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Meta po60oTn — po3podka KOMOIHOBAHOIO TEXHOJIOTIYHOTO MPOLECY MOJIMIICHHS eKCILTyaTalliiHUX Xapak-
TEPUCTHK BY3JIB 1 JeTalieil 3 pyXOMUMH KOHTaKTYIOUHMH IIOBEPXHIMH. B OCHOBY TEXHOJIONiI4HOIO IpoLecy MoK-
najeHo crnocobu MouGikamii BIaCTUBOCTEH MeTaleBHX HMOBEPXOHB, 10 BUKOPHCTOBYIOTH (i3W4uHI e(ekTn mpu
B3aeMOIii 0OpOOITIOBAHOT MOBEPXHIi 3 KOHLEHTPOBAHUMH [IOTOKaMH eHeprii. Po3risiaaeTbcs MOXKIHBICT BUKOPH-
CTaHHsI I0HHO-TIPOMEHEBOI i 10HHO-TIITA3MOBOT TEXHOJIOTIT U1t 00pPOOKHM POOOYMX OBEPXOHB A€TaleH, BUKOHAHHX
3 BHCOKOMILIHOTO THTAHOBOTO CIUIaBy. J{o po3poOKH mpea'siBIsETHCSI BUMOTA BiAOBIJHOCTI BCIX €IEMEHTIB TEX-
HOJIOTii KpHUTEpisM IporpecuBHOCTI. [loka3aHo, 0 BIUIUB (aKTOPiB, SKi BILIMBAIOTH HA BTPATy (QyHKIIOHAIBHO-
CTi ¥ JJOBTOBIYHICTb BiJl YTOMJICHOCTI JeTaneil, Moxe OyTH CyTTEBO ocialbieHo abo ycyHyTo. 3MiLHEHHs Jocsira-
€THCSI NIIIXOM IIOCJIiTOBHOTO 200 OHOYaCHOTO 3aCTOCYBaHHS 10HHO-IIPOMEHEBOI 00pOOKH TOBEPXHi, HU3bKOCHE-
preTHYHOi BUCOKOIHTEHCHBHOI IMIUIaHTALT a30Ty i iOHHO-TIIIA3MOBOr0 HaHECEHHS (DYHKI[IOHAIBHOTO HAHOCTPYK-
TYpOBaHOTO MOKPHTTS. IIpecraBiieHo mepily 4acTHHY poOOTH, sIKa Mae IMOCTAHOBOYHHI xapakrtep. OcratodHa
MeTa pOoOOTH JOCAraeThCsl Micisl pO3POOKH TEXHONOTTYHUX UIA3MOBHX MPHUCTPOIB. Pe3ynabraTti po3poOKH TEeXHO-
JIOTIYHHX MPUCTPOIB 1 ONTHMI3aLil IX 3aCTOCYBaHHS B TEXHOJOTIUHIH yCTaHOBLI OyIyTh IPEACTaBIICHI B HACTYII-
Hif YacTHHI pOOOTH.

