
::

$.
..;,

MexaHnKa roNanosr.ruNognrtx MareDuaron ll roncrpyru[fi rorrl 19. Nq2.2013 r.

Y[K: 539.32

KBAHTOBO-MEXAHI{IIECKOE MOIENI4POBAHME
YIIPYTNX CBOfr CTB HAHOIIA CTNII KAPEIIAA TIITAHA

I4 KAPEI4NA BOJIbOPANIA,

3asoAl,tHcrrafi 8.f., Kynrar M.A., fnnAenxo A.A.

@|EVH l,Iucmumym rnamepuaroeedeHun Xadapoecrcozo HoylrHozo qeHmpa IBO PAH,
e. Xa6apoecx, Poccun

PE3IOME

Merogona reopnn $yurquonara nJIorHocrLI, cosN,{eilreuHofi c MeroAoM
rrceBAonoreHrrr{ilrroB, r{ccne.qoBaHbl MexaHIdqecKI,Ie csoficrBa HaHoqacrwl rcap1uga rI{TaHa c
ry6uuecxofi crpyrrypofi, a raKxe HaHoqacrr.ru xap6npa nom$palta c ry6uvecxofi vr
TprrroHaJrbHofi reolrerpuefi. flo-rryveHbr paBHoBecHbIe aroMHble roH$urypaqull HaHollacrltq,
onpeAeJleHa 3aBllcrrMocrb MoAynfi yfipyrocrlr or runrefinofi .ue$opuaqura. Ha seruquHy MoAynJI
ylpyrocrrr BJrH*or pa3Mep li npocrpaHcrBeHHaq reoMerpur r{ccJreAyeMblx qacrl4l-I. B o6ulerr.r
cryqae npu yBenl,IqeHfllr pa3Mepa qacr*tu MoAynb yrlpyfocrr{ yMeHbuaerct.

KJlroqesrre cJroBa: xap6n4 rvrana: xap6uq nonr$paua; HaHoqacrLIIIbI; MoAynb ynpyrocrl{;
pacqerbr H3 rrepBbrx IIpI{HI${rIOB

QUANTUM. MECHANICAL SIMULATION OF THE ELASTIC
PROPERTIES OF TITANIUM CARBIDE AND TUNGSTEM CARBIDE

NANOPARTICLBS

ZavodinskyV.G., Kulik M.A., Gnidenko A.A.

Institute of Materials of FarEastern Branch of the Russian Academy of Sciences,
Khabarovsk. Russia

SUMMARY

Using density functional theory method, combined with the method of pseudopotentials
we researched the mechanical properties of titanium carbide nanoparticles with a cubic
structure, and tungsten carbide nanoparticles with cubic and trigonal geometries. We have
obtained the equilibrium atomic configurations of nanoparticles, and the dependence of elastic
modulus of the linear defonnation. The magnitude of the elastic modulus depends on the size
and the geometry of studied particles. In general, the elastic modulus decreases as the particle
size increases.

Key words: titanium carbide; tungsten carbide; nanoparticles; elastic modulus; ab initio
calculations

tPa6oma ndnoxHeHa npu Quuaucoeofi noddepcrcrce llpesuduynta fBO PAH npoexmorNb l2-III-A02-032
u '^'1b12-l-fl8-02.

'fir
n
i,

:ii,l
:'ri\l
1r:!:
:j
:::i:

,'i],.,!!i,

,fr,

.r, i:.
{il

'i
. ' i i

ili:

{

211



iiriilfi

1' BBEAEHI4E

Kap6uaunepexoAHblxMerarJIoBxapaKTepl43ylorctsHcorof iTBepAocrbrc'
nslcoroff rerraneparypofi nJIaB,,eHu,t, n'-oro[ xl4lu,qecKot-t H repun'recrofi

cra6nlruocr*o, u 
"tuoa ycroiluunoc*rc K I'I3Hocy 14 Koppo3nn' lllupoxoe

npnMeHeHr,re nonr{}rnl4 TBepAbIe c[JIaBbI Ha ocHoBe Kap6ruIOB THTaHa n nolsopa*ta'

f lorryraeurteMeToAaMlInopolnKouof i" ,e 'a, ,nypf l4l4rap6u:rrTHTaHaueolr$paua
ncnonb3yeTCr B OCHoBHOM Ans co3AaHIIt xapoflpor{Hblx' xapocToftxt]x TBepAbIx

