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PE3IOME

C nouorrrn KBaHroBo-MexaHr,rqecKoro KoMrlblorepHofo norxoAa (reopur tfynrur'rona:ra

rurorHocrr,r rn MeroA rrceBAorrorenqlla.na) rrccJreAoBaHo B3al,IMoAeficrsue HaHopa3MepHblx

o6rexros pa:lnvnofi npupoAbr: w, wc u Al, uo4ell{pFolllee npoqecc pe3aHIIf' flora3ano'

qTo MeAreHHOe pe3aHr.re xapaKrepr8yeTct azs<fysuouHblM [epeMeIIII',IBaHHeM, nlacTnvecroft

Ae$opuauuefi AeTanv ,r cyruecrBeHHblM pa3pyileHueM pe3qa. IIpu 6rtcrpovt pe3a[Vvr

[epeMerrfl,rB ail]fle v flJIaCTI{qecKar 4erpOpuaq[r{ He yc[IeBarcr IIpo}ICXOAI'ITb, pe3ell nor{Tlt

He pa3pylllaeTcq, pe3aHr.re r.rAer 6olee rnaAI(O. cUla pesanv'I C yBentIqeHI'IeM cKopocTI'I

yrueHblxaerct.

Kl16qenrre CJIoBa: MOAeJILIpoBaHI{e I{3 nepBbIX npHHIII4IIOB; arOunrrfi ypOBeHb; pe3aHl{e;

nomQparvr; rap6u4 nonrtfpaua; alrour'Inufi

ATOMIC LEVEL SIMULATION OF CUTTING

' ZavodinskY V.G.

Institute of Materials, Khabarovsk Scientific Center, Far-Eastern Branch of the Russian

Academy of Sciences, Khabarovsk, Russia

SUMMARY

The density functional theory and pseudopotential - method are used to study

the interactio' of nunorcale species oi diff.t.ni origins. It has been shown that the low-speed

cutting is followed with diffirsion intermixing and plastic deformation and leads to the intensive

destruction of a cuttinl instrument. At high-speed cutting intermixing and plastic deformation

doern't manage to ftuip.n, a cutter do-es not destruct, and cutting goes more smoothly'

The cutting foice decreases with increase of speed'

Key words: first principles simulation; atomic level; cutting; tungsten; tungsten carbide;

aluminum

BBENEHI4E

c tfu:uuecrofi roqKr.r 3peHI,It npoqecc pe3aHI'It MaTepfianoB poAcrBeHeH

npoqeccaM TpeHIIfl I,I I43HOCa il flBIlAeTcfl npoqeccoM IIHTeHCI4BHOTo IIJIaCTIIqeCKOTo

AeoopMfipoBalDs, lr pa3pyileHux [1]. K nacrosuleMy BpeMeHII llMeercs 6olHuofr

gKcnepr4MeHra-ngrufi MaTepI.IaJI, B TOM qI'ICne yxe u Ha HaHoyponne [2-4]' oAHaKo

rroHr,rMaHr4t Aeralefi npoUecca Ha aTOMHOM ypoBHe eIIIe HeT' Ouenn4Ho' IITO uepexoA

Ha arouapnrrfi )poBeHb, rAe o[peAentrcqylo ponb I'IrpaeT nsauuoAefrcrBl4e

I pafuoma noddepcraua zpaHmow Ilpaeumenocmea Xa6apoecKo^o Kpan 2012-201 3 ez'
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Mexanrara roMnoilrrtrrolrffirx xareDnarror n roncTDyKuufi tolu 19. J\b3.2013 r.

gJreKTpoHHlrx o6olovex, colpoBoxq{aeMoe nporeKaHI,IeM xI,IMIrqecKI,Ix peaKIII4fi,

Tpe6yer o6paqenrar K KBaHToBofi MexaHr,rKe, qro Herrpr.rBblrlHo Anr c[eqlraJll,rcroB,

TpaAr.rqr{oHHo pa6oTalouux B paMKax KraccuqecKfix npeAcraBneHl'Ift

o B3ar.rMoAeficrBuvt rBepAbrx ren. flo-nu4uuouy, I,IMeHHo 9TI4M o6rxcssercn

olpe.{eJreHH:ur 3aAepxKa nporpecca B o6nacrn HaHorpI{6oJIor[[ I4 HaHope3aHr{t.

Anroporvr HaKonJreH oflbrr KBaHToBo-MexaHVqecKoro Mo.{enrpoBaHus crpyKTypbl

n csoficrs pa3r[qHblx uanoo6texron, ux nsauuo4eficrsuir 14 pearqufi

Ha MexaHuqecKue Bo3AefiCTBlIt [5-9], nOSBOntrcqufi HaAetrbc.u Ha roo
tITo pa3BrrBaelmrfr r,rM noAxoA oKaxercr nJIoAorBopHbIM I,t An{ I43) {eHl4fl [poqeccoB

pe3anr4fl.. Pasyrvreercr, pe3ynbrarbl KBaHToBo-MexaHilqecKoro MoAenI{poBaHIrJI

He Mofyr paccMarpr,rBurbcfl. rar 6yrnanbHoe orucaHl4e pezlnbHoro npouecca pe3anufl,

B KoropoM BalKHyro ponb rrrparor reMneparypHbre s(f(fexru I,I B3allMoAeficrsue pe3lla

u Aerzurn c orpyxatoqeft cpe4ofi, oAHaKo aBTop [oJlaraeT, qro c [oMoIIIbIo
gTOfO [OAXO.4a yI.ACTCfl paCCMOTpeTb HeKOTOpbre TOHKve A9TaJILT [poqecca, noHIrMaHLIe

Koropbrx 6yaer noJre3Ho Arfl. pa3Bzrrrrfl. 6oree cnoxnofi rounnercHofi Teopul4.

