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HaunonanbHas Merajutypruueckas akageMus YKpauHbl

MOAEJIUMPOBAHUE ®PAKTAJIBHBIX CTPYKTYP @ YHKIIMOHAJIBHbBIX
HOKPBITHIA C YYETOM CKOPOCTH HATIBLJIEHUA

B macmosuyeii pabome uccnedyemcs HObill  CNOCO6  POPMUPOBAHUSL HEOOHOPOOHBIX CMPYKMYP,
0061a0arwux GpaKmanbHLIMU C8OUCMEAMU HA NOBEPXHOCMU MBEPO020 Mmed, d MAaKxHce NPUSOOSAMCIL pe3yibmamsl
UCCeO008aHUA 3A8UCUMOCINU PPAKMATLHOU PAZSMEPHOCINU CIPYKIYPbL 0N CKOPOCHU HAHECEHUSL.

Cospemennviii yposeHv pazeumusi MeXHOIO02UN XapaKmepuzyemcs UCHOIb308aHUEM (OYHKYUOHATLHBIX
noKpuimul, 001a0AWUX 3A0AHHLIM NOBEPXHOCMHLIMU Cc8oUCmeamu. Badcnvim ceoticmeom, onpedensouum
MHOJICECE0 NAPAMEMPO8 NOKPLIMUSA, ASNIAEMCs cmpykmypa nogepxnocmu. IIpu smom gpaxmanvhvie cmpykmypbol
no380A10M 00CMU2AMs 3HAYEHULl NAPAMEMPOS, HEOOCHUNCUMBIX Ol CMPYKMYp ¢ pe2yiapHbim penvedom. Ha
Ce200HAWHUL OeHb PPAKMAanbHble CIMPYKMYpPbl WUPOKO NPUMEHAIOMCS 8 INeKMPOHUKe, onmuke, meouyure. /s
06pa3o6anus (PPaAKMaAnbHLIX CIMPYKIMYD HA NOBEPXHOCMU MEEPO020 Mend, NPUMEHSIOMC pasiuytble cnocobul,
Hanpumep, NOGePXHOCMHASL MOOUPUKAYUS MAMEPUATOE CUTLHOMOYHBIMU DAEKMPOHHLIMU U UOHHBIMU RYUKAMU,
oxnadxcoeHue nOONONCKU NPU HAHECEeHUU, CNeYUATIbHO CKOHCIMPYUPOBAHHbIE MACHEMPOHHbIe cucmembl U m.n. B xode
IKCnepumMenma, Obllo 6bIAGIEHO, YO NPU HUZKOU CKOPOCTU UCIAPEHUS JHeene3d 6 8aKyyMe, 603MOHCHO NONYUeHUe
HeOOHOPOOHOU NO08epXHOCMU, nposasiAoueli Qpaxkmanvhsle ceolicmed. bwiiu npusedenvr muxpogomozpagpuu
CIMPYKMYP, a MAK JHce UsMepeHsl UX PaKxmanvHvle pasmepHOCm.

Hcxo0s uz smoeo, 0na noiyyenus QyHKYUOHATbHBIX NOKPLIMULL, 8 OCHO8E KOMOPBIX exHcam QpaKkmanbHvle
CIMPYKMYpbl, UMeem CMbICA NPUMEHAMb OAHHbIL MemoO NOIYHeHUs dMux Cmpykmyp. Ynpaenenue ckopocmuio
HaHeceHUs 603MOMHCHO KAK NYMEM pe2yIuposanus memMnepamypsl, max u 3a0aHuem eeoMempuyeckux napamempos
ycmanoeku 0nA  Hawecenus. Ilpu dmom  ymeHbuieHue CKOpOCMU UCTAPeHUs HpUeooum K o0pas3osamuio
DYHKYUOHATLHBIX PPAKMATLHBIX HOKPBINUIL.