crrJraBoB, B TOM qr{cJre, AJI' II3ToTOBJIeHI{' u:nococrofiKl'Ix IIOKpbInrir I l '2]'

flpra uepexooa' f 
"utouacurra6y, 

r.e. K HcrroJIb3oBaHItK) HaHocrpyKTypHblx

rap6u.uonnepeXoAHbIXMeTaIJ IoB,MHor I {e$n:nuecrneH}{exaHHqecKHeceof ic rn
TBep4brx c[JraBoB, TaKfix KaK [poqHOCTb' I43HOCOCtoiixocn' co[poTI4BneHI'Ie

ycrarocrr', lracrr,rr{Hocrb vt Apyrrre [3-6], ynyt{ualorct' I{rtesrcs pM

3Kcnepr4MeHT:lJtbHbtx pa6or' cBs3aHHblx C I4CCJIeAOBaHI'IeM cTplril)pbl' pil3Mepa 3epeH

il HeKOTOpbrx Quszuecrnx v\ MeXaHI4qecKI',IX crofrcrn' HaHOCTpvIilypIlpoBaHHbIX

;"fi;""; ^rutill-lluaonr$parraa [10-12], ronyqe'Hblx paa-ultrHbr]tlt MeroAaMn'

Monorap6lr4eorrrspaMacyluecTByeTBreKcaroHaJlbuofr(npocTpaHcTBeHHa'

fpyrila p6*\ ra ry6uuecrofi (npocrpa'crBeH'ar rpynra Fnt3m',1 rto.euquxaqurx'

[ m 3 e p e H W C x a p a K T e p H a [ p l 4 3 M a r l ' I q e c K a f l $ o p r t ' r a c o c H o B i l H I { e M B B I 4 A e
TpeyfonbHuKacyceqeHHbIMI{BepIn}IHaM}I[13,14],o6ycrronrrerrHajlIeKcaroHaJIbHbIM
T}It IoMpeueTK}Inupo'ourolrr |pan,,a.oAHarouccneAoBaHHJInoKa3blBaloT'qTo[pI4
repexoAe K 

"""lnpi.r-"1+__ 
6olee ycrofiuunuuu craHoBtrcs crpyKrypbl

cTpu|oHan"nor.' '*rpueiltl5]llxapaKTepHa'I'n,'{MaccHBHorofeKcaroHajlbHoro
xap6uga 

"on"4pu*u-.no".ro.tr-(w/cAM/C) 
c:ranonl4rcfl 3HeprerHqecKl'I srIfoAHOi

Jrnrrrb rrpu oolrurou KOJIIIqecTBe aToMHbIX cJIOeB' B HaIIIHX IIpeABapI',ITetbHbIX

I4ccneAoBaHI , Isx t l6 ]6 r r lo " "o . " . "o ' . -u 'oMo(ynbIouraHaHoqacT l {uxap6uAa
eolrsparrlaBHecKoJIbKopa3IlpeBbrlrraeTMoAynblorrraMaccI,IBHofoMaTepl4i}na.

MoHor<apoag. fuTa j la (T iC)o6r raaaerxy6uuecro f i |paHeueHTpl lponaHuof i
peurerrofirranaNaCl(npocrpaHcTBeHHatrfpyfinaFtn3m).KsaHroso-MexaHl,IqecKl4e
pacqeTbt cBt4.4erelbcTByoT o TOM' qTO cTexlloMeTpl',IqecKl're HaHoKpllcranlnrst Tic

yHacneAoBann or o6teuHoro Marepl4ana crpyKrypy rl'Ina NaCl [17'18]' B rauecree

6agosoft 1en.onen rffifr) uoxer 6u* racnonb3oBaHa qacrl'Iua Ti+C+' npeAcraBntlouat

ry6 c uepe4y*r"r'"." uro*u*" r^c,-in^HacB[3r4Ti-c cocraBrqer 1,672 Lll77'

I - {err l roAagrrof ipa6orr-r 'BJI 'eTcf,cpaBHl4TenbHoeHccneAoBaHI,Ieyf ipyr i lx
csoitcrs HaHoLracrnq Tii u WC s 3aBI4cI'IMocrIr or Iax pa3Mepa 1I crpyKrypbl'