Kporrae roro, ecrb ocHoBaHr4r cqllTarb, rrro raKI,Ie pe3ynbrarbl 6yayr HalpqMylo

rrpI4MeHr,rMbI K cldcreMaM, pa6oraroqfiM B cneq[anbHblx ycnoBl,Itx: HanprrMep,

B KOCMOCe rr B BaKyyMHbIX TexHonorulqecKvx ycraHoBKax.

B uacrorrqefi pa6ore HccneAoBaHo B3auMoAeitctsue HaHopa3MepHbD( o6terros
(nucrynon rr uepoxoBarocrefi) parmrvHofi npupoAbl (W, WC, Al) c qenrrc lr3yqeHzfi

ux 4eQopua\vvu ptt3pylxeHl,It B npoqecce pe3aHlr{.

2. METOAITKA TICCJIEAOBAHT4fl

flpoqecc pe3aHrrf, nporeKaer Bo BpeMeHrr, oAHaKo cKopocrb ero flporexanvlfl,

onpeAenreMa.rr cKopocTbro cMerrleHur aToMoB B TBepAoM TeJIe, CyilIeCTBeHHO MeHbIrIe

cKopocTr4 rrepexoAa SneKTpoHoB I{3 OAHOTO KBaHTOBOTO COCTOTHLIT B ApyIOe,
logroMy npu ero [ccJreAoBaHI,M Mo)KHo Bocnonb3oBarbct npu6wtxenneu

Onnenrefirraepav pa6orarr co crarlnoHapnoft reaHrosofi uexanurofi,6a:upyloqeficr

Ha ypaBHeHrrr,r Illpe4uurepa, paccMarpr.rBafl KDr(Aoe [poMe](yroqHoe cocrotHllt

cr.rcreMbr KaK KBa3I,ICTaIII{OHapHOe.
Bce pacrrerbr, ouucaHHble s AaHHofi crarbe, IrpoBeAeHbI c rloMollblo

npofpaMMHoro flaKera FHI96spin, roropufi flBlrflercfl vro4n$nxaqnefi naKera

FHI96md [0], u 6rn pauee ycrerxHo r,rcnoJrb3oBaH ilns. u3fIeHI{t MexaHI,IqecKLIx

Csoficrs MHorI.Ix HaHOCLIcTeM, B TOM qucne lI coAep)KaIIInx W, WC u Al [5,7,9].
3ror naKer ocHoBaH Ha cflr.rH-rroJrrpuronannofi Bepcwr reopuu Qynxquouana
nJrorHocrr.r Ul,l2], MeToAe [ceBAonoreHIII,I:UIa [13] u na6ope nJIocKLIx BoJIH.

B AauHofi pa6ore ucrroJrb3oBaJvrcb nceB.qo[oreHrll4:rJlbl ytnepoAa v iuIIoMI{HI,It,

rocrpoeHubre c noMorrlbro naKera FHI98PP [4] no cxeMe Tpynnepa-Maprnnca [15],
oAHaKo 4:rx nonr$paua 6una npr4MeHeHa cxeMa Xauauna [16]. Bce orl4 roreHIILI,lJIbI

rBJrrrorc{ cenapa6enrHbrMrr, rpanc$epa6enuruur.I u HopMo-coxpaHtloqt4Mll.

OuH nponepeHbr Ha orcyrcrBile raK Ha3brBaeMblx "rolKHLIX" cocronrraft (ghost states)

u [cloJrb3oBaHbr ,{Jrr TecroBoro onpeAeneHl4fi paBHoBecHbIX [apaMeTpoB peIueTKLI

v o6reuHoro MoAyiIt yrpyrocrl4. Bo Bcex cnyqatx AJII yqera o6lreuuo-

Koppenflrlr{oHHoro ssazvroAeilcrBvrfl. [puMeHffnacb anrIpoKcLIMaIII4t o6o6qenHux

r.paAr4eHroB (generalized gradient approximation) [17] v BhIrIoJIHtnacb onr]IMv3arltrfr

arounofi reoMerplru.
llpu u:yreHprr,r r.BMeneHr,rr{ aroMnofi crpyrrypbr I{ eneprfiLl uccneAyeMblx cncreM

lcrloJlb3oBanrrcb raK Ha3brBaeMbre cyneprqeirxu, B Koropblx pa3Melllanlrcb ((pe3ell)
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r,r (AeTanb). floxcnru, rrTo noHrTr.re (cylleps.IefiKa) BBOAI,ITCT [pI4 MOAenIIpOBaHfiI{

[oBepxHocrr,I TBepAoro reJra, a rarcKe MoneKyJI I4 Apyrux nanoo6terroB, MeroAaMLI'

