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Abstract:

Molecular dynamics (MD simulation was employed in this study to elucidate the
dislocation/amorphation-basedplasticity mechanisms in single crystal 3&C during nanometric

cutting on differentcrystallographicorientationsacross & an geu totfi ng t emper at ur
3 0 0 Ousikg,twosortsof interatomic potentialmamelyanalytical lond order potential (ABOP)

and Tersoff poteamal. Of particular interestg finding while cutting the(110)<0(®> was the
formation and subsequeannihilation of sacking faultcouple andLomerCottrell (L-C) lock at

high temperatures, i.e. 2000 K and 3000 K, gaderatiorof the crosgunctions between pairs of
counter stacking faults meditated by the glidofgShockley partials at 3000.LlAn ot her poi n
i nt evrassdti lhree td @ ppenmad e n m@ d @nf aorftohsec a | ei . pdhila distocatoon t y
nucleation and stacking fault formatiowere observedto be dominantduring cutting the
(110)<0®>, low defect activitywas witnessed for th@®10)<100>and(111)<pp0> crystal setups

No n et hthelnidakresponse o8C-SiC substratevas found to baolid-state amorphizatiofor

all the studied casefsur t her t analugdXrsmay di f(fXrRee)n d om adi a

di stributionshHhawedi bhe (BhE}tralct guaftheh@antgreast ¢



during nanomekeycobeetivagion was that wle vor
redeldy 49% on the (3000 Krgsesmpéar etdoa hceu tw fahite 3 0 0
simul at i avre rssuepspulletnse nt ed clay c mldati itomsn alof me Cc h &
generalized stacking faults energy (GSFE) sur

systemSi®ifveadC by the employed interatomic pot
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1. Introduction

Due to its exceptionaphysical and chemical propertjeslicon carbide (SiC)has become a
consummatecandidatefor the fabrication of nandevices which requirdigh performance in
extreme environments3C-SiC, as a zinc blende structured SiC possesses the highest fracture
toughness and hardness among the SiC polytypes. It is a kind of brittle neatev@h temperature
owing to its relatively low fracture toughess and high hardness, 2e02MPa m'? and26.4 GPa

[1], respectively This restriced roomtemperature plasticitynakes this material to shopoor
machinability It is believed thatvith the increase adlemperature, lpsticity plays a greater role in

the facture and deformation procesf 3C-SIC primarily as a result of therdhagenerated

intrinsic defectsand thermal softening processes.

Appreciationof crystal plasticity of materials subjected tocomplex loadingat low and high
temperatures has beenlong-lasting challenge in materials sciendéere arefew studies on
discovering theplastic deformatiormechanisma of 3C-SiC under a variety of different contact
loading conditions such gwressure loadin¢2-3], nanascratching 4-5], nanoindentationd-9] and
nanometric cutting[10-11]. What is known from these studies is th#ere is substantial

incongruence on thplasticity mechanisms o8C-SiC. For instance, whilshear instability induced
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amorphizationwas consideredoy Tang H] as the underlying mechanism in nanoscratching,
Noreyanet al. [5] attributedthe plastic behaviour tthe rocksalt structural transformation of-3C
SiC. Similarly, Gel et al.[10] claimed that 3€SiC undergoesp’-sp? disorderduring nanometric
cutting whereas Mishra anfizlufarska[11] attributed the plasticity to thdislocation nucleation
event.However, the extant literature concernimgnoscalglasticity of 3C-SiC is seen to focus on
study of the deformation behaviour at room temperature (300 K)thek existano researclhon
revealing the mechanisms involved ithe plasticity of this materialat elevated temperatures.
Particularly,in nanometric cuttingvhich is a sheaxdominant processresultingin more deviatoric
stress conditions thusultiple plasticity mechanismareconceivable; hence providing an extensive
insight of the plasticdeformation of3C-SiC. Accordingly, the following four importantresearch
guestionsregarding the plasticity of 3SiC during high temperature nanometric cuttingre

recognized andttemptedo be answereih this study

1- How dda htehaal ven pbenobomethlacrey stt a | pl-8s€Ci ci
duri ng ncawntotmeng iaat el evated temperatures?