2. METOAI',IKA, TTAPAMETPbI l{ AETAJII{ PACqETOB

Bce KBaHToBo-MexaHI4qecKI'le pacqerbl' 
"p?{t^Tu"neHHble 

n 4aHuoil pa6ore'

B b I n o J I H e H b I n o M e T o A I I K e , o u n c a n r r o i p a H e e [ 1 9 ] , c u c I I o J I b 3 o B a H I , I e M n a K e T a
[poIpaMMFHIg6md|20] , I lo3Bonf , Io luuMHaxoAl , {TbpaBHoBecHy}oreoMeTpl4 lo
v | n o J I H y I o 3 H e p r [ I o l 4 c c n e A y e M b l x c p I c T e M . B o c H o B e n a K e T a J I e X I , I T T e o p I I f i

Qyrrur,rorrarra 
gneKTpogrrofi - 

IIJIOTHocTI,I L2|,22] v| MeToA [ceBAoIIoTeHuIIaJIoB.

flcengonor""u"-r gn" 
"oJruspaMa' 

TIIraHa II yfJlepoAa 6rtlll locrpoeHbl c noMOIIIbIO

rraKera FHIggpp l23l no cxeMaM Xauaua vai u Tpynnepa-MaprI{Hca [25]' creayer

oTMeTI4Tb ,qToMbIHeBHoC} , I J I } IAo I IonHI lTeJ IbHb Ieu3MeHeHI , I - gB I I cXoAHL IeTeKcT

rrpofpaMM, Anr MO,4eJI :llpoBaflHvfl' Haua 6unu I{cIIoiIb3OBaHbI roToBble IIporpaMMHbIe

npolyKrbr, paspa6oraHHHe fpynrofi Marruaca lllesnepa B I'lHcrl4ryre @praua Xa6epa

(Fritz Haber Institut). 3rn naKeTbI B HaCTOf,IIIee BpeMt Illl4poKo I40ronr'3ylorcq
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MexaHma roMno uunoHHnx Marcpuaros n roHcmyKur,rfi ror\{ 19. J.1b2.2013 r.

uccne,qoBaTeJrrMrr MHorHx cTpaH, rBJrrroTc{ cBo6o.4Ho pacnpocrpaHteMbrM
nporpaMMHbrM o6ecneueuzelt, npocrbr B 3Kcnnyarauilr4 u Aaror Bo3Mo)KHocr6
IIpOBOALITb MOAenI{pOBaHI4e, KaK KpLICTaIJIOB) TaK 14 HaHOqaCTUII U MOneKyn.

flolyveHuue rceBAorrorenrlr4irnbr 6atnn fiporecrr.rpoBaHbr Ha KoppeKTHoe
onlrcaHr4e rrapaMerpoB perxeTKrr u ynpyrux cBoilcTB wc kr Tic. Haxox4eHrae
paBHoBecHbrx napaMeTpoB peIIIeTKr,r Mbr npoBolr{nu oAHoBpeMeHHo c Bbrr{ilcneHHeM
MoAyiIt BcecropoHHero c)(arl4* lnn gTofo 6rrno ucnoJrb3oBaHo raK Ha3brBaeMoe
ypaBHeHHe cocroqHr4r, cBt3blBaroqee gHeprr4ro cr{creMbr c ee o6:seuou.
Mrr ucnonr3oBaJrr{ yp aBHeHr{e Mypuararraa | 2 6]

8,",(v): E(vo)*--!!-l u'(r-+].[3]' -,.l, (1)
B',(B',- t) l  \  z) \v) I

re Ent - rroJrHiur 3Heprr4r, V - o6rertn ruefru, Vs - panuoBecHoe 3HaqeHr,re o6reua
nueitxu, E(o) - paBHoBecHoe 3naqeHr.re 3Heprlau, B'- npousnoAHar or -B no AaBneHr4ro.

3uepruro cBfl3vt Ecsh Bblu4cJrrJu4 rro $opuyne

D _nr '  E , (a tom)+ nr -  Er (a tom)-  E
L.oh -

n 1 + n 2
(2)

rge E1(atom) - sneprnx cao6o4uoro aroMa yfnepoAa, E2(atom) - 3Heprr4r ceo6oAHoro
aroMa nolr$paua (rurana), E nonHa.f, 3Heprru luefirn, onucunarorqefi
KpncrirrnuqecKyro crpyKrypy WC (TiC), cyMMa (n1 + n2) - KorrrrqecrBo aroMoB B
rarcofi rqefire.