Opr,reHrr4poBaHHbIMI4 Ha cI4cTeMbI, o6laAaroull'Ittlu TpaHcntquoHHofi Cnuuerpueft'

flpr u:yreHr{tr KprrcTaJrJroB B ponv cylepflqefiKu BblcTynaeT flqefiKa KpI'ICTiUInI'Iqecxofr

perueTK[, KOTOpru [pofpaMMHbrM cloco6ou noBToptercfl B TpexMepHoM

[pOCTpaHCTBe, O[LICbInag 6ecrOueqnufi KpI'ICTiInn. .{lx uo4ellzpoBAH.vfl' HaHOqaCTIIUbI

p*rap", cynepruefiKla IIo BceM TpeM Ha[paBJIeHI'I{M 3aAaloTct cyIUecTBeHHo 6olrlre,

qeM pupMepbl qacTI{IIbI, c TeM, qro6u np14 noBTopeHI4II (rpancnrqun) s'1eilKvr

B npocrpaHcTBe paccTOflHLIfl Me)KAy nanouacruqefi u ee BI'{pryzInbHbIMI'I

oro6paxenu1Mlr (roropue ilpolpaMMa paccMarpl{BaeT KaK peanrHue) 6suro

aocraro.rHo 6onrnuu - T.e. o6ecneqLIBiIJIo [peHe6pexl,IMo cna6oe Bal{MoAeficrB[e'

B Haureu cn)rqae, uccneAyeMbre cucreMbr npeAcraBnfl.Irv co6oft 6ecxone'rHrre

cTepXHI4 C HaHoMac[ITa6HbIMu pa3MepaMI'I B ilortepeqHl'IKe. Ha pnc'l B KaqecTBe

npr4Mepa [pvBeAeHa cxeMa KOMlbIoTepHorO gxcnepllMeuTa An.a cIIcTeMbI W-W'

B groM cn) {ae u (<pe3erl)) rr ((AerirJrb)) npeAcraBntlor co6ofi oAnHaKoBbIe 6ecrone'IHHe

CTepxGI,I KBaApaTHoIo ceqeHl4r. Paelreprt cyneptqefiKll no HanpaBneHun'r X u Z

cocrasffrct 48 u 30 ar.e.4., a nO HaIIpaBJIeHI{Io Y 8,40 1T.EA., IITO paBHo HafiAeHHoMy

HaMr.r paBHoBecHoMy rleproAy ry6uvecrofi peruemu nonrSparraa. (1 aT'eA' paBHa

0,0529 nu.) PeanrHoe qncJlo aToMoB, BKIIOTIeHHrIx B llpoqecc MoAenI{poBaHI{t' paBHO

32. (Dopuanruo B 3orry pe3aHr,rrr BXOAflT IIO ABe aTOMHbIe TIJIOCKOCTI',I ((pe3lla)

v (4eTaJII{))' oAHaKo Ha caMoM AeJIe' B cl{ny MaJIbIX pa3MepoB cI,IcTeMbI'

BO B3aI,IMO.IIefiCTBI4e OKZI3bIBaIOTC' BT'HyTbIMLI BCe aTOMbI' [O9TOMy

Mbr paccMaTpr.rBaeM r.r3MeHeHr,re 3Heprr4r.r, flpI,IXOAflIIIeircflHa 9AI,IH aTOM.

C

Pr,rc.l. Cxeua paCnOnO)KeHI,It aTOMOB B CI'IcTeMe W-W. Ceprrrra IIBeTOM O6ogna'IeHH

aTOMbI ((pe3lla)), 6elrtu - aTOMbI <(AeTanU>. CneSa: BI4A B IJIOCKOCTI{ XZ;

BepTLrKulJrbHbrMr4 CTpenKaMU yKa3aHbI aToMbI, $urcupyeurre B npoqecce

Haxox,qeHllt paBHOBeCHbIx [o3I'IIII4fi oCTzIIIbHbIX aToMOB; rOplI3OHTiMbHat

;aiup1afl crpenKa yKa3brBaer HarrpaBJIeHLIe ABLIxeHIIfl <(pe3lla)); 6yKBaMI'I A u C

o6ogHaqenu cTopoHbr cynepsqefiKH B HaIIpaBJIeHutx x u z. cnpana:

TpexMepHbrfi Br4i; 6yrna B o6ogna.raet pa3Mep cropoHbl cylreptqefiKl4

B HaIIpaBJI9HI4I,I Y; cTpenKII B HaIIpaBJIeHI'II4 oCI'I Y yKiBbIBaIoT Ha To,

trTo cI,IcTeMa HeorpaHLIqeHHo rlpaHcnnpyeTct B 3TOM HanpaBIIeHvIu'

B raqecree MaTepuana (pe3rla) ucronb3oBanl4cb w n wc, AIIfl (Aefirnl{)

6panracr W vr A1. Taruu o6pasou, I'IMenacb Bo3MoxHocrb paccMoTpeTb

B3ar,rMO.rIefrCTBI,Ie KaK OAI,IHaKOB6IX IIo TBepAOCTI'I MaTepI{aJIOB, TaK LI pa3HbIX' (DOpUa

r,r aToMHarI cTpyKTypa ((pe3lla) II (AeTanl4))' a TaK)I(e 3OHa nepeKpblTl',I'f, tIoKa3aHLI
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Mexarura roMuosnuuoHgrrx rraTeDuaror n ronsrDlmurlfi rol,{ 19. J\b3. 2013 r.