2- What is the role of hpdmsrtphEiz@? iodn 3iCh dr i vi

3- What is the critical magnitude of the stress causing single cryst8i@G@o flow during its
nanometric cutting? More particularly, how do the caitigield stresses e . on Mi s es
stress, octahedr al stress, Tresca stress
temperature deformation?

4- How much influence doeshe employed interatomic potential on the aforementioned

parameters?

In orderto answeltthese questionshis work usedmoleculardynamics(MD) simulation to explore
incipient plasticity andnechaisms involved in the plastic deformatiah single crystal3C-SiC
during nanometric cuttingon the (010), (110) and (111) crystallographic orientat@na wide

range of temperatures (3633000 K) usingtwo types of interatomic potentials namelyalytical



bond order potential (ABOP)LP] and Tersoff potentialll3]. | n or der toseéevaltat
mec hani s msi noctchuer rinontg n,andimeltod &t icaurt texntgridict i or
was adopted and the generalized stacking faul
were calculated for thRe Chwormairntsl optaysnt emd
def ect fTb e matoicam. environment of atomsaalipoto
monitorveidr XaRbd| ong RWhkainal| ysp esr fwarsmed t o qual if

changes durcomgtnagometric

2. Modelling and smulation methodology

2.1.Nanometic cutting simulation model

Inspired from the previous waoslof the author$15-18], the same simulation model was adapted in
this study, whichis shown inFig. 1. Similar to thosestudies thediamond cutting tooin this work
was modelled as adeformablebody. The substrateand the cutting tool were dividedinto three
distinct areasnamely,Newtonian, thermostat and boundagnes. Atoms in the boundary region
were keptfixed so as toreduce boundargffect and maintain lattice regularitythe simulation
model is extremely small and hence thermostatarea was used to artificially dispernse extra
heat generated withithe cutting zonavhich in reality would have otherwise been talavayby
chips and coolant Newtonian aredollows traditioral Newtonian mechanicLAMMPS NVE
dynamics)so that the employed potential enefggction decideshe position of atoms as they are
integrated ovetime. Periodicboundary condition (PBGvasappliedalong thez direction In order

to address the problem of lattice misaoiabf silicon and diamond in periodic boundary condition,
the periodic box dimension was selected so that the two lattostarg were in an integer
proportion Further desgption on the adjustment procedure concerning mismatch in the lattice
constantbetween silicon and diamond while employing PBC cafobad elsewhere19]. To keep

the simulation model simple, a major assumption here was to use the vacuum environment. This
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consideration although discarthe role of oxidation 0BC-SiC which is a practical reality but at the
same time, it provides a healthy data to compaogtrast and highlight purely the role of

temperature in influencing the deformation behaviolB@SiC.

Newton atoms of tool

Newton atoms of substrate

Boundary atoms Cutting direction

Diamond 8.2 nm

Tool i

Thermostatic atoms

19.6 nm

3C-SiC substrate

Fig 1. Schematic model dhen ametcutcsi mgl at i on

2.2nteraooemtci @l energy function

Devel opment of poteantfiardt ielneer grye ab ninmatr ielmea . MB 0
r e asvoamr,ipooutsent i al functions have been devel op
constituSinnc eacttobresad yr edfi abli d$ $iyc al MD sbiymu lheet i
potenti adr efcuanuwcttiiooms, saelkeoaeiedgdi whet at omi c pot e

and p rPastewketsal [20] recentlyhighlighted somekey considerationsequired toemploya



potential energy function to model the phenomenfaaature, wear or plasticity in materials such as
silicon, carbon and silicon carbi¢8iC). Thenost br oadl y d&aro pd iedSHO atr imma:
systenmMtehresof f pot &phwhiclaMasddvelaopedn 19¥to appropriatelyestimate

the grounestate structure, energies, and elastic properties of be®iG@nd amorphous Si©ne

decade latei:rhart and Albe 2] proposech m nal yt i c al bond ordeoulpadt e
deschbotolre bul k as well aSsi @t mper odpiemetny preopeof fi @
Therefore, b mt ht hti lse sABW@R, and TwtrisloifZe dp otte n t

i nt er act itohnes abteotnnse eonf silicon and carbon and t

2.3 Simulation procedure

MDs i mul wé i enp § e nbeyn tuesgiurbgloimai n computerac-gdal ekn
atomic/ molecul ar massi vely [2plaiThel simalated catingnu | at
temperatures were 300 RQO K, 120 K, 140 K, 2000K and 3000 K, regulated via a Berendsen
thermostatThe details of simulation model and the process parameters employed in the sisulation