Pesy,rlraru recrrrpoBaHl4t flpr.rBeAenrr r Ta6nzqe 1.
Ta6n.1.

Cpanuenze non) reHHbrx napaMerpoB perxerKr,r (a), o6leuuoro MoAyns ynpyrocrn (B)
v gHepfvr{ Kore3r.ru (,E.o5) 4nr WC u TiC c r.r3BecrHbrMr.r AaHHbrMH.

SHeprzx o6pesauux ua6opa nJrocrr4x BoJrH cocraBrflrra 50 pza6epr p.xs. rcapduAa
rvrcana vr 40 pug6epr Anfr xap6uga nonr@pana. llocxomxy rraKer FHI96md
npeAHa3HaqeH trnfl HccneloBauur cr4creM c rpaHcnqquouHofi curruerpraefi,
HaHoqacrurlbr rroMenlaJrrrcb B c)ryeprqefixy, pasuep rcoropofi B Ka)KAoM KoHKperHoM
cnyqae 6ur AocraroqeH 1.tnfl, o6ecneqenrar npene6pe)KeHur nsauno4eficrBrreM
HaHoqacrr{rl HaxoAsrqfixcr B coceAHr4x .s.refirax. |.lrfl onvcaHufl. o6uesso-

Kpzcranr

a r A B, ffla E on, 3B

3ra
pa6ora

Jlnreparypuue
AaHHbIe

3ra
pa6ora

JlureparypHrre
AaHHbre

3ra
pa6ora

Jlareparypuue
,UAHHbIE

hex-WC 2,91 2,9r [271 389
33t 127)

3KCrrepr.rMeHT
9,69

9,72l27l
TeopeTLIrI.

8,34l27l
3KCrrepuMeHT

fcc-WC 4,385 4,24 [27]
4,26l28l 369

3re l27l
TeopeTurl.

9.r7 9,46l27l
Teoperr.rq.

fcc-TiC 4,39 4,331271 242

240 L2el
9KCnepprMeHT

)a)  t )11

SKCrleplrMeHT

7,82 7,04 l27l
3KCrrepHMeHT

2r3



(5)

KOppenffUI,rOHHOro BaITMOAefiCTBLIfi BO BCex paoqeTax MbI IICilOJIb3OBaJII'I npl{onHxeHlle

o6o6rqeusoro fpaAl{eHra B Bepclall IIeArro I{ Ap. [30].

[tx auasmza yflpyrt4x xapaKTepr4crr{K Mbr r4crloJlb3oBanl4 MeroALIKy [31], Koropafl

paHee yc;1eruHo npvMeH-f,Iacb Nrfl I,ICcJIeAoBaHIlt ynpyrvx csoilcrs HaHoqacrHII

iurroMr4Hlrt, KpeMHI4t H AI4oKcpIIa III4pKoHI'n [19]. Mo4ylr lOsra K onpe-le,rrlcx,

r4CXOAr vt3 3aBI4CIIMOCTH (3) u3MeHeHHfl nomrOft SHSpILIH r{acTItUbI E

npn ee gerfoprr,lauuu (y4nuueHuuvtrvt cxarnn) B.[onb onpeAeneHHoro Hanpawtenvs' d
' 

a'E d:
,K- = __.-

ad' vo
(3)

(4)

r1e Vou do- o6t€u vr 2.nuna qacrullbl B paBHoBecHoM cocroflHl4ll.

Onpegenenue o6reua HaHoqacrI{II {BJlf,erct uerpunualurofi :a:a'Iefi.
y KoBaIIeHTHblx MaTepllanon (xpentuufi, yr.nepo4) cTpyKTypa HaHotIacTI'Iq

cylqecrBeHHo orJrr{qaercs or crpyKTyphl o6reunrtx reJI, IrMeer [ycrorbl. B grux

cn) {arx o6leu qacrr,rrlbr AocroBepHee olpeAeJulerct qepe3 o6terlrt or.leJlbHbx

aroMoB. AroNlHas crpyKTypa HaHoqacrr4u WC pr TiC Mtulo orJluqasrct or odreusofi

crpyKrypbr. gepegoraur4e aroMoB W n C, Ti u C B HaHoqacruuax coorBercrByer

rpaHeueHTpuponaHuoft xy6uuecxofi (fUK) perlerxe rrana NaCl. O6lerr x16u'recxofr

r.{efrxu paBeH
V: a'

r4e a * flapaMerp peIxerKI'I.
Kybnuecxax r.refixa fI-{K peurerKrr coAepxur 4 arounrx naptr WC (uln TiC).