B KaXIOM Cn)qae Ha cooTBeTCTByrOqeM pr4cyHKe, npv 3ToM KoJII4qecTBO aTOMHbIX

cJroeB B HarlpaBneHplu Y (nepneugrKyntpHo pr.rcyHry) BcerAa paBHo AByM.
Eecxoseqnocrb cr4creMbl B oroM HanpaBneHw 3alaerct c rIoMoIIIbIo rrepltoAl4qecKlax

rpaHHqHbrx ycnoBlrft.
Kouurrorepurrfi gKcrleplrMeHT cocrol{T B ToM, tITo (pBeII> noruaroBo

npu6nuxaercr K (AeraJIr4>> nna KaxAoM rxare npou3BoAl4Tct KBaHToBo-MexaHzqecrnfi

pacrler, BKJrroqaroqufi. s ce6s. Haxox(4eHl,Ie paBHoBecHbIx no3llqufi arouon II noJIHofi
gHeprufi crrcreMbr. Berra.ruHa rnata /xpaBHa I ar.eA. flpu erou, Alrfl. vtlavrallutl Toro,
qTo paccMaTpr.rBaeMbre aToMbr npeAcTaBnrroT co6ofi HaHo(bparMenru (oronvaHu.a)

MaKpocrolr4qecKr.rx pe3rloB u o6pa6arurnaeMblx Aerurci1 Kooprl4uarbl KpaftHux

aToMoB, o6ogHaqenHblx Ha pllc.l cTpenKaMI{, B npoqecce pacqeTa Suxcupyrorcx.
Ha puc.l r43o6pax(eH MoMeHT, KofAa (1pe3eIID I4 (Aerilnb)) BoIITJII{ B HaqilIbHoe

colpr.rKocHoBeHue. r{nx 4aunofi naprr npoqecc HaHopffiaHua QarruvecKlr aHulnoruqeH

npoqeccy TpeHr.rr c rr3HocoM, B KoTOpOM pernarcqylo ponb I,IrpaeT n:anruo4eficTBl,Ie

HaHOpa3MepH6IX IxepoxOsarocrefi (nucrynon).

B npoqecce MoAenrrpoBaHr.rr nonHat sHeprut ctlcreMbl E l,BMeHterct,

u3 ee r,r3MeHeHr.rs /E us MoxeM lnaitru cuny, nporlano4eficrryloqylo ABIrxeHI4Io
/ E

(pe3rlo), T.e. cflny pe3aHLIt F*,: 
fi 

. llocxolrxy 3Heprlrt B AaHHofi pa6ore

r{3MepreTcr B aToMHbrx eAnH}III:x (1 ar.e4. SHepruIu paBHa 27,2 eB), To 14 cana
Haxo.rlr4Tcf B HeKI,IX aTOMHbIX eAr{H}IIIaX.

3. PE3yJIbTATbI rI OECyII(AEHI{E
3.1. W-W

Ha puc.2 npI,IBeAeHbI pe3yJrbrarbl MoAenl,IpoBannfi. rlrfl. rrapbl (<pe3el1> W -

(AeraJrb)) W aff cilyrrafl, KorAa gJIeMeHTbr napbl IronHocrblo I,IAeHTI,IqHII. Bu,{no,
qTo B AaHHOM CJryqae BalxHyro ponb rrrpaeT rrJracrr4qecK:ul 4e$opuaqu.a. cpe4nroro
qacrb npoqecca (15) uoxno nHrepnperr4poBarb KaK (cxBarblBaH[e), Irnu xonoAHylo

cBapKy. llpoqecc 3aKaHquBaercr reM, rITo oAL{H LI3 oAI{HaKoBbIX gJIeMeHToB napbl

3axBaThIBaeT BbICTy[ BTOpOro SneMeHTa.

5 r ) . . 2535

I4slreHeuue atounofi crpyrTypbr rlapbl W-W (o4uuaronue eneruenrrr)
B rrpoqecce KoMnbrcTepHoro MoAenl4poBanur. I{r$paMLI yKa3aHbI BenI'IqI4HbI
cueuleuufi {pesqa) (n atouHux e4unuqax).

Ha pzc.3 rpLIBeAeHbI pe3ynbraTbl MoAenl4poBarrfifi. Ans, cfyqafr., KorAa (pe3ell)

3aocTpeH.
Ha pr4c.4 rroKa3aHo r.BMeHeHr.re gHeprr{r{ v crurbl pe3allprfi. B rlpollecce

B3ar,rMoAeficrBr4fl (peaqa) W c <(4erzurrro>> W.
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2520

Prnc.3. I4sN{eHeHre arounofi cTpyKrypbl naprr W-W (<geseq> saocrpen) B rpoqecce

KoMnbrorepHoro MoAenvpoBaHr.rr. I{uspaltz yKa3aHbI BeJIITTIIIHrI cueulenufi

((p$qa> (n arounnx eAr4Hrlrlix). 9acrr aroMoB Broporo cnoff Ha pI'IcyHKe
' He BVIAH.A, OHI,I 3aKpbITbI aTOMaMIT [epBoro cnof,.
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Puc.4.Irlguenesue sHeprprr4 vr cuJrbr pesa:rtfis B npoqecce B3aI'IMoAeficrBvts, (Qo3IIa) W

c ((qerajrblo> W. Hanepxy: (<pe3erlD rI (qerilJlb)) I4AeHTIIqHII; BHI43y: (pe3eU>

3aocTpeH.