are shown inmable 1

Us nigmpr epgeri | Il atitomewialnbr ce the si mulaavtaiyoom sy s
equi |l inbdr icuomsaequentl|l y t &k malcraesrussohya caflle ath e@,. MDh
simul ation modebhpmwashp dtetdd evetsthho winfh & Ine whi ch we
cal cul at ed as tchoen ssagauni ¥ a rbira wusm tlteamet eeposietinuprll eosy ef dr
i n t hiTsh es teugduyi.l icbornisara nida atmoomel (cutting t®ol)

3568 abd bB f orAB©OIPre Beardspooftfent iralsp Attt it\nel ys.t art
simulation, the diamond {(aolhmpam3@Ghac€ubatiaec&i s
travel before cutting), in order to enodrfe t
range «£f itnher&icti on potential. The simulati on

ps before the commeemtsmever eofpectot med. at a ¢
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empl oyed for

i ncte 1 s al most

AOpeinsual i zati on2PFoabids IfdOVd tTiOg n [ E xof DXd)}i owma Al g

i mpossi ble to

i mpl ement

anticipated.Tthoe bvei saubaod uitz altaijtcoc t2wfrm/asts o wiac

t hieslsaka&t iodn aamrad yde hegc td

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

Substratenmaterial

Single crystaBC-SiC

Substratelimensions

34.8x19.6x4.4nm’

Tool material Single crystal diamond
Cutting edge radius (tip radius) 3.5nm
Uncut chip thickness (cutting depth in 2| 3 nm

Cutting orientation and cutting directior

Case 1: (010)<100>
Case2: (110)<0@>

Case 3: (111)gp0>

Rake and clearance angle of the cuttin] -25° and 10°
tool
Substrateéemperature 300 K,900 K, 1200 K, 1400 K, 2000K and
3000 K
Cutting speed 50 m/s
Time step 1fs

Potential energy function

ABOP [12] and Tersoff L3

par am

Table 2. Calculated equilibrium lattice constants and cohesive energy of single @¢s®aC at

different temperatures using AB@Rd Tersoffpotential energy functions

Temperature (K) ABOP ABOP Tersoff Tersoff Experimental
lattice cohesive lattice cohesive lattice constant
constan{A) | energy (eV)| constant| energy (eV) (A [23
(A)




300 4.3623 -6.3376 4.3113 -6.4005 4.358
900 4.3681 -6.3342 4.3534 -6.3269 4.3689
1200 4.3712 -6.3325 4.3703 -6.2878 4.3754
1400 4.3738 -6.3297 4.3806 -6.26088 4.3798
2000 4.4409 -6.1033 4.4109 -6.17797 -
3000 4.4838 -5.9718 4.452 -6.04078 -

3. Results and discussion

3.1.Assessment alccuracyof theinteratomicpotential functios

The accuracy of the empépriyedupongegnoi akl dstnicte
mechanical waasyaed seudnsdamwm diaedd eild AB8O€r abf ent i
more precise partiaciudtarsd we wlangeeplr vord bited nlge t he e

|l ocal aspbuadnsd2sfil ocati ons

TablMat3epriopleaoft i ®isngl Si €b tyalkya éadx3pCa nMDneqitme.l at i o

Properti-2isCo|ABOIlITer s Exp

C.{ GPa) 382 447,39[@5
Ci{ GPa) 145 134/14125
C.{ GPa) 240 293/25[@5

Ani sotropy r

2C,, 1.9/ 1.8 2.0
C11'012

Ani sotropy f a
243 273 264
2C44 + C12 - C11

Bulmodu( B)s ( GI

C.+2C, 224 241 225

3

YoumgmodEidouy G| 302 385 314




C12 C12
Cll + C12

C,-2

You@mno d u(Exw)s ( G

(C112 +C12C11' 2C122)C44 446 540 467
2C:44(:11 + Cl 12 + Cl 2C11 - 2C122

You® gmo dii {)1u § G|

1CuCy+2C,) 531 623 557
Cll + 2(:12 + C44

Vot gshear(OmhGcea

191 238| 203.
C,,- =H

Voi gt Poi(npor

ClZ -

H .
5 016] 0.1| 0. 171

H
2(C12 + C44 - 23)