Ienp paboTbl — pa3paboTka KOMOMHMPOBAHHOTO TEXHOJIOTHYECKOTO IMPOLIECCA YIyYIIEHUS dKCIUTyaTalu-
OHHBIX XapaKTePHCTUK y3JIOB M JETAJNeH C ITOIBMKHBIMI KOHTaKTUPYIOIIMMHU IIOBEPXHOCTAMH. B OCHOBY TexHO-
JIOTMYECKOr0 TpoLiecca MOJIOKEHbI CIIOCO0bl MOAUMHUKALNK CBOMCTB METaINYECKUX MOBEPXHOCTEH, MCIIONIB3Y-
fomue ¢u3ndeckue dpQexTsl Npu B3aUMOAEHCTBUH 00pabaThiBaeMOH IIOBEPXHOCTH C KOHIIEHTPHPOBAHHBIMH
MOTOKaMH dHepruu. PaccMaTpuBaeTcs BO3MOXKHOCTb HCIIOIb30BaHUS HOHHO-TYYeBON U MOHHO-ILUIA3MEHHOH TexX-
HOJIOTUH 1151 00paOOTKU pabodiX IMOBEPXHOCTEH! JeTaiei, BEITOTHEHHBIX U3 BEICOKOIPOYHOTO TUTAHOBOTO CIUIa-
Ba. K paspaboTke mpenbsBisiercs TpeOOBaHUE COOTBETCTBHS BCEX JJIEMEHTOB TEXHOJIOTHU KPHTEPUSIM IIpOrpec-
cuBHOCTH. [loka3aHo, 4TO BIMsSHHE (hAKTOPOB, BIUSIOIINX Ha IOTEPIO (PYHKIMOHATEHOCTH H YCTAIOCTHYIO JOJ-
TOBEYHOCTh JIeTalleld, MOXKET OBbITh CYIIECTBEHHO OCJIA0JIEHO WIIM YCTPAHEHO. YIPOYHEHUE JOCTHraeTcs IyTeM
IIOCIIEI0BATENILHOTO HIIM OJJHOBPEMEHHOTO NPHMEHECHHS HOHHO-JIy4eBOH 00pabOTKH ITOBEPXHOCTH, HU3KODHEpTe-
TUYHOH BBICOKOMHTEHCUBHON MMILIaHTAllUH aTOMOB a30Ta M MOHHO-IIa3MEHHOI0 HaHEeCceHUs GUHULIHOTO (QyHK-
IOHAJIBHOTO HaHOCTPYKTYPHUPOBaHHOrO HOKpHITHs. [IpencraBiena mepsas gacTb paOOTHI, HMEIONIAsl OCTaHO-
BOYHBII XapakTep. OkoHuaTenbHas Lelb PabOThI JOCTHIAeTCs HPH CO3JAaHUM IUIA3MEHHBIX TEXHOJIOTMYECKUX
yeTpoiicTB. Pe3ynbTaTsl pa3paOoTKH TEXHOIOTHYECKUX YCTPOHCTB M ONTHMU3AIMU X NPHUMEHECHHS B TEXHOJIOTU-
YEeCKOW YCTaHOBKE Oy/yT NMPEACTAaBICHBI BO BTOPOH YacTH HACTOSAIIEH paboOThI.

The aim of this work is to develop a combined technological process for improving the performance charac-
teristics of units and parts with moving contacting surfaces. The process is based on metal surface property modi-
fication methods that use physical effects in the interaction of the surface under treatment with concentrated ener-
gy fluxes. Consideration is given to a possibility to treat the working surfaces of parts made of a high-strength
titanium alloy using ion-beam and ion-plasma technology. All the elements of the technological process must
meet progressiveness criteria. It is shown that the effect of factors that adversely affect the functionality and the
fatigue life of parts may be significantly diminished or eliminated. Strengthening is achieved by successive or
simultaneous use of ion-beam surface treatment, high-intensity low-energy nitrogen atom implantation, and the
ion-plasma deposition of a finish functional nanostructured coating. This paper presents part 1 of the work, which
is of problem description character. The final goal of the work is achieved with the development of plasma pro-
cess devices. The results of the development of process devices and the optimization of their use in a process
installation will be presented in part 2 of this work.

Knwuesvie cnosa: uonno-niazmennas mexHojiocus, UOHHO-IyYesasl mexnojio-
cuUsl, UOHHAA UMniarnmayusl, UOKHAA NOJaUpoe6Kd, HaneceHue d)yHKMMOHCUZbHOZO no-
Kpblmusl.

BBenenne. KOHCTpyKIIMOHHAS TPOYHOCTH METAJIA ONPEEISAETCS €r0 00bheM-
HBIMH ¥ TIOBEPXHOCTHBIMH MEXaHHYECKMMHU XapakTepuctukamu. OObeMHbIe Xa-
PaKTEepHUCTUKH, KaK MPaBUJIO, 33JAIOTCS METAJUTypTrH4ecKuM JernpoBanueM. Oc-
HOBHBIE CITy’KeOHBIE XapaKTEPUCTHKH JAeTalei MalluH — HaJeKHOCTb, COTPOTHB-
JICHHE MEXAaHUYECKOMY H3HOCY M KOPPO3UH, YCTAJIOCTHAs JIOJIIOBEYHOCTH, OIpe-
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JEIISIOTCS. MEXAaHUYECKUMH CBOMCTBAMM ITOBEPXHOCTHOTO CJIOS KOHCTPYKLIMOHHO-
ro metawia. M3BectHo [1], 4TO MexaHHYeCKOe MOBEICHUE MeTajula HaXOJHUTCS B
HPSIMOI 3aBHCUMOCTH OT €r0 CTPYKTYPHO-(a30BOr0 COCTOSIHUS. DTa 3aBUCHMOCTD
[O3BOJIIET LIEICHAIPABIECHHO M3MEHATh (DYHKIMOHAJIBbHbBIE M JKCIUTyaTallMOHHbIE
XapaKTEepUCTUKU HJIEMEHTOB KOHCTPYKLHUHM MAIIWH HM3MEHEHHEM CTPYKTYpPHO-
(ha30BOro COCTOSIHMSA OBEPXHOCTHOT'O CJIOSI METaJLIA.