Bra4Ho, qro gHeprut I8MeHterct HeMoHoroHHo. Ha nepnux ruarax oHa IIoHI'IXaercfl

3a cqer roro, lrro aroMbr (ee3rla) flpr,rrrrl,IBarorcfl K aroMaM (Aerilnn)). 3atelr (n cuyrae

ryrroro (pe3rla)) Harrr.{Haercr npoqecc Ae$opMarII4I,I, Koropblft rporeKaer [paKrI'IqecKI'I

Cr.rMMeTpI4qHo, oAI4HaKoBO B (pe3lle)) v <gieTauIu)); nOToM AeSopMaIII'Ifl HaqI'IHaeT

flepexoAtrrb B pa3py[ envre, il B r.rrore npo[cxoAlrr pa3naMblBaHue (pe3IIaD c 6ucrpuu

pocToM 3aTpaqllBaeMofi gHeprvfi. To, qTO B AaHHoM cJl1n{ae pa3pyruaeTcfl I'IMeHH6

((pe3erl), MoxHo cqr,rrarb cnyqafiHocrbro, apre$aKToM KoMnblorepHoro SKcnepI{MeHTa'

gJreMeHTbI [apbl W-W gKBuBaJIeHTHbI, rrosToMy c paBuofr BepotTHocTblo MoXeT

pi13pyrnarbc.fi u ((AeraJrb). Cnna <<pesanurr>> flB;raercfl Hecra6l'InbHofi nenuuuHofi,

oHa MHoroKparHo r4 cKaqKoo6pasuo r,r3MeH.f,erct B [poqecce pffiaHlrt ]I Bo MHorI'Ix
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MexaHura rot'rnosuulroHHrtx uarepuanog n xoHcrpyxuufi , roM 19. Nq3. 2013 r.

cnrrarx Aa)Ke cTaHoBr4Tct orplrrlarenbHofi. floroxureJrBHble 3HarreHr,rt crrJIbI
coorBercrByror pirpbrBaM MexaroMHbrx cBfl3ei4, orprrllarenbHbre - Soprrauponannrc
HoBbrx csssefi.

@axrrrecrv\ ofivrcawHoe Bbrrrre e:auuo4eftcrBrre coorBercrByer He pe3aHlrro,

a rpeHr4ro ruepoxoBarbrx rroBepxnocrefi oAr4HaKoBLrx Marepr4€rnoB, KorAa pa3Mepbr
Bbrcr)lroB Ha o6ezx rroBepxHocr.f,x npr,rMepHo oAr,rHaKonu. CpegHrt BeJrr4rrrrna cvrrr;r
B 3TOM rrpoqecce [orrru He MeH,{ercs. u paB]Ha oKoJro 0,001 ar.el. Ha aroM. o6qee
qr,rcJro aroMoB paBHo 32. tlpu BbrqvcJreHr,rz cpe4nefi cr.rJIbI Mbr frr,rrbrB:urrr ronbKo
ee noJro)Kr4TeJrbHbre 3HatIeHIr.n, ycpeAH.at zx apnQuerllqecKlt.

Ha suxHefi naHeJrrr puc.4 npeAcraBneHbr pe3yirlTarbr Anr cnytras, KorAa gJreMeHT

rrapbr, urparorqnfi ponb (peaqa>, 3aocrpen. B 4aHHoM cnfrae (pe3erl) purpyrxaerct

3aKoHoMepHo KaK uau6onee ronxufi (cra6ufi) sJIeMeHT napbl. 3ueprur (a c nefi u cvra
pe:anna) r.r3MeHrercr enle 6oree HeMoHoroHHo, qeM B rIpeAbIAyIIIeM cJlfrae, oAHaKo
npoqecc 6ucrpo cra6uttusupyercr, 14 cura crpeMllTct K HyJIIo, Kor.4a rpynHrrft
(roncrufi) Bbrcryfl cpe3aer uemzfi (rourufi). To ecrr, Aannrrfi npoqecc Mo)KHo
Ha3Barb peiurbHbrM pe3aHr.IeM. Cpe4nrx BeJlrrqlrHa curbl Ar.f, AaHHofi crrcreMbr paBHa

0,007 ar.eA. Ha aroM. O6qee qrrcJro aroMoB panno 30.

3.2. WC-W

Tenepr paccMorprrM esauuo4eficrBlle (pe3rla) u (4eraJrr{D, BbrrroJrHeHHblx
r,r3 pa3Hbrx MaTepLItuIoB.

Ha puc.5 nso6paxenbr pe3ynbrarbr MoAenupoBanufr An-n flapbr (pe3erp) WC -

<(qeranr> W. <<PeseqD 3aocrpeH BBepxy, HLDKHI,Ie aroMhl pe3lla saSnncuponaHrt
B KaXAOM rrrare, uMvrvpyfl 3aKpenneHlle ero Ha MaccLtBHoM ABLIxyIrIeMcr lepxaTene.
Bepxnue aroMbr (qeriurr.r)) sa(fr.rxcupoBaHbr BcerAa B oAHoM noJloxeHr.M. Ha raxAol,t
rrrare MoAeJrr.rpoBaHlrr aroMbl (Ipe3rlaD cABnralorcs sa | &t.l1., a aroMbl ((Aer,rnv)

pearnpyror Ha grr.r cMerrleHr,I.s, cABrrriu{cb B HoBEIe paBHoBecHbIe no3llqun. T.e. (pe3ell)
HaxrrMaer Ha (Aerilnb>, geSoprtrvpyt ee.

e8Rffiffi
ieffi wreffi**w ru

o lo20JU+u

Prac.5. I,Igrrrenenue arounofi crpyKTypbr naprr WC-W B npoqecce KoMnbrcTepuoro
MoAeJrrrpoBauur (:aocrpennrtft BeprlrKanbHufi <pe:eq>). I{uQpanar yKiBaHbI
Berfirrr,rHbr crrrerqeuufi (pe3rlD).