Kniouesvle cnosa: moukonneHounvie NOKpuIMUA, (QpPaKmanibHble CMPYKMYpbl, HANbLIEHUe NJIeHOK 6
saxyyme.
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MOJIEJTIOBAHHS ®PAKTAJIBHOI CTPYKTYPU ®YHKIIIOHAJIBHUX IMOKPUTTIB 3
YPAXYBAHHSAM HIBUJIKOCTI HATIMJIEHHSA

YV oaniu pobomi oocnioxrcyemovca Houli cnocio hopmyearHs HEOOHOPIOHUX CMPYKMYP, AKI 80100i0Mb
@paxmansoHuMu IACMUBOCHAMU HA NOBEPXHI MBEPO020 MiNd, d MAKOHC HABOOSMBCA Pe3yIbmamu 00CAIOHCEHH S
3A1eAHCHOCME PPAKMATLHOL POZMIPHOCIME CIMPYKMYPU 610 WEUOKOCIE HAHECEHHSL.

Cyuacnuii  pisenvb — po36umKy MexXHONO2I  XAPAKMepusyemvcsa  BUKOPUCMAHHAM — (DYHKYIOHATbHUX
NOKpUmMMmis, wjo 60100il0Mb 3A0AHUM NOBEPXHEGUMU 6IACMUBOCMAMYU. Basciusum enacmusicmio, wo usHayae
besniu napamempis nokpumms, € cmpykmypa nogepxui. Ilpu yvomy @paxmanvui cmpykmypu 003801710Mb
docsieamu 3HAYEHb NaApamempis, HeOOCAICHUX ONsl CIPYKmyp 3 pecyispHum penvegom. Ha cvoeoouiwmniti Oernv
@pakmanvHi  CMPYKmMypu WUPOKO 3ACMOCO8YIOMbCA 6 eNeKmpoHiyl, onmuyi, Meouyuni. [lna cmeopenus
@pakmanbHux cmpyKmyp Ha no6epxmi meepooz2o miid, 3dCMOCO8YIOMbCs PisHi CNOCOOU, HANPUKIAO, NOBepXHesd
mooughikayis mamepianie IlomysicHOCMPYMOGI e1eKMPOHHUMU MA IOHHUMU NYYKAMU, 0XOI00NCEHHS NIOKIAOKU Npu
HaHeCeHHI, CneyianbHO CKOHCMPYUOBAHI MAZHEMPOHHI cucmemu i m.n. B x00i excnepumenmy, 6y10 8UA61€HO, WO
npu HU3bLKIll WEUOKOCMI 8UNAPOBYBAHHA 3Ai3d 8 BAKYYMI, MONCIUBO OMPUMAHHA HEOOHOPIOHOI NOBEpXHI, sAKa
nposenae paxmanvhi enracmusocmi. Bynu nasedewni mixpogomoepaghii cmpykmyp, a max camo GuMipsaHi ix
@dpakmanvHi po3mMipHOCMI.

Buxooauu 3 yvoco, 013 ompumanHa QYHKYIOHATLHUX NOKPUMIMIE, 8 OCHO8I AKUX Nelcamv PpaKmaibHi
CIMPYKMYpPU, MA€ CeHC 3ACMOCO8Y8aAmuU OaHUll Memoo OMPUMAHHA YUX CMPYKmMyp. Ynpaeuinua weuokicmio
HAHeCEeHHsA MOJICIUBO AK WIAXOM PecyNlO6aHHSA MeMnepamypu, mak i 3a60aHHAM 2€0OMEeMPUYHUX Napamempis
yemanoeku 0na Hanecenus. IIpu ybomy 3meHwenHs WeUOKOCmi SUNApoO8YBAHHA NPU3B00UMb 00 YMEOPeHHs
@yHKYIOHANLHUX PPAKMATLHUX NOKPUMMIE.