Taxun o6pasou, o6seN,r rrpnxoAsrquitcn sa ilapy aroMoB paBeH Vl4. B.uannofi pa6ore

o6reu crexr{oMerpr,IqecKr4x r{aHoqacrl,Iq c pa3HbIM qI4cJIo}t nap \\ C ILIII TiC

olpeAenseTc.g KaK cyMMa o6teuon, npI4xoAtIIII4Xct Ha aTo\lH\Io uaP!- B vaccHBHoM

MATepHUre.
B Ha.rane Mbr non) riuu paBHoBeCnue roH$vfpaqlzu Hcc--reJvevED( qacTI,IU.

!zuree Anr MoAenuponaHr4fl. ae$opnraurar,r Mrr norrraroBo cARHra]n nporltBonoloxHble

xpafinze aroMbr BAonb HanpaBJreHur 4e@oprraar\ilvt Lr $r.rxcuponanH tlx roroxeHfi{,

ocrlrJrbHbre aroMbr MorJrr4 cso6oAuo penaxcupoBarb B rlpouecce otrTu\tlt3ilul{H nolsofi

sHeprr4t4 14 coorBercrnyrorqefi reoMerpl,rfi qacrl{ubt. ,{4x uaro;x:exl{x aHa-Isruqecxofi

upou:nognofi non) {eHHar 3aBr.rcr{Mocrb nolsofi ?HepnIIr or :eSoprraaqrau

anrrpoKcr't Ml{poBzulacb noJIIrHoMIraJmHoft rpn nofi eroporo nopulta

y(x)=4.* '+1.x+,4 ,

3. PE3YJIbTATbI I{ OECy)ICXEIIEE
3.1. Hanoqacruqu napOuga rrrraHa xybnvec xoir crpyrr.vprr.

Havu 6rrrn pacciraorpeHbr crexuoMerpnqecKqe qacrlulr.r TrrCr, TirsCrs, TizqCzq,

Ti36C36 c xy6uuecrofi crpyrrypofi (pac.l). I4r pucyHxa BnfHo. qro Brop:ul, Tperbt

14 qerBeprar rracrnrlbr non)Earorcs rl3 3reMenrapHofi rq6ltvecnol"I qacrr{Ilbl TiqCo,.

Ha p[cyHKe yra3aHbr Anr{Hbr MexaroMHbrx cBt3el-t. \lotrno orMerl{Tb, rITo

c yBenilqeHr4eM pa3Mepa qacTr,rrlbr HecKoJIbKo yBenllwlBaloTcfl H .a[HHrl cssseft Ti-c

B cpaBHeHVv cTt+C+.
Ha puc.2 npeAcraBneHa 3aBr,rcr,rMocrb rr3MeHeEHt norlrofi 3Heprm HaHoqacrlIII

Tincn or BSJIIIqLIHn ge$oprr.laqul,t BAonb onpeAeneHHofi ocrr. ,lexapronu ocn, BAonb

Koropbrx npoBoAl4nacr geSoprualltu, yKa3al{rr na pnc.I.
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BAonb HarpaBneuLrfi 4e$oPru a\vu -

HaHouacruqa
Tincn

flapauerp
Pegvnrrar Bblrul cJIeHLIfi npu .qetboprraaqul'I BAonb ocI'I

Ox Oy Oz

Ti+C+
N

K, fIIa
I

tr20
I

TT2O
I

I r20

TirsCrs
N

K, fIIa
4

720
2

830
I

1200

TizqCzq
N

K ffla

a
J

790
2

860
3

770

Ti:eC:o
N

K fIIa

a
J

800
2

840
5

700

MaccusHrtfr
TiC & ftla 430-4s7 I27l

I4sN{eueHile nolnofi sHeprrll,I coIJIacHo ypaBHeHIaIo (3) nosnol{eT paccquTarb

BenilqnHy MoAyJtt losra ($. flolyreHHble 3Har{eHI4{ IlpuBeAenbl e Ta6II'I\e 2'

ftapaverp N yKa3bIBaeT, Bo cKoJlbKo pas 6rtn yBeIIlqeH nhnei4Hbri4 pa3Mep

crpyKrypHofi eAuuuurt TiqcqB.4onb CoorBercrByroqeff ocu. 
Ta6t.2.