LIz puc.5 Bt4AHo, qro B (Aeriur[)) uAer rlpouecc rlJlacrll.Iecrofi gesoprrraqzn,
KOTOpaf 3:XBaTbrBaeT Lr MaTepr,rtur (1pe3rla)), kr npouecc 3aKaHqvBaeTct TeM,
qro o6a gneMeHTa napbr pa3pyrxarorcff. flpn ororra (ee3erl>) pa3pyuaercr rroJrHocrblo,
Bce ero aroMbr (r<porrre cneqrraJrbHo Quxcnpyerr,rrtx aroMoB Hrrxmero cnox)
cBr3brBarorcfl c MareplranoM (4eraJlil>.

Ha pnc.6 rroKa3aHo r{3MeHeHr4e gHepruu u cvrrlbr pe3anvfr. B crrcreMe WC-W

AJrr flpoqecca, uao6paxeHHoro ua puc.5. Bra4no, rrro 3Hepl't4t Ll3MeHserct eqe 6oree
HeMoHoroHHo, rteM B crrcreMe W-W. Pesrue noAbeMbl cMeHtrorct pe3KI4MI,I cna4av.H.
3ro o6r.scnflercfl. TeM, qro B AaHHoM cnyqae npoqecc pe3aHvfl ((Aeriur[)) n: nomt[pavra
corrpoBoxqaerc . pa3pyrlleHlreM (pe3lla)), cAenaHHol'o rr3 rcap6uga nonr$paua.

425

*dry



Mexarounrre cBfr3vr B Marepr.rane B xap6n4e ronr$parvra BecbMa IrpotIHbI,

v Lnfl, r4x puppbrBa neo6xoArrMo HaKorrJreHLIe 6onrurefi sHeprLIIa, qeM Ant pa3pblBa

cssgefi W-W. Orpuqarenrnne nrr6pocu cIlJIbI pe3anufl, KaK vI Ha puc.3,

coorBercrByror lpoprrazponaHr,rro HoBbIx Mer(aroMHblx cel3efi, il vIX BenuqI'IHbI

cyrqecTBeHgo 6onrrue, qeM ua puc.3, nocKonbKy B HIIX AaIoT BKJIaA cBfl3kr W-C.

Cpe4nxx BeJrvqr,rHa cr4nbr pe3aHnfl. paBna 0,0008 ar.eA. Ha aroM. O6ruee ul4cno aroMoB

panHo 38.
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CueulenNe, ar.eP.

Puc.6.I,IsrdeHeH[e oneplr,r]r v. cvrrrbr p$artufi. B cl,IcreMe WC-W AJI' rlpoqecca,

nso6paxeuHoro Ha pr.rc.5 (saocrpeHnufi nepruranrnHfi (pe3ell)).

Puc3 AeMoHcrpllpyer flpoqecc pe3aHLIt ([ertrnu)) kI3 nonr(fparrra

ropr,r3oHTzrJrbHbrM (1pe3qoM)) WC, saocrpenurtfi KoHeII Koroporo HanpaBJIeH np{Mo

B cropoHy (UerirJrr.r), a qacrb aroMoB 3aKperlneHa (o6uee tlucno aToMoB panno 32).

Mu BrdArrM, qro He3aKpenJreHHbre aroMbl rcap6uga nonr$parraa AoBoJIbHo JIerKo

c.rlBr,rrarorc . vr or1er1rorcr or 3aKpenneHHofi .Iacru (pe3IIaD. .{eQoplaall[r HocI'IT

B ocHoBHoM lrJracrl{qecKufi xapaxrep, qro BI,IAHo u na pnc.8, r.qe IIoKtBaHo noBeAeHI'Ie

gHeprull kr cvIIrbI ((pe3aHI,It), Cpe.4utt CHna KOTopofi paBHa 0,0018 aT.eA. Ha aToM.

w
0 40

W
Puc.T.I,Iguesenue aroMHoft crpyKTypbr naprr WC - W Ars ocrporo ropl'I3oHTzrnbHoro

(pe3ua>.

Mrr uccleAoBaJrrr raKxe ctytafi., KorAa BeprlrKnnbHrrfi <<peeeq> cAenaH 6olee

rynbrM LI (MaccIrBHbIM> (o6Uee lIrcJIo aroMoB paBHo 40, puc.9). B erou cJlf{ae

flpoqecc uAer 6onee MoHoroHno, 6olee r;IaAKo, I4 noJlHofo pa3pyllreHlrt (pe3lla)

He npoucxoAtrT, rrprrMepHo noJIoBIrHa aToMoB rap6r'I4a nonr$parrla ocTaeTct

cBr3aHHbrMr.r c (pe3rloru>>. 3nepru.rr cllcreMbl TaKtKe Ll3MeHtercs 6olee rnaAro (puc.10).