Kntouoei crosa: monkonniekosi nokpummsl, pakmanvui Cmpykmypu, HanuleHHs niieoK 6 6aKyyMi.
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SIMULATION FRACTAL STRUCTURES OF FUNCTIONAL COATINGS WITH REGARD TO SPEED
OF EVAPORATION

In this paper, we investigate a new method formation of heterogeneous structures with fractal properties on
the surface of a solid, as well as the results of an investigation of the dependence of the fractal dimension of the
structure on the deposition rate.

The modern level of technology development is characterized by the use of functional coatings that have
specified surface properties. An important property that determines a set of parameters of a coating is the surface
structure. At the same time, fractal structures allow one to achieve values of parameters that are unachievable for
structures with a regular relief. To date, fractal structures are widely used in electronics, optics, medicine.For the
formation of fractal structures on the surface of a solid, various methods are used, for example, surface
modification of materials by high-current electron and ion beams, substrate cooling during deposition, specially
designed magnetron systems, and like that. To assess the effect of the application parameters on the surface
properties, a physical experiment was performed. In the course of the experiment, a thin layer of iron was deposited
on the glass substrate. The method of application was thermal deposition in a vacuum.In the course of the
experiment, it was found that at a low evaporation rate of iron in a vacuum, it is possible to obtain an
inhomogeneous surface exhibiting fractal properties. The microphotographs of the structures were given, and their
fractal dimensions were also measured.

Proceeding from this, to obtain functional coatings based on fractal structures, it makes sense to apply this
method of obtaining these structures. The control of the application speed is possible both by controlling the
temperature and by setting the geometric parameters of the application unit. In this case, a decrease in the
evaporation rate leads to the formation of functional fractal coatings.

Keywords: thin film coatings, fractal structures, film spraying in a vacuum.

IHocranoBKka npodaeMbl

CoBpeMEHHBI ypOBEHb Pa3BUTUS TEXHOJOTHH XapaKTepH3yeTCs HCIIOIb30BaHHEM (DYHKIMOHAIBHBIX
MOKPBITHIA, 00TaTAIONINX 38 aHHBIM TIOBEPXHOCTHBIME CBOMCTBaMH [6, 7]. BakHBIM CBOMCTBOM, OMpEIesSsIOIINM
MHOXKECTBO MapaMeTPOB TIOKPBITHS, SIBISETCS CTPYKTypa MOBepXHOCTH. [Ipu 3TOM (pakranbHble CTPYKTYpBHI
MO3BOJISIFOT JOCTHraTh 3HAYCHHUH MapaMeTpOB, HEAOCTHKMMBIX MJIs CTPYKTYpP C peryispHbiM penbedom. Ha
CEerOJHSLIHUI JIeHb (ppaKTanbHble CTPYKTYPhI IIUPOKO IIPUMEHSIOTCS B 3JIEKTPOHUKE, ONITHKE, MEJUILIMHE.

Jns oOpa3oBaHusl (ppakTaNbHBIX CTPYKTYp Ha IOBEPXHOCTH TBEPAOrO Tela, NMPHUMEHSIOTCS pPas3iMdHbIC
ciocobbr [1, 3], Hampumep, MOBEPXHOCTHAS MOIM(MHUKAILMS MATEPHATIOB CHIBHOTOYHBIMH JIICKTPOHHBIMH U
HMOHHBIMU ITyYKaMH, OXJIQXKJECHUE MOJJIOKKHM NPH HAHECEHWHU, CHELHMANbHO CKOHCTPYMPOBAHHBIE MarHeTPOHHBIC
CHUCTEMBI U T.II.

eab ucciaenoBanus

B nacrosimeit pabote nccneryercs HOBBIN crtocod GOpMUPOBaHHS HEOAHOPOAHBIX CTPYKTYP, 00JIa1a0mumx
(pakTambHBIMH CBOWCTBaMH HA IOBEPXHOCTH TBEPAOTO TENa, a TAKXKE MPHBOAATCS PE3YyIbTaThl HCCICAOBAHUS
3aBUCHMOCTH ()PaKTaILHON Pa3MEPHOCTH CTPYKTYPBI OT CKOPOCTH HAaHECCHHSI.