Mertoabl co3naHusl Ha MOBEPXHOCTH METAJUIOB MOIAU(DUIMPOBAHHBIX CIOEB C
HEOOXOIUMBIMH (YHKLIMOHAIBHBIMU M 3KCIUTyaTallMOHHBIMH CBOWCTBAMHM 10CTa-
TOYHO M3Y4YEHBI, OTpabOTaHbl M IIMPOKO HMPUMEHSIOTCS Ha NpakTuke. IIpu 3Tom
OTMEYAIOT, YTO TPAAUIMOHHbIE TEXHOJOIMH IIOBBIIIEHHS KOHCTPYKIIMOHHOM
IPOYHOCTH METAJJIOB ¥ CIUIABOB JOCTHUIJIM CBOETO MpaKTH4ecKoro mpenena [2]. B
HACTOSIIIEE BPEMsI aKTyaJU3UPYeTCs] IPUMEHEHHE CIOCOOOB YIPaBJICHUS CTPYK-
TYpHO-()a30BBIM COCTOSHMEM IOBEPXHOCTH METaJlla, OCHOBAHHBIX Ha HCIIOJIb30-
BaHMH (H3uIecKuX 3(G()EKTOB B3aUMOACHCTBUS KOHIICHTPHPOBAHHBIX ITOTOKOB
9HEPIUU C MIOBEPXHOCTBIO MeTasuia. Pu3nyeckue crocoObl yIpaBIeHUs CTPYKTYp-
HO-(a30BbIM COCTOSIHUEM I103BOJIIIOT YIIPOUHATH IIOBEPXHOCTh METAJIa, HAHOCUTD
(yHKUMOHANBHBIE TOKPBITHS, CO3JaBaTh METAIIIMUECKUE KOMIIO3UIIMOHHbIE MaTe-
puanbl, 00Magaroue YHUKAIBHBIM COUYETAHUEM CBOMCTB, KOTOPBIE MPHUHIMIINAIIb-
HO OTJIMYAIOTCSA OT CBOMCTB MacCHBHOIrO Mertaa [3].

YCcTaHOBIEHO, YTO MAKCUMAIBHBIA 3PGEKT MOIUPUKAIIUN JOCTUTACTCS TIPH
KOMOMHHUPOBAHUN PA3IHYHBIX CITIOCOOOB U3MEHEHHsSI CTPYKTYPHO-(Pa30BOr0 COCTO-
siust [4]. KomMOuHaIuMs pa3invHbIX TEXHOJOTHI yIIPOYHEHHUS MMO3BOJISIET CO31aBaTh
Ha MOBEPXHOCTH METaJIa KOMIIO3UTHBIE CIIOU C Pa3iu4HON apxuTekTypol. IIpak-
THUYECKOE MCIOIb30BaHNE HOBBIX KOMOMHHUPOBAHHBIX TEXHOJIOTUH MOBEPXHOCTHOM
Moaudukanuu TpeOyeT CO3MaHusl TEXHOJIOTHYECKUX KOMILIEKCOB, BKJIIOYAIOIUX
ONTUMAJIBHBI HAa0Op TEXHOJIOTHMI MOAW(PUIMPOBAHUS M CHELHMATH3UPOBAHHBIX
TEXHOJIOTHYECKUX YCTPOUCTB Uil pean3ali BCeX TEXHOJIOTHUECKUX MEPEX0I0B
MOBEPXHOCTHON 00paboTku. B HacTosmiel paboTe mpeanoaaraeTcsi UCIoIb30BaTh
pe3ynbTaThl OPUTMHAIBHBIX HMCCICIOBAHUII aBTOpa M MaTepualibl M3 MHPOBOM
HAYYHO-TEXHUUYECKOHN JINTEPaTypHl.