Voi gt Youngo6s 1
446 536| 468.
2ml+n)

Il n order t oumddras tnh nad ebhegt ctte hfeo rgeanteir ayl |if 2@k t gtyac
( GSFE) surfaces and i deal shearf osrt rtehses etswa em:
syst etmwei mfc bl ende -SsiCr sbubtfkeokl1BC>{111} wamne ¢
a s s e 8GS structureis defined as the stacking of doublayers {111} planesThe space
between two successive doultderers is know as the shuffle set, while the spdetween the two

planes of the doublmyer is called glide sethe | owest eegugyeldatoi ére

t he fgloimpthe ideal icndmnéiingg kclad a ioini gius adcbadodnteadb | e

GSF&urf,acwehsi ch is i mprobable t2p.helT ma&ShbEe @



sur faamre sbe combi MNed aWwh o d B2® Btrd seadtei i sl ocat i
propekitGaeasn.dodZ2pi cGSF&ua vé&$ ai ned via bl oflowko s he
interatomic pbmenstgabki tahifbertbethafvd eoqilrTde s et
unstabl e and fianutlrtirnasbimco insgteascpkoi nndygd t (@ a amd stoi(ép o f

is the |l attieepemotinisikealng )l P2berdojrecttiioomsaof GSFE
<llOpbrection is symmet i ip® vad. & ssreeesipioda,.d i tnhgeo fwa lau
unstabl & astnaedkgiying glhied e < 1plr2edilcltl84BE OPb/o vitdira n

t haft Ttehres of f | mat et i aden eorfg yssnbag g stistkath gd i cdmclae i

nucl eated more eABORot enntiilaels.uwao mtgh tphei nting o

calcul ates the unstable GSFEngu[ZS[%@ceSSJﬁgtigmeghe

overestimation of the unstable GSFE by the
Neverthel ess, the given value by Ftuhd hAB@®BTr € s
intrinsifaedhtedglki g Tes sfodulch d gthlean ABQ@QP ndigcatin
t htahe st acdakrieelgisk eflugjrtmsowhi | e appl ylithgi sTegesrmdirfalp

stacking faults are common i n Si3CL Tohwaibn gi ntiot it

calcurawvieahgdl a u&adqﬁf@ébB{Bf]Z, which is close to

by the AB@%)LO.Z?l?

| t iisnsatlrswct i v dataliuen smeavbitl eloandlge ( gye st i mated by t |
i s higher t hanThteh ahtiagdif oft d(fel . BfBa)rdh/eB ®P s h otwtse t h a
enemhay ri ers f or maawiemmhingher td hahoaéatoisanh irsu c |
twiimg is di f(flioowi Intg btiwdhiiftlog mut i | iHoiwegv etrhi st hp st e
the Tersoff is close to unity, spgawiifricumgttame
As for the shuffle <110>GS$SEE} byl tpet dibseisbpdrvieedri

t hahat hAeBOP. The cal cul ated unstable GSFE surf

Q%[zgp, wihncchh | ower than those désmnicmabed. by
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not et hddi astl ocati on acti vi tcyr yisst asltlroogmr galpyh i su bojre ce
pl ane and cWBtBt.ing direction |

I n order to obtain bettprsyssembtsni opup thent
gradi ent of GSBEBufaihide agd @ sd ef osrl i tph BsiyBs-d. e thsn itsh efx
pl ots, the maxi mum maigdneiatlu dselitecaoererdeesdpeosnsdrs dt eos tt.
perfect crystsahufsfhleear ®d [Oo>d dtlikd 1 2He{hlclelf} It encet s

critical stress required to nucleate a disl oc
Fi 2c-d,t he | dealr eslhaetaendu sttoecetshsao nd i stl loee ad li iohe& Poanet i
andi@GPa respectively, for the ABOP and Tersoff
in the glide set i's overpredicted by both th
which i s3k280GPahé¢ shuffl e siectt,s tthhee A BdCePa |p osthe
~55 wWWPareas the correspondi ng 8G®laueahitemt emaBad
vecfThedeal shear streas ctbat ¢ deby BOATI écsasne tb7
inferred that the gilddadel <dilliRep lsylsfteeams hafodt h éw
shuffle sLlPp>{slylslilgms t Weghigdda haldlRi>g 15yt ems a