H3n0keHne 0CHOBHOT0 MaTepuaia MccIe0BaHUSA

JIst OLIeHKM BIMSHHS [TapaMeTpoB HAHECEHHWs. Ha CBOMCTBA ITOBEPXHOCTH OBUI IOCTABJICH (U3HYECKUH
9KCIIEPUMEHT. B Xozme sKCIepuMEeHTa Ha CTEKISHHYI MOJJIOXKKY HAHOCWICS TOHKHII cioi xene3a. Crioco6om
HaHECCHUs! ObIJIO BBIOPAHO TEPMHUUYECKOE HAHECEHHE B BakyyMme. HaHeceHne NpOM3BOAMIOCH B BAaKyyMHOM
yHHuBepcanbHoM nocte (BYII-4) ¢ ucnonp3oBaHneM CO3JaHHOTO MPHUCIIOCOOICHUS IS TEPMUYECKOTO HANBUICHUS B
Bakyyme (puc. 1).

Lenpto mpoBeneHUs] DKCIIEPUMEHTa ObLJIO MCCIENOBAaHHME BIMSHHUS CKOPOCTHM HAaHECEHUsl Marepuaia Ha
CBOMCTBA MOJy4aeMOM CTPYKTypbl Ha MHOIJIOKKE. I peryJupOBKM CKOPOCTU HCHApeHHs MeTalia B BaKyyMme
MIPOU3BOAMIOCH YIIpaBI€HHE TOKOM ue€pe3 HarpeBaTellb, 4YTO IO3BOJIAJO IJIABHO PETYIMPOBATH TEMIIEpaTypy.
CKOpOCTh UCTIAPEHUSI METAJIIa MOXKHO OLICHUTB, HCTIONb3yst hopmyny [epria—Kuyacena (1):

Vevap. = 5.84.102,/¥.P . )

Hcnapenue sxene3a MPOM3BOIMIOCH IIPH MaKCHMallbHO BO3MOXKHOM BaKyyMme MJIs JAQHHOW YCTaHOBKH —
0.0133 Ila. Bocrons3oBaBmnCh (GOPMYIION CpeaHel UIMHBI CBOOOAHOTO mpobera MOJeKyH (2), OIEHHM YCIOBHA
IIPY HAHECEHUH MOKPBITHS:

A:k.—T (2)

,\/E.n'.dz. p
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O0ecrieunBaIKCh YCIIOBUS, IIPU KOTOPBIX JUIMHA CBOOOAHOTO mpodera coctaBmia 80 c¢M, a pacCTOSIHUE OT
TUTJIS 70 TOUIoKKH — 7 oM. [lomcTaBuB 3Th 3HaueHus B ypaBHeHue Kuypacena (3), momyuum uwmcino Oosnbliee 1,
CJIE/IOBATENILHO, MOJKHO HE YYHTBIBATh CTOJIKHOBEHHE aTOMOB MEX]ly CO0OIi, a JIMIIb COyAapeHHst aTOMOB METAILIIOB
0 TIOBEPXHOCTh CTEHOK cocyza [8, 10]:

3)

d

cAETIND B CCEP

. 2
 Puc. 1. TIpucnoco6/eHne ISl TEPMHUYECKOT0 HANIbIJIEHUS MeTAJLNIa B BAKYyMe

B xome skcmepuMmeHTa TOK depe3 HarpeBarenb compoTuBieHueM (.12 Oma m3mensuics ot 8 mo 20 A.
IIpomecc HaHeceHWs AN Kakaoro oOpasma 3aHuMan omuHakoBoe Bpems — 10 mmuyTt. Bputo mccmenmoBano 5

06pasuoe. CKOpOCTh MCTIApEHus XKeJe3a n3 TUrIS u3Mensack ot 2.98 107 o 4.98-107° g/ cm? s . Bouo

BBISIBJIEHO, YTO MPH MHUHUMAJIbHONW CKOPOCTH MCHAPEHUs Kele3a, C MOCIEAYIOIIMM HAHECEHHWEM Ha CTEKJISTHHYIO
TIOJITIOXKKY, TIPOSIBIIICTCS MATOBas, HEOTHOPOJHAS CTPYKTYpa (puc. 2).