IlocTranoBka 3agaun. B Hacrosimeii pabote pemanach MpUKIaaHAs 3a1aya
pa3paboTKl KOMOWHHPOBAHHOM TEXHOJOIMU YIy4IleHUS (QYHKIHOHAJIBHBIX H
IKCIUTyaTallMOHHBIX XapaKTEPUCTHK ITOABMXHBIX KOHTAKTHUPYIOLIUX IOBEPXHO-
CTe M CO3AaHUS HOBOM TEXHOJIOTMYECKOW YCTAaHOBKM Ha OCHOBE CTaHAAPTHOM
BaKyyMHOH ycTaHoBkH Tuna «bynar». [loctaBneHnas 3agaya pemiainach B COOTBET-
CTBHH C COBPEMEHHBIM YPOBHEM TE€XHOJIOT'MH HOBEPXHOCTHOTO YIIPOYHEHHUSI.

[IpuHATO CUMTATh, YTO HOBBIE TEXHOJOIMUYECKHE MPOLECCHI JOJKHBI HE TOJb-
KO yJIy4llIaTh SKCIUTyaTallMOHHbIE XapaKTEPUCTUKHU 0OpadaThIBaeMbIX W3IENHUil, HO
Y YAOBJIETBOPATH TPEOOBaHUIM S3KOHOMHYECKOH 3(h(heKTUBHOCTH, CLIOCOOCTBOBATH
CHIDKCHHIO TPYJOEMKOCTH U ce0eCTOMMOCTH M3JENHi, a TakKe 00ecreunBaTh Co-
LOUAJBHBI M NPUPOA0OXpaHHbIN 3 (dekT mpumeHeHus. DKoHOMUYecKas Pdex-
TUBHOCTH U NPOIPECCUBHOCTD HOBBIX TEXHOJOTHYECKUX MPOLIECCOB OMPEIENIETCS
PSAOM B3aMMOCBSI3aHHBIX KPUTEPHEB, ONMPEACISIOMINX COOTBETCTBUE Pa3pabOTKH
JOCTUTHYTOMY MHPOBOMY TEXHMUYECKOMY YPOBHIO U TO3BOJISIOIIMX IHOCTPOUTH
MOJIHOCTBIO ABTOMATU3UPOBAHHBIN BBICOKOIIPOM3BOAUTEIBHBIN KOMIUIEKC TEXHO-
Joruyeckoro obopynoBanus. Hauboinee BaxkHbIE U3 3TUX KPUTEPHUEB CIIEAYIOLIHE:

— UCIIOIb30BaHNE TEXHOJIOTMUECKHX IPOIIECCOB, O3BOJSIONINX MAaKCUMAIBHO
aBTOMATHU3HPOBATH MPOU3BOICTBEHHBIN MPOILECC, YTO B CBOK OUYEPE]b, JOJKHO
00ecreynTh BBICOKYIO IIPOU3BOAUTENLHOCTE 00pabOTKM U KaueCTBO MPOAYKLIUH;
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— obecrieueHre HEeMpPEePbIBHOCTH TEXHOJIOTMYECKOTO MpoIecca, T. €. 00beau-
HEHHUE pAJla TOCIIEeT0BATENbHBIX TEXHOJIOTHYECKUX MEPEX0I0B B OJHOM TEXHOJIO-
THYEeCKOM 00bEME;

— ofecrnieueHne aJaNTHBHOCTH TEXHOJOTHMYECKOTO Ipollecca, T. €. CII0Co0-
HOCTP €r0 JUTUTENFHOTO HCITOJF30BAaHUS B YCIIOBUSX HENMPEPBHIBHOTO TOSBICHUS U
Pa3BUTHS HOBBIX KOHKYPEHTOCIIOCOOHBIX MPOIIECCOB.

[Ipu pa3paboTke TEXHOJIOTHIECKOTO KOMIUIEKCA, BKIFOYAOIIEr0 KOMOMHHUPO-
BaHHYIO TEXHOJOTHIO M TEXHOJOTHYECKOE 000pYHIOBaHUE IS €€ OCYIIECTBICHUS,
WCTIONIF30BAIACH PE3YIbTAaThl OPUTHHAIBHBIX UCCIIEIOBAHHUA aBTOpA U MaTepPHAITBI
13 MUPOBOI HAYYHO-TEXHUUYECKOU JTUTEPATyPhI

CocrosiHne 1npo0/eMbl YNPOYHEHHMs] MOBEPXHOCTell KOHTAKTHPYIOLIHX
Aetajeii. B xkauecTBe KOHKPETHOr0 00BEKTa MOAUGHUINPOBAHUS [TOIBI)KHBIX KOH-
TaKTUPYIOLIMX MTOBEPXHOCTEH paccMaTpUBaIMCh BHYTPEHHUE U HapyKHbIE pado-
Yyye MOBEPXHOCTHU JAeTajlel MOJABUKHBIX COUICHEHUIN KoakcuanbHoro tumna. Paspa-
00TKa amanTHpoBaiack K TPeOOBaHMAM YIPOUYHEHHUS AeTaled THUAPOLMINHIpPA
CTOWKH B3JIETHO-TIOCAZOYHOTO YCTPOHCTBA caMoieTa (IaccH).