favour asbh wef ftlheans L 1 p > §Mosriee msmp or tmind | fyg c tt cdhre &fc h

systiem 0. 47 which is | arger t hanlnn hatdiotfi osnh
di sl ocations are more[3bensitive to thermal ac
Overall¢concl lhahan ABOP i s more robust i n pred
especially Voigt averages which are associate

t he glainde ssa@afc ki nggifvaeun tbaf @ BrixR iben t ehe aDF E e am d
ab imalc¢ wlHetnicoenns.we report t he fruensculntbsn wiha e d ¢

needed, comparison is made with the results o
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3.2. Analysis otrystal defects

Single crystal 3€SiC is regarded asfacecertred cubic ECC) crystalin the Bravais lattice group,

which simply results inmultiple-slips on the four equivalent {111planes.The preferred slip
systems are closely correlated to the core structuleeofmobile dislocationsHence dislocations

have to glide in thesglanes with a trivial lattice resistance, as estimatedPa) modek [27-28]. As

a starting pointwe analyse #h crystal defect formation whesutting is performedon the (110)
orientationsincethis cutting direction and cutting plane is mpreneto defect formatnaccording

to the simulation setug-ig. 3a-b demonstrates therystal defecs at a cutting distance of0 nm

when nanometric cutting is implemented at 3Q0rKe perfect dislocation loowiith pf¢ p p T

Burgers vectorss seen taylide ahead of the toaip. V-shaped perfect dislocati@nd partial half

loop ae alsonucleatedahead of the tool, facilitating the plasticity of -88C. Such \tshaped
dislocations were also seby Mishra andSzlufarska33] during slidingcutting at a cutting depth

of 35NMmAddi tjiomal liys genereguizleidb rtihuart itnhter i mesn c
vacarmainedweated during pploa®kiscl dafiongatoonhe
vacanrciygi nat ed inghe &€ morolager Saa,ultthe st acki hig8pfault
could be a consequence ofThfeeskmatscemiforamdsiudceh |
from f oofmadinmennsi onal-didmeefnescitosn,alt wdoef ect s, i . e.
generated within th&i €Cesubistradevdunmbgobama
t emperSttaucrkei.ng f aiun tS@@amwmatoi ocorb snaird @t @ dait lokh o0 n

Si muloafta mmi nd[@fit @atmdotnh-$ick SICy st al-BV [PBrBdNwrn eby h@F
t hwhite atoms shown irig. 3 represent thénighly-discorded @émorphouy atoms which have

been obtained throughonitoringt he | oc al environmenneiodh baad wormss |
| =1 8. the <chip oafnds ushusbtseuarnfeasrbart peh o s ddarnsfoy idreg
(@mor ph)itzratni 9afCs iodt o ms . Téhree riemuddsomd!| witt bns he
et.[Rf, which showedht patandtodm&ehienf ataleei r pri s

di amond aculmide ed, the i nitial response of subs
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amorphous atoms foll owend sb&gc,t3ibenodpheeztat if om ma:t
det@fi | L nttelribitssthrias and4 5zl eepanrts&kdh t hatadittdeadat
amorphization 3@&arC tdhue i nwr fnaacdednfcennaci end t he
to the amorphous <chips observeHdSi iCnl [Hoanwemac h

di sl ocicrad u ®end ad nwaansp hniozt o bserved i n our nanomet

It can be seen frorAig. 3c that with the progress of cutting, the stacking faults are decompased
Shockl ey ppdg tpipacl Bsu rvgietr bs arevfermed glidireg on the closely packed
{111} p| aanewhi ch are the glide plcaoenpyshegedect zi nc
dislocationsSome di sl ocation int aldaot iothe cded s3, tunvd tzi
10 nm and 20 nRhucubhermpee DXAaneahy ssil ssscrasvh @alh s
cannot be r egdirsdlecda st epnmsyasreelc g §xairn eed arcd cont i n

of core atomsi @an olnigne hwbk gl sl Deraxted i n

Amorphous atoms PSS CSSTTTTT

Perfect dislocation
segments

(110) crystal plane g LN
at 300 K W
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(®)

Perfect dislocation :

loop ..
Tl <+— Artefact
V-shapedperfect ' {4/ Y
dislocation ; fﬁf Stacking fault

Perfect dislocation

/ segment

Partil Balflooh ——» Al

"o, ) o F -
.,"l;-'\\-{*w{. WO o
o,

Artefact

(c)

Shockley partial > &‘&
dislocation N
segments T ey

Fig. 3. MD simulationoutput illustrating amorphous atoms (white atpnassiocation nucleation

and formation of stacking faultghile cuttingthe (110) plane at 300 &t a cutting distance of a, b)
10 nm c) 20 nmBlue, red and green rods, respectively, standhieperfect, Shockley partial and
unknown partial dislocations.