Puc. 2. Iliienka /KeJie3a, HaHeCeHHasl Ha CTeKJIAHHYI0 NOVIOKKY IIPH MHHHMAJIbHOM CKOPOCTH HCIIApEHUSs

[Tpu GonbieM e HarpeBe TUIIIA, a CIEA0BATENbHO, U OOJIBIIEH CKOPOCTH HUCTIAPEHHS, JKEJIe30 HAaHOCUIIOCh
6osiee OJHOPOTHO, B PE3YJIbTATE MOBEPXHOCTH MOIYHYaJIOCh 3epKanbHO. [Ipn paccMOTpeHHN TUICHKH, MOIyYeHHOH
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MIPY MUHUMAJILHOM CKOPOCTH MCHApEHUs] B METaIIOrpaguieckoM UMMEpPCHOHHOM Mukpockorie MUM — 8M, Obuia
MOJTy4YeHa CTPYKTypa MieHKH (puc. 3).

Jliist ppaxTanpHOTO aHaNM3a CTPYKTYPHI INICHKH ObliIa MPUMEHEHa paHee HaricaHHas mporpamma Imghead,
UCTIONIB3YIONIasl aropuT™M box-counting (puc. 4). Ilpouenypa o6paboTkn n3o0pakeHHH Ha MUKpodoTorpadusx
cocTosuIa B cienyiommeM. Bee pacTpbl, mosmydeHHble ¢ TOMOIIBIO CIICIMAIBHOM KaMepsl ¢ paspemenneM 2 M, s
MHKpPOCKOIIa, TPUBOAMWINCH K YepHO-Oenol mkane (MpoxXoawin OMHapH3aIMio), a 3aTeM MO yXKe IMOJyYeHHOMY
OMHAPHOMY M300PXKESHUIO TPOBOAMIOCH U3MepeHue (hpakTaibHO# pasmepHocTH [6, 7].

JUii mpoBepKH pabOTOCTIOCOOHOCTH IIPOTPaMMBl M OIPEAEICHHUs] IOTPEHIHOCTH H3MEpEHUsl OblIn
MIPOBEACHBI U3MEpPEHIsI pa3MEPHOCTEH TECTOBHIX OOBEKTOB: KBajapara (=2), kpuBoii Koxa (=1.26), TpeyrompHuKa
Ceprmackoro (=1.58). OTHOCHTENBHAS IOTPENTHOCTD H3MepeHnit He npessimaet 0.1%.

Puc. 3. CTpyKkTypa nUIeHKH B OTHO¥ Toqlcé, ¢ pa3sHbIM yBeJIM4eHHeM ciieBa Ha npaso (5040 Pix/mm; 5690 Pix/mm; 9500
Pix/mm; 12860 Pix/mm)

I[J'IH Ka)K,HOﬁ (bOTOFpa(l)I/II/I, C UCIIOJIb30BAHHUEM pPAa3HbIX MaciraboB MMPOBOANJIOCH U3MEPCHHUC q)paKTaJ'[LHOﬁ
Pa3sMEpPHOCTHU.
] fe_15_2.jpg - ImgHand
File Image Wiew Halp

f+ @ A AHKWGE My 0897 [@

C1: 1.85666,
Carr: -0.999812

Dane

BAW reaclculated
Puc. 4. 3mepenue (ppakTaabHOil pa3MepHOCTH H300paskenus B nporpamme Imghead

