molecular dynamics simulation
of the crystal orientation and temperature influences in the hardness on monocrystattme sili

Journal of Nanomaterials, (2014) Article ID 365642

[11] P. Erhart, K. Albe, Analytical potential for atomistic simulations of silicon, carbon, and silicon

carbide. Physical Review B, 71(3) (2005) 035211

[1P S. Pl i mpton, Fast praanad d e ma yad zgwlra@ st. h m& o ufr

computational physics, 117 (1) (199512

[13] J. Belak, Nanotribology: modelling atoms when surfaces collide Energ. Tech. Rev. (1994), pp.

13124

38



[14] N. Chandrasekaran A. Noori Khajavi , L. M. Raff, R. Komanduri, A new method for
molecular dynamics simulation of nanometric cutting. Philosophical Magazine Part B, ‘281, 7

(1998)

[15] R. Komanduri, N. Chandrasekaran, and L. M. Raff, Molecular dynamics simulatioonoicat

scale friction. Phys. Rev. B 61, 14007 (2000)

[16] R. Komanduri , N. Ch and rasekaran & L. M. Raff (2001) Molecular dynamics simulation of

the nanometric cutting of silicon, Philosophical Magazine Part B, 81:12; 2GB%

[17] R. Komanduri, N. Chandsekaran & L. M. Raff (1999) Some aspects of machining with
negativerake tools simulating grinding: A molecular dynamics simulation approach, Philosophical

Magazine Part B, 79:7, 95568

[18] Z. Li, R. C. Bradt, Thermal expansion of the cubic (3C) polgtgp SiC. Journal of Materials

Science 21 (1986) 4366368

1P A. Stukowski, Vi suali zation and atnlaed yOpen
Vi sualization Tool . Model ling Simul. Mater. S
[ 30 S. Goel ,, AX. Sltuwok,ows.kiAgrawal , R:c rly.s t&id @ b3eCn
during nanometric cutting. Model Il ing Simul. M

[ 431 J. E. Field, The mechanical and strength
126505

[ 42 S. Z . Chavoshi, X. Luo, Mol ecul ar dynamic
3ESi C during nanometric cMatemigalag Sdcieermce dan
654 (20641167) 400

[ 43 C. A. Brookes, E.. JG. BRobm&rtss, Van®. CHoResW
of the plastic deformation and creep of type

conditions of point | oading. J. Hard Mater, 1

39



[ 434 G. L. Cross, B. S. O'" ConRedm,t ddm®De r HFtzere me
and i mprinting of soli-362 il ms, Nano Lett 7 (2
[2h H. T. T. Nguyen, V. Mel tHonagnggf Lcr yN.t aT.l i Me
Computational Mat erid 8lls Science 89 (2014) 97

[ € Q. Zhang M. Q.Li, Mel ting and superheating I
A mol ecul ar dynamics study of silicon. The jo
[27] H. Chacham, L. Kleinman, Instabilities in diamond under high shear stress. PiReaw

Letters 85(23) (2000) 4964907

[28] M. B. Cai, X. P. Li, M. RahmanStudy of the temperature and stress in nanoscale ductile
mode cutting of silicon using molecular dynamics simulatidournal of Materials Processing

Technology 192 193 (2007)607-612

40