Durided or mat i oint apirtsa ct pisattcer,de ad @ mpfe t ela@set o an i

i hhe ewaerggble for ther mal actenvmhapddhs demera

the ther mal f ltuocMeuradtdhm@ nesndnragy | bamatieer ABoseé@ins
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i i 4a more dislocations are nucleated when nanomeuiting is performed at 900 Khe

total length of dislocatione uc |l eat ed -®i Ch s o b~R.6 emeBhi&her than that of

300 K. Shockleypartial segmentsloop and half loop are observedto nucleate Furthermore, a
stacking fault sandwiched between two Shockbeytiak is formed.Indeed, the glide of this
dislocationoriginated stacking fault is meditated by tBéockley partialshrough dislocation

stacking fault interactionOf interest is the nucleation of long perfect dislocations within the
substrateAt 20 nm cutting distance, dislocations are further propagated withisuthetrate which
improvesthe ciystal plasticity of 3CSIC.Di s| omaf wemrd ndins s o ©if atpieoanf ec
di sl scaBfbookl| ey ptb-abmarltsi gafpsdpwimBlur ger scavrechier
wi t n e sFsiedd Interegingly, Fr athnykpe spatfl ei alfocs pwiptBur ger s vec
were observed t ¢ heu edeieshitecactad] iddimotc kuitistinfiormativet i a | s
to mention thatte par ti adi BJdEdSs Bo e ataisesrumed mit matbeed by ¢
el ement ,-coeriet-b®mr e@iccor e di sl ocation nluaveat alin

whertehaeso Ce di slsoenatrieomi kely to nucld4eBat e under
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(a)

(110) crystal plane
at 900 K

Stacking fault

Perfect dislocation
segments
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i LN B S SRS A S AT

(b)

R o,

Stacking fault

.
““sessile partial
ess}l;l{e partia

ey t
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»
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Fig. 4. Formation of crystal defects while cutting the (110) plane at 900 K at a cutting distance of a)
10 nm b) 20 nmPink and aqua rods repres#rgstairrod and Frank partial dislocations.

Fi5pd e monstthtadideefse ct Mo dasba tli2a0ON0 K is relatively
HoweVvenger perfect disl|l acat iac hbieanigeeadtdru dcth Bt hbee otl
seedornm t hi sPhcoansoen and thermal vibration of t
to the ther mal excitation, |l eading to an 1inc
energy stat.e Whnent hteh es ytshteernrmah i gehn,e rtghye ries eaxdiesqtus
of having an atom jump out of the Il attice, c
point defect can | ead -dirogitnhaet efdo rsmaatciko nn go ff atuh e
faobserved undern me.&dcho utl de btecacalp oteisgBhtdeb Bey part
| oocapnstli s | oxraitgiomat e d a saelascokci | neyantddadud d us t o what

i Fi3dpanki 4o,di sl ocati ong oat e nanitelcutingpgptocesadvancesas

shown inFig.5b. F r atnykp e s e sssandlstatrogppartialwera dlso withessed to nucleate in

this case.
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Fig. 5. Formation of crystal defects while cutting the (110) plane at 1200 Kuattiag distance of
a) 10 nm b) 20 nm
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Fig. 6. Formation of crystal defects while cutting the (110) plan&4@0 K at a cutting distance of
a)l0nm b)20nnSt ac ki-oagu p bvesl hanpdea rfeo c ke d .