B pesynbrare 00pabOTKM W300pakeHUil OBUIM TONMYYCHBI CICAYIOIIMEC BEIUYUHBL  (paKTaIbHOM
pasmeproctu: 1.86 npu 5040 Pix/mm; 1.8659 npu 5690 Pix/mm; 1.89886 npu 9500 Pix/mm u 1.92682 npu 12860
Pix/mm. IloxydeHHble 3HaYeHMS pa3MEpHOCTEH BecbMa OJM3KH, M JIMIOb Ha MAaKCHMalbHOM YBEIHYCHUH
HabJlroaeTcs CyIIeCTBEHHOEe OTKIOHeHHe. CKkopee Bcero, 3TO BBI3BAHO MEHbHICH IIIyOMHON pPe3KOCTH HpH
NPUMEHEHHN 00BhEKTHBA MUKPOCKOIIA C OOJIBIIMM yBEINYCHUEM.

ITockoNBKYy CTPYKTypa HOBEPXHOCTH IDIEHKH COCTOsUIa IPEUMYILIECTBEHHO M3 TPEYTOJILHUKOB, BO3HHK
€CTECTBEHHBI BOIPOC O paclpelesieHHMH 3HAYeHHWH MX YIJIOB. YTJBI TPEYTOJbHBIX JJIEMEHTOB Ha IOJIyYEHHBIX
CTPYKTypax ObLIM M3MEPEHBI, U TT0 U3MEPEHHBIM 3HAYEHHSIM ObLTa MOCTpOEHa THCTOrpaMma (puc. 5).

Amnanus )IaHHOﬁ TUCTOI'paMMBbI NTO3BOJIACT CACIATh BBIBO/, YTO, HCCMOTPA HAa OTPAaHUYCHHOCTH KOJIHNYCCTBA
UCXOJIHBIX JIAaHHBIX, CYIIECTBYIOT 3Ha4Y€HHS YTIJIOB, KOTOpblE HAN0OJIEe YacTO MPEACTABIEHbI B JAHHOW CTPYKTYpE, a
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umenHo 32, 45, 50, 55, 72, 90, 108. Cnenyer oTMeTUTh, UTO 3HaueHUs, paBHble 32, 72, 108 rpamycoB, UMEIOT
0co0oc 3HAYCHHWE, TaK KaK OTH YIJIbI SIBIISIOTCS 30JIOTBIMH, XapaKTEPU3YIOIIMMHU 30JI0TOC CeucHHe (Mo3auKa
Ienpoy3a).
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Puc. 5. I'ncrorpamma pacnpeaeienusi 3HaUeHHil yIi10B

BruiBoabI

B xopme skcriepmMeHTa, OBIIO BBISBIECHO, YTO TIPH HU3KOHW CKOPOCTH HCIAPEHUS JKele3a B BaKyyMe,
BO3MOJXKHO ITOJTy4€HHE HEOTHOPOIHOW IMMOBEPXHOCTH, MPOSBIIOMIEH (pakTaabHBIE CBOWCTBA. BbIIM MpHBeneHBI
MHUKpodoTorpadun CTpyKTyp, a Tak e U3MEPEHBI UX (PpaKTaIbHBIE pa3MEPHOCTH.

Hcxonst u3 3Toro, Ui MONTydeHUs! (PyHKIIMOHAIBHBIX MOKPBITHH, B OCHOBE KOTOPBIX JIeKaT (paKTaabHbIE
CTPYKTYpPBI, MUMEET CMBICT MPUMEHATh [aHHBIA METOJ TONYYEHHUs 3THX CTPYKTYp. YIpaBlIeHHE CKOPOCTBHIO
HAHECCHUS] BO3MOXKHO KaK MyTEM PEryJIMpOBaHUs TeMIIEpaTypbl, TaK W 3aJaHUEM I'€OMETPUYECKHX MapaMeTpoB
YCTQHOBKM Uil HaHeceHWs. [IpM ATOM yMEHBIIEHHE CKOPOCTH WCIApeHHss IPHBOIUT K OOpa3oBaHUIO
(YHKIMOHAJIBHBIX (PPAKTAIBHBIX TTOKPBITHA.
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