3na.reHr.rr MoAynr )mpyrocrr4 K nanoqacrnrl TinCn B 3aBuc[IMocrl4 or noragarens N

Ans qacrnUg MLtHLIMiIJIbHoTo pa3Mepa MoAynb ynpyrocrl{ paBeH 1120 fIIa'

flpu ynenvqeHIILI rulnefinoro pa3Mepa rlacrnUbl BAonb HaIIpaBneHur geSoprtaaqnrl

BerrrqrrHa MoAynr ynpyrocrr{ yMeHbruaercfl; Ans. qacrnqbl T136C36, nuHefiHblfi pa3Mep

roropofi BAonb o6nt Oz 6olrrue pa3Mepa 6agosofi qacrI4IIbI Ti4C4 e 5 pa:, BeJIHquHa

MoAynr yflpyrocrrr noHr.rxaercf, Ao 700 ffla. flpn oroM o6uee KoJII4qecrBo aroMoB

B qacTIIIe He BJIHf,er Ha BeJII{!II4Hy MOAynq ynpyrocTl'I' B TO BpeMt KaK }tsenHqeHl4e

KoJrrrqecTBa aToMHbIX cJIoeB BAonb HanpaBneHIax 4eSopvralll4v BeAeT K )A{eHbueHua

yfipyrocrr.r. He6onrmoe orKJroHenve or 3Toft 3aKoHoMepHocrlr BbItBJreHo Ant qacrl'Iubl

Ti4C4, B Koropofi cpe1tfl.fl Anv*a cBflsrt MeHbIIIe qeM B 6onee Kp)TIHbIX rlacTl'Iqax'

u, cneAoBareJlbHo, orruqalorct MexaroMHble cl{Jlbl cB{3I{'

3.2. HasoqacTrubr Kapdr.rAa no.nrQpaua xyouvecrofi cTpyl(rypbl.

B raqecrse ry6nuecKr.rx qacrrrq rap6aga nonrtfpavra 6rIru saf,rbl qacrlrlrbl

w+c+, wacs, wrzci,w15c15,ra wnctz, cxeMarlrqHo rrpeAcraBJreHHbre Ha pHc.3.

Ha puc.4 nprrBeAeHbr rpa@nru pcMeHeHrrt nonuofr sHeprLIH or BeJII{qI4HbI

ge$oplraqulr BAonb Pa3HbIX ocefi.

B Ta6lnue 3 npe4craBrreHbr 3HaqeHr.rr MoAynq lOnra (K) r 3aBlrcl'lMocrll

oT pa3Mepa qacTurl r{ HanpaBneHur AesopMallfiu qacrrlu. flapauerp { rarxe rar

upatee,rroKa3blBaer, 
"o 

cnon"Ko pa3 6una yneruqeua cTpyKTypHat eAI.IHI'Iqa wac+.

B uelorvr xapaKrep 3aBr.rcr4Mocrr4 MOAyn.fl yllpyfocrl4 oT pa3Mepa Ant qacTuu

WnCn ut Ti,rCn COB[aAaeT. MarCrlua.nbHat BeIuqIIHa MOAynt ylpyrOCTI'I cOOTBercTByeT

6agosofi rracTuqe wqca. efo 3HaqeHr4e yMeHbuaercf, c yBenl4qeHueM nI'IHefiHbIX

pa3MepoB qacTrrrl. oluaro B cnrrae rcap6u5a nonrsparua MoAynb yrlpyfocTl4 3aBVckrT

He ToiIbKo oT pa3Mepa BAonb HanpaBneHI'It Ae$opMa;lvuq Ho II oT pa3Mepa qacTI'IIIbI

B uenoM (or roluqecrBa aroMor e ueff).