B mpouecce skcrmyaTanyy 1accu caMoJieTa MCIBITHIBAET BUOpPALMOHHbBIE U
3HAYUTEJIbHBIE JUHAMHYECKHE HArpys3Ku. J[aBieHue TUAPONKHUIKOCTU B MOJOCTH
ruapoumwnuHapa nocturaer 500 atm. Ilpm 3tom momkHa obecrieumBaThbes abCco-
JIIOTHAs TePMETHYHOCTH MOJOCTH BBICOKOTO HaBJIEHHs TwapoumnuHapa. das go-
CTHXXECHHSI COBPEMEHHOTO TEXHHYECKOTO YPOBHS K H3AEIHIO MPEABSABISICTCS Pl
BBICOKHX TpeboBanwmii [5]. Macca maccu He JT0JDKHA MPEBBIIIATh JOCTUTHYTOTO B
MHUPOBOH MPAKTUKE YPOBHS BECOBOT'O COBEPLICHCTBA, T.€. 3,5...4,5 % OT B3NETHOU
Macchl caMmoseTa. Pecypc maccu IOMKEH cOCTaBisATh He MeHe 50 ThICSY B3JIETO-
MOCAJ0K B T€UEHHUE 25 JIET SKCIUTyaTalluu CaMoJIeTa.

s poctmxeHuss TpeOyeMOro ypoBHS BECOBOTO COBEPIIEHCTBAa Tpedyercs
IpUMEHEeHue OoJiee JETKUX M MPOYHBIX KOHCTPYKLUMOHHBIX MarepuanoB. Hagex-
HOCTb W3NS ONPENeNseTcs ClIOCOOHOCThI0O KOHCTPYKIMOHHBIX MaTepPHajoB CO-
MPOTUBJISITECA XPYIKOMY PaspyLICHUIO W Pa3BUTHIO MMOBEPXHOCTHBIX MHUKPOTpeE-
mmH. s obGecriedeHus: AONTOBEYHOCTH M3IENHUsl HEOOXOAMMO TaKKe pEIICHHUE
3aJaud MMHUMH3ALMM TPEHHS B TOABIKHBIX COWICHCHHMAX WM MaKCHUMaJbHOE
ocialieHue WM MOJIHOE HCKIIOYeHHE (PaKTOPOB, BIMSIOMIMX HA MAaJOLHUKIOBYIO
YCTaIOCTh KOHCTPYKUHMH. DTH 3aJa4d PELIAlOTCSl NMPUMEHEHHEM B KOHCTPYKLIUHU
LIACCH HOBBIX KOHCTPYKLMOHHBIX MaTepUalIOB — MaPTEHCUTHOCTAPEIOIINX HEpIKa-
Beromux ctaneid BKC170, BKC210 u BelcokonmpoyHOro TUTaHOBOrO cruiaa BT22
[6]. CpaBHEeHNE MEXaHUUECKUX XapaKTEPUCTUK ITHX MaTEPUAlIOB MPEICTaBICHO B
tabmuue 1 [5].

Tabnuna 1. CpaBHeHHE MEXaHHYECKHX XapaKTEPUCTHK MaTepHaoB maccu [5]

CruiaB p, kr/m® Gs. MIla 602, Mna E, MIla
30XT'CH2MA 7770 600 — 1800 1400 - 1600 195000
03H18K8MS5T 8100 600 — 1850 1550 - 1800 190000
(BKC170)
03H18K9MS5T 8010 950 — 2150 1850 — 2050 184000
(BKC210)

BT22 4620 900 — 1300 1050 - 1150 115000
p — IIIOTHOCTB, Gy — IPOYHOCTE; Go2 — Mpeen npoynocty; E — moayns FOnra