Cuna ((pe3aHI,I')) B AaHHoM cJD^{ae, KaK cne.{oBiulo o)KI,IAaTb, 6ollure'

qeM upl{ BeprI,IKanbHoM ocrpoM ((pe3qe)) (nocrolxy s o6oux cn)rqatx cpe3aerct
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ffi q8m' 
%ffiBsffiRffi #. ffiffi v# d%

010
Puc.9. I4guenenue arouuofi

(<pe3IIa)).

20
cTpyKrypbl raphl

30
WC - W an.sTyrrofo BeprrrKilnbHoro

Mexanura rOl{nog[UuoHHrrx uarepnalros H xoHsmyrU[fi roM 19. Nq3.2013 r.

u (p6erl), a ocrpbrfi (roHrnfi) (pe3erlD cpe3aerct nerqe), ee cpeAHflt BeJILIqI,IHa paBHa

0.0015 ar.eA. Ha aroM, .rro 6rusro K BeJII,IqI{He 0,0018 ar.eA. Ha aroM, nonfleHHofi

B rrpeAhrAytueM cJry {ae (ropusonra-nrnrtfi ocrpufi <peeeq>).
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cr,rJrbr pe3aHufl, B CvCreMe wc-w: ocrprrft
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Puc.l0.Zsr{eHeHr.re sHepruu 14 cr4rrbr pe3aHr4s, B cl,IcreMe WC-W: rynofi nepruralrnrrft
(pe3eII).
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Om cnyrau o6reAranser oAr{HaKoBBrft ropusonralnrrrfi pa3Mep (p93IID B 3oHe

pegAlvIx, qTO, IIo-BIIAIIMOMy, vt O6rxCnser 6nUgOCrr BeJInqlIH Cpe4Hefi CIInbI

(pe3aHut).

3.3. WC-AI.

Tenepr paccMoTpr.rM p$aHr4e TaKofo I\tf,rKOrO, IIJIaCTITTHOTo MaTepnaJIa'

KaK amoIraIagufi, o6parun clequilJlbHoe BHI4MaHLIe Ha CpaBHeHI{e MeAJIeHHOTO

u 6rrcrporo pa*"ro" pe3aHr,rr. flpn erou rIoA MeAJIeHHIIM pe3aHI'IeM Irau 6yAelra

IIOHTTMaTb llpouecc, B KOTOpoM cKopocTb ABI'I)KeHI',Is (pe3lla)) MaJIa HacToJIbKo'

TITO TIPI4 KAXAOM IIIATE MOAENI'IPOBAHI.I' ATOMbI (AETAJII{)) YCNEBAIOT (3A CqET

nnacrrqecroft u ynpyrofi 4e$oprraaquu) cMecrl4rbct B paBHoBecHbIe [o3IrULl]I.

flpu 6ucrpovr p$aHrrrr 6rulxafiuue x (pe3qP) aTOMbI (AeTaJII{) CMeIIIaIOTCfl

cr4HxpoHHo co cMeIIIeH]/lflMIVI aTOMOB (pe3lla), T.e' BO3HIIKaeT MexaHlI3M xpynKoro

pa3pyIrIeHI,It (AeraJII'I>.

Ha puc.ll nso6paxenbr pe3yJrbrarbr MoAenI,IpoBaHI,It Ant napbl (Qe3eII) WC -

((AeTirJrb) Al gnt MeAJIeHHoro pe3aHu.f,, a Ha pklc.l2 - 1ucrporo. I'Is colOcTaBneHvt

3rr4x pe3yJIbTaToB BIIAHO, qTO npu MeAJIeHHOM pe3aH.vkr npoucxoAllT 3aMeTHOe

pa3pyrreHl,Ie pe3lla us rap6u4a nonr$parrla. flpn 6ltcrporu pe3aHI'M pa3pyIIIeHI{fl

.((pe3ua) [orrrrr He npoucxoAr,rr, pe3aHr4e I{.qer 6onee qrrcro. B o6onx cn}qa.ux rloJrHoe

qficJlo aroMoB panuo 38.
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PHc.1l. I4grraenenne arouHofi cTpyKrypbl napu WC-AI: lreAneuuoe pe3aHI'Ie'

p uc.l2. I,Isrraenenue arounofi crpyKrypbl naprr WC-AI: 6rtctpoe pe3aHlre.

Ha puc.l3 r,r 14 uoragauo r,r3MeHeHI,Ie SHepIuLr vI czurbr pe3aHI'I{ clrcreMbl

B cI,IcTeMe WC-AI. 14 n tona, I,I B ApyIoM cn)rqae eHeprut u cvna MeHtlorcfl

HeMOHoTOHHO, Ho xapaKTep I{3MeHeHI'It OTI[iIaeTCt. llpu MeAneHHoM pe3aHIII'I

ABrDKeHue (pe3lla)) Aonloe BpeMl (npurraepuo 213 Bcelo BpeMeHLI npoqecca)

conpoBoxlaeTcf, nJlacTl4qecKofi 4etfoprvraqraeft (4ST.IJII'I) ta Spe3IIa)), ilPu roropofi

9Hepr.r4t cr4cTeMbr MeAneHHO rIOHr,IXaeTct 3a cqeT cBfl3bIBaHI4t aToMoB UIJIIOMI4HI4'

C arOMaMI,I W u C, I4 ToJIbKo Ha IIOcneAHeft Cra1uu [poI4CxoAI'Ir peSrufr pOCT guepluu u