[...
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Puc.3. Arorusue cxeMbl HaHoqacrl,Iq

c xy6uuecrofi crpymyPofi.
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TaSr'3'

3Ha.{eHut MOAynt ynpyrOCTI4 K HaHO'{aC'rzq W,'Cn B 3aBI{clIMOcTI'I Or nOxalarer-s N

3.3. HanoqacTrrubr KapoIIAa BOJIbQpaMa TpIIrOHaJIrnOfi crpyKrypbt'

klccle4ooaunue Ha:MvI cTexI,IOMeTpI4qecKIIe qacTIIIIbI wc c rpnroualruofi

crpyrrypoil (WrzCrz, WrsCrs ,r WzrCzt) cxeMarrrqHo u:o6paxeurt Ha puc'5

c yKa3aHI4eM BeJII'{qI{H MexaroMHblx csssefi'

tQw oc

WrzCrz  WtsL ts

Pzc.5. Aronanue cxeMbl HaHorracrlIl Wt zC I u' Wr sC I s' Wz I Czr'

flolyreuurl e /{nfl, AaHHbIX tlacTuq rpaQnru I'I3MeHeHI'If, nolnofi SHepruI4

oT Berfiqr4urr 4eQopvr a\hu Ilpu C>KU]IIZ4 fi pacTfl)KeHIlI{ BAOJIb IByx pa3HHx ocefi

npeAcraBneHu Ha Puc.6.
B T a 6 r u r u e 4 n p e 4 c T a B J I e H b I 3 H a q e H I 4 ' M o A y n { I o r r r a ( K ) s 3 a B L I c I { M o c T I , I

or pa3Mepa qacrr4rl. ilupu*"tp N nora3rrnaet, Bo cKoJIbKo pa3 6rut yremzueu

o"".fi"urii pa3Mep 6asoeofi qacrI4IIbI WoCo BAonb HarpaBneHI'Ir 4e6opuaqnu'

BAonb HanpaBneHnfi 4e$oPtvt al,1:au.

Pesyrrrar BbItII4cJIeHI4fi npn Ae$opnauuu s:o'rl ocn
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Prac.6. 3asucul,{ocrb nonHofi gHepfufi TplrroHanbHbx HaHo.Iacruq Wy2Crz, WrsCrs,
WzrCzr or Ae(bopMarlpnr.

Ta6t.4.
CpanueHue sHaqeHufi MoAym yflpyrocrlr K nanoqacrrarr WnCn B 3aB[c]rMocrrr

Ycrauoueno, qro B cnyqae ae$opmaqnra rpuroHanbHrlx qacrnll

leprreHAr4Kynf,pHo croqM (no ocx OY), ua6moAaercs. cxoAHaq c ry6uvecxuM cnyqaeM
3aBr4Cr4MOCTb r,r3MeHeHlr[ BerV'I{nHbr MOAynfl ynpyrocTrl, a IrMeHHo - npn yBenlarleHul4
pa3Mepa HaHoqacrzubr Mo.{ynb ynpyrocrll yMeHbluaerct. Hanpaueulle }Ke OX

AeMOHCrpr,rpyeT HaM npoTl4BoronoxHylo Kaprr.IHy: flpu nepexoAe oT qacTLII{bI w ncn
K rracrrue WzrCzr Mbr Ha6rrolaeM pffiKoe yMeHbrueHr4e MoAynt yflpyrocrl,I or 1040
ffla ao 390 fIIa ilpr4 roM, qro MoAynb yrpyrocrn MaccrrBHoro WC cocrasrser 720
ffla. 3ro [poucxoAlrr 3a cqer roro, qro qacrl,Iqa W ztCx ycrpoeHa nano4o6ue
(capMoruKr{>>, 14 TaKafl, crpyKTypa npr{Aaer efi uogbrrxeHHyro gJlacrutlHocrl. 3alretnnt,
qro cxoAHoe cHr{xeHrde MoAyns yfipyrocrl4 Ha6moAa,rocb paHee [p]I pacqerax

yrpyrvx ceofic:rs HaHoqacrrrll KpeMHIrt 129), raKxe o6laAarorqux crpyrrypofi
(capMoruKr{>. Tarzrra o6pasou, yrpyrre csoficrsa qacrr.ru c rpt4roHamuofi crpyxrypofi
HeoAHo3Har{Ho cBr3aHbr c KoruqecrBoM aroMoB B Hr4x, a BeJIIrqvHa MoAynt IOHra

\i
\_ ,/

-......._.------^.-a ^/ a4l

\ t /\ ) '
t-{i\.--^ 

-*r^"'-

or noKa3arem N r4o,rb HanpaBnenufi 4eQopMarll,tu.
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l .