Considering thermally activatatkfect formationnoticeabledislocation activitiesncluding perfect,

Shockley stairrod, Fr atnykpe apBdsobDl bBepauvsakebdbwnbsenapdmevthein
cut oif3Bnegi Cs performed on the (110)Fipdahe ot 21
l ength of wdssfooaadbarms imes hi gherl ttchiasnnatheatt hoe
hi gher temperatures, Sshor taemrd deoqm@ent sse@imeme s
nucl eateds whg¢ twihamtceb,hean be regarded as a tr al
emi ssion to plaratiigabls erwelde athiadan.t he size of st
b ec dnaergretdhger adual growth of stadksinntg ndstadh teglh @1
temper Bhteurseisze of i snaeleilingebhaedtsbgabl ko VGBGSFEL he

stabl e GStFlE®t awikd e{fg} Trhawsl,t s 6 habl &deecSrFegass etsh e

22



temper at uf4ded iwmicderassetsacki ng faults arte lodbsebe
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Top view

i e 7]

Bboke ARG

Fig. 7. Formation of crystal defects while cutting the (110) plane at 2000 K at a cutting distance of
a) 10 nm b) 20 nirLarge stacking faultouple and_-C lock are visible in the figure.
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Fig. 8. Evolution of thecutting forcesillustrating the locking/unlockingwhile cutting the (110)
plane at 2000 K
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Cross-junctions between

pairs of counter stacking

Fig. 9. Formation of crystal defects while cutting the (110) plane at 3000 K at a cutting distance of

a) 10 nm bR0 nm

In the dessdiowihagpl ast iodi ByCEmielchaonusmaemd ¢ hkl )
cry ot alnedbrre a@fi Isye ulsrse edelnewdiils| ocati on activity

f or mathiaooan t hose oWwas$ heb ¢ d haef@arpd naonet ii eomtRaslt isceres.

i AR g., WwWhale cutting tthwai(sOl1o0c)a tsieornelasceed et e @340 H0
t he <cutattihreg sthooalt c ultOt iRnmggbd hisOwan¢c @advf at t he
20 nm, some perfect dislsoicrhearohe Bahe gpfibéeeatan
di sl ocanuolnsathedceneat h and behind the cutting
assi st tihhestdrcySdtgaldiup B&g n alnm mgedomelroa Idu tstl iorcqg.t i
of the cutting tool moving the drhystcalslei noef rr
c un gln Fig. 10h some partial dislocations are visible, which have lstached to the surface.

However, they are mere artefacts owing to the limitations of the crystal analysis tool (CAT).
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Asshowmi gcdwen t het smpent atautree 3 GShdckeeMaysdstair-rod
partialsar eu c | eaactceodmp a nsiteadc kh wFurheauwv,jhdbs soci ati on of
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suacf®&verall, it c then plabtieity af3€-&iC evialel cutting thé (010plane at
room and high temperaturesmarginallygovernedoy the defect formatiorprocessesOn the other
hand, anorphization and weak bondirigetweenatomsat high temperatureglay the key role in
plastic flow of 3C-SiC when nanometric cutting is performed on the (0O&@)stal planelt is

interesting to note that the total lengthdidlocations nucleated within the 3&IC substrate at 3000

K in the (010) plane was found to be onlyties higher than that of 300. K

e e are]

(a) | \ s
(010) crystal plane I-
at300 K

- s
e YRt e T AT

g ey
-, > ) T4 T

SO WS = y:

| &t

29



(010) crystal plane

at 3000 K
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Fig. 10 Formation of crystal defects while cutting the (010) plane at a cutting distatBenof at
a) 300 K b) 3000 Kandat a cutting distance @ nmc) 300K d) 3000 K

Defect formation prSoicC sosne st hwehi (I el Ickuitglilamigét 3alr se
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higher temperatures i.e. 3000 K, di sl ocati on
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Al sFor,atnfkpe paesti dle disslecmc atoi onmucweaesat e as Thppose
tot al l ength of di sl o&€atCi csrusb snu alt eatagd 3wWiOtOh i K

ti mes higher than that of 300 K.
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Fig. 11 Formation of crystal defects while cutting the (1pBne at a cutting distance of 10 nm at
a) 300 K b) 3000 Kand at a cutting distance of 20 nm c¢) 300 K d) 3000 K
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t he pl asiSii ©ivtey adfthe3 Cni ti al response aowlasbhabst
for matdiicsmrdered (amorphous) atoms thus i1t can