CKaqoK cI,IJIrI. Eucrpoe xe pe3aHlle xapaKTepkryeTcfl TeM' qTO cIaJIa (pe3anvIs>>

BO3HIIKaeT cpBY, Ho II3MeHteTct cKarlKoo6pasnO. flpu srOu cpeAHtq CIJIa (1pe3aHllt>

rpu 6ucrpona pe3a1vrur (0,0005 a.e.) 3aMerHo MeHbIIIe, qeM IIpu MeAJIeHHoM

1O,OO| a.e. Ha atovt), qTO coilIacyeTct C [peAcTaBJIeHuf,MI4 O ToM' qTo [p1a 6ucrporyt
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Mexanura KoMllo3r.rurroHHbrx MareDuarlos ll xoHcrDVKuI,Ifi rou 19. Ns3.2013 r.

p$aHr.ru ocHoBHyro poJrb rrfpaeT xpylKoe pzBp)'rxeHr{e, Tpe6yrouee MeHblr[x 3aTpaT
sHeprl,Iu.
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CveqeNue, ar.eg.

Puc.13. IIsN{eHeHre sHeprlarl 14 ckrrrbr B cr.rcreMe WC- Al: MeArsHHoe pe3aHr.re.
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Puc.l4.I4guenenre oHeprurr vr ckrrrbrB crlcreMe WC- Al: 6ucr'poe pe3aHLIe.

4. 3AKJIIOTIEHI,IE

KsaHroso-MexaHr.rqecKoe MoAenvpoBanve no3BoJlter rlpocneAlaTb ga flpoqeccoM
pe3aHrrr Ha aroMapHoM ypoBHe. flpone4eHuue pacqerbr rro3BoJrrroT cAenarb

cneAyroque o6que BbIBoAbI:
1. 3neprnr crrcreMbr (pe3erl-.4eriurb)) I,BMeHtercfl HeMoHoroHHo. Ha nepBbIX

uarax oHa, KaK npaBr{Jro, cJrerKa noH}Ixaercr 3a cqer roro, qro aroMbr (Qe3rla)

npr.rrrrrrBarorcr K aroMaM (AeTanI,I); SareM HarILIHaerct npoqecc AeoopMaIII4LI

. ,/t,
- -..fr.'f*i-.1 -r.*.f,4- i.- - -\.-r-

. ., | 
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I

I
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(yrrpyrofi r flnacrlrtrecrofi), flepexoArrqufi n paspyflreHrle. flpu etorra, npl4 MeAneHHbIX

pexIIMaXpe3aHI4g'(Qe3eII)3aqacTylopa3pylflaeTc'HeMeHbIIIe'qeMAeTirnb.
2. cwn pe3aHufl flBrrfleT)fl. necra6ulrnofi seII4'I[HOfi' OHa MHOIOKpaTHO

r.r cKaqKoo6pasno r43MeHreTcr B [poqecce pe3aHflfl u Bo MHOS4X CJIrIarIx Aa)Ke

cTaHoBlrTcr orpuqarenurofi. floloxureJlbHble 3Haqenl',It cI4JIbI cooTBeTcTByIOT

ptBpbIBaM MexaToMHrtx cssgefi' oTplIIIaTeJIbHbIe - (foprr'rupoBaHl4lo HoBbIX csqgefi'

Benu.ruHa cl,rnbr pe3aHrifl o[peAenrerct Marepui]JroM (qeriulll> pI (pe3IIaD, reorraerpueft

clIcTeMbI, CKOpOcTbIo pe3aHl4t.

3. Me.qnenHoe pe3aHr{e xapaKTepl8yeTct Autf$ysuouHblM nepeMeIIIIIBaHI'IeM'

rrJraCTr,rqecKofi 4eQoprtra\ueft ((AeTaJII{>) I4 cyIqecTBeHHbIM pa3pyIIIeHLIeM (<peslla)'

flpu 6ucrpoM pe3aHLI[ repeMeIIIvIBaHhe I'I IIJIacrIIqecKas' AetbopMaqrt He yc[eBaloT

npor4cxoArlTb; ((pe3ell)) uoqTLI He pa3pylxaerc '; pe3aHI'Ie LIAeT 6onee InaAKO; cpeAHtt

cuna pe3aHHt yMeHblxaercfl .-4.fIpuMeAneHHOM 
pe3aHl{14 3aOCTpeHHbIe (p*IIbID 3aMeTIIO pa3pyruarcTct Aaxe

Tof.qa, KorAa oHr.I BbIloJIHeHbI pr3 TBepAoro MaTepuana (rap6u'q BOnbSpaMa),

A ((NETAIIb)) - I,I3 MJIIKOTO ZIJIIOMIIHI'I.f,.

5. Ha aroMapHoM ypoBHe [poqecc rpeH]Ifl ilepoxoBaTblx noBepxHocTefi Moxer

paccMaTpl4BArbcfl KaK npouecc HaHo pe3alIvfl'

flolyreHHbre pe3ynbTarbr rr cAenaHHble LI3 HI'IX BbIBOAbI HOCTT xaqectseHHrrfr

xapaKTep LLf,BItIoTct JII,Ilub nepBoft nourrrrofi BTJUIHyTs Ha rrpoqeccbl pesaHllt

v Tp eililfl. c aToMapHoft , rnaHrono-MexaHl,HecKofi ToIIKI,I 3peHI,IJ{.
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