Bricokue ynenpHBIE TPOYHOCTHBIE XapaKTEPUCTUKH HOBBIX CTANBHBIX CILIa-
BOB CITIOCOOCTBYIOT TOBBIIICHHIO pecypca maccu. [IpuMeHeHe THTaHOBOTO CIuia-
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Ba 00ecIieunBaeT CHIDKCHHE BECOBBIX IMoKazarened u3nenus. HeobxoaumocTs me-
pexosa Ha HOBBIE KOHCTPYKIIMOHHBIE MaTepHaibl OOYCIIOBIEHA TaKXKe TEM, YTO
npu ucnonb3oBanuu ctayei tuma 30XI'CA pecypcHbIC XapaKTEpUCTUKH OTPaHMU-
YUBAIOTCS JIEKTPOJIUTHUECKON KOPpO3Uel U KOppo3uen Jeraneid MOoJBUKHBIX CO-
MPSDKEHUH TT0/ HAMIPSDKEHUEM.

OpHako MpUMEHEeHHe HOBBIX KOHCTPYKIIMOHHBIX CTallell U TWTaHa HE OTMEHS-
€T HEOOXOAWMOCTH JOTOJHUTEIBHOTO YIyYIIEHUS TMOBEPXHOCTHBIX XapaKTepH-
cTuK fetanei. OMHOM M3 MPUYXH 3TOTO SIBISIETCS HANWYNE Ha pab0YNX MOBEPXHO-
CTSX AeTajneil neeKTHOTO CII0s, KOTOPHI 00pa3yercs B mporecce MeXaHMIecKOoi
00paboTKN KOHTAKTUPYIOMINX MOBEpXHOCTEH. B pe3ynprare abpazuBHOTO mItudo-
BaHUS B TIOBEPXHOCTHOM CJIO€ METaJlJIa BO3HUKAIOT BHYTPEHHNE HAPSHKEHHS pac-
TSOKEHHSI 1 MAKPOTPEIIUHBI, KOTOPBIE ¢ OONBION BEPOSTHOCTHIO B MPOLIECCE IKC-
TUTyaTalluy Pa3BUBAIOTCS W HEOJIATONPHSTHO BIUSIOT HA YCTAJOCTHBIE XapaKTepH-
CTHUKH M3AEIHS.

[Ipu sKkcmmyaTanuu macck OCHOBHBIMH BHUIAMH TPEHHS KOHTAKTHPYIOIINX
MTOBEPXHOCTEH SBISIIOTCS TPEHUE CKOIBKEHUS, TPeHUE TIPH BUOpOIIepeMeneHnH 1
peBepcuBHOE TpeHHe [7]. YUuThIBast 3TO, TEXHOJIOTUS H3TOTOBJICHUS IeTaIeH THI-
POLWIIMHIPA MpeTycMaTpUBaeT MOIU(MUKAINI0O KOHTAKTHPYIOMIUX MTOBEPXHOCTEH
MyTeM HaHECEeHWs aHTH(PPUKIUOHHBIX MOKPHITHH. [Ipr nMcrmomp30BaHUM BBICOKO-
MPOYHOTO THUTAHOBOTO ciutaBa BT22, HeoOXxoauMocTh ymydlieHns: GPUKIIHOHHBIX
XapaKTEePUCTHUK COTPSKEHHBIX TTOBEPXHOCTEN YCYTyOIsIeTCs CKIIOHHOCTBIO TUTaHA
K CXBaTbIBaHUIO. J{ns cHKeHUS Kod(h(dUIMEeHTa TPEHUS NPHU WU3TOTOBIICHUHU HC-
HOJIB3YIOT Ta30TEPMHUYECKUE aHTU(PPUKIIMOHHBIC MOKPBITHA [8], rajgpBaHHYECcKOE
xpomupoBanue [9] wiM XuMHYECKOe HaHeCEHHE HUKENb-(HOoCcHOPHOro MOKPHITHS
[10]. Mcnonb30BaHkie 3THX TEXHOJIOTHHA TMOPOXIACT PHUCK CHUYKEHHS JKCIUTyaTa-
[IUOHHBIX XapaKTEePUCTUK M3Nenus. Bo-TIepBhIX, IS MONTYy4YeHUs 3aJaHHOTO Tapa-
MeTpa MIePOXOBATOCTH MOBEPXHOCTEH TPEHHUSI BOZHUKAET HEOOXOIUMOCTD JOIOJI-
HUTENBHOTO NUTH(OBAHUS