3ESi Chametric cutti#d ad ec amg rmpyaidzdaltthicbtge. mpa&ar at u

the amplitude of sathcatrame hbmatrieasesf whech is
in the number of phonons. This phenomenon r
atomic displ aceumentesaswist ham itrheerease i n the |
decrease in the restorimwhifchr deoaevedmser gy t &guim

the atomi AslbbomdggdehoemaSii®@natofhi3gth temperat L
Whemanometuttcng med me0 Ithh) eoX 0 Bnt ataito nr osoent ugn d
temperatures, Sh€ pbasnarginwyl by 6verned by
Thus, the plasticity is pandnaweadal memdditad elde t
high tem@et b t(MihgO> setupr oom temperabtur eshplt astciu
di st am@iegbyer neamdryg i meer eas at | ong distance:
al so assists the -pi &@stAt HefgbematempeBaCBCes,
t hel111) pl ane is meditated by the deaehdctwebhéar
bonding betitweesmoattamdb.at ahs gheotat e mak d adtaw md e r
rodand Hrygpmek sessideseraved atl ¢ muel-8ia€C eomwhi he diu
crystal planes

It is instructive to notehatin the cases where the Tersoff potential were applied, no stacking fault
formation was observed, attributable to the high stacking fault energy jéms potential, as
calculated inSedion 3.1 In addition,very low dislocation activity was observed while applying
Tersoff potential. For instance, while cutting -8€C on the (010) and (111) planes in the
temperature range of 900 K to 3000 K, no dislocation was nucleated. In the case of (110)

orientation, a lowdensity of dislocations was observed at temperatures higher than 900 K.
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3.8 ructur al changes

To obt ai n daebtosuetr uc ns rogthhzet h&E v gd e ,s ttrhuec truarde a | d
funcg (bgnf ore&f memo meur DIBEHi &£t el evat ed temper at
The radial naitgtomi b(pRaO Fo)b,d ¥asrd m i, f U rsc tri eoghanrad) eodr a ¢
connelcdativwenen macr orsamipd cc h darea antoaryi st i ds amd ibn
seéndmbz hat paackescuusrhRRDF or each i ndividual cut
bond I ength at the pdalksfhastatbmekel pedp&isd epa
CC an8ib€ndsl ative to the eqGi BBbRBj @Bdb@né21 e
respectivel Vi d2s Eshdwmt ipyeg,aks become weaker é
substimateasesni wi chtiisn ampl iithwdeeasvéd at omi ¢
corresponding atomicodigphacemguti.Apbrommt gms
peaks, the bond |l ength increases with the i
structur al changes and ccGcBistEgfuemda | ayn & udqerrAinog
i nterest i nfgr donbisies gtahoew darme nobfr y oa tpheeak er at omi ¢ di
145, which is the eaguiCl ioldriyiunng btohned #Co rbmodntd .0 n

Sshould be nodanad olyoues tqluad s tt tale s evrévharde efnatr r .yt shtea |
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Fig. 12. Radial distribution functiorshowing inteatomic bond lengths at different temperatures
before andafternanometric cuttingnthe (0D) crystal surface.

As mentioned inSedion 3.2, the white atomsin the cutting chip and subsurface of substrate
presentedn Figs. 3-7 and9-11 have experiencetthe transition toa disordered state, a phenomenon
known as soliestate amorphizatioft2]. In order tofurthercharacterizehte crystal qualitiesf 3C-

SiC substrateduring nanometric cuttingirtual X-ray dffraction XRD) [53)wi t h Cu KU r a
(1.5418 A) was carriedon an elemental atomimlume (3x3x3 nn? including 2552 atoms)in the
cutting region.The XRD spectruns obtained from the simulatioraeillustrated inFig. 13 Peaks

at 2 valueof 3596°, 40.38, 55.13° and 7619° shownin Fig. 13 correspond tehe crystalline3C-
SiC, which isconsistent with thestandardXRD patternof 3C-SiC powderdisplayedin Fig. 13d
[54]. Note that asmall amount of mismatch in peak position asmmonly acceptable.The
prominent peak a2 d35.96 is diffracted from 3€SiC (111) according to the database of joint
committee on powder diffraction standards (JCPDB)e secondthird and fourthones are
diffracted form 3GSiC (200),(220) and (311), respectivelyt can be seefrom Fig. 13 that after

cutting, both relative intensitieand number of the difaction peaksalter noticeably, andeveral
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