2.

4.

5 .

Mol1er 6urr KaK $onrrue, TaK v MeHblIe, qeM coorBercrByloqat Betnql4Ha

An.rr Maccr4BHoro MaTepl4ana, v B KaX.qoM KoHKpeTHoM cnr{ae cneAyeT [poBoAI4Tb

aKKypaTHoe I4 TIUaTenbHoe ilccneAoBaHr4e -

4. 3AK,'IIOqEHI4E

Knantoso-taexaHlHecKlre pacverrr v3 nepBbIX rIpI4HIIunoB noKil3blBalor,
rrro HaHoqacrrrrlbr Kap6uAoB rrepexoAHblx MeTaJIJIoB c xy6uuecxofi crpymypofi ne4yr

ce6s cxoAHbrM o6paeornr roA AeficrsueNa MexaHI{r{ecKI{x 4e$oprraauufi. Mo4ynr

ynpyrocru Hanor{acrr4u r4Meer 6olee BHpa)KeHHyro 3aBr'Icl4Mocrb or nnnefiHoro

pa3Mepa qacrnrlbr BAonb HarrpaBneHm 4e(foprraar\vlv\ qeM or o6uero Korl4qecrBa

aroMoB B rracrvue. Benz.MHa MoAynt ynpyrocrl,I HaHoqacrxu TiC I{Meer

MaKcr4MzlJrbHoe 3HaqeH[e 1200 fIIa [pI4 MI4HI4MaJlbHoM pa3Mepe qacrvIIFI,

r4 yMeHbrrraercq rtpu yBenuqeHura r 5 pas ee lnsefrHoro pa3Mepa BAonb HarlpaBneHlrt

.qe$oprraaqupr ao 700 ffla.
B cnyrae ry6nuecrcoro rap6nga nonr$parraa MaKcHManbHoe 3uaqeHrle MoAynt

yfipyrocrr.r cocraBrser 1940 fIIa [nfl 6asosofi qacruubl W+C+ rr tloHl'Ixaerct

npv )tsenr4qeuvr.r s 3 pasa nunefisoro patuepa sroft qacrllllbl IIo BceM TpeM

"unpu"n."11M 
Ao 1200 flla. Moayru yrpyrocrlr 6agoeux qacrllq xy6u'recxux TiC

u WC [pr4MepHo B o.Ur{HaKoBoe qrzcJro pas 6onuue gna.reHnfi coorBgrcrByorU}Ix

Maccr4BHoMy Marepl{any.
B cnyqae Ae(bopMarluu rpnroHirJrbHbrx qacrnll B HanpaBJIeHI4a

nepneH,(l,rKyJurpHoM pacnonoxeHlrro aroMHrrx cno€s 3aBuclrMocrb MoAynt yflpyrocrH

or 4e$oprrlat\vfir atanorr4rrHa nonrreHHoit ZaF,]1IC:1rMOCTI,I Ant ry6uvecrltx qacTI'Iq.

MaxcurraanrHoe 3HaqeHve MoAym ylrpyrocrn cocraBJlrer 1520 flla, MI4HI'IMIIJIbHoe -

1340 ftla. OAnaro yBenuqeHr.re pa3Mepa rpLIroHanbHbIX qacrltll BAonb HarIpaBneHI4t

$oprrallponaHr4e crp)'Krypbr rrrla (capMollrKa)), npI{BoAI{r K 3Har{ureJlbHoMy cHuxeHIrK)

MoAynr ylplrocrr4. B uelolr ylpyrrae cgoficrna HaHoqacrI{II olpeAentrcTct He ronbKo

KOr[qecTBoM aToMoB, Ho t4 BHylpeHHr4M CTpOeHI'IeM rIacTI4II I'I I4X I4CCJIeAOBaHII'

rpe6yror vH nvBu4yanb Horo rloAxoAa.

Aemoput supailcanm 6nazodapuocmb pyKonodcmey u compyduurcatt B{ trBO PAH

(2. Xa6aposcrc) sa npedocmaenenuutil docmyn K rbtquclumenbHbtM pecypca't't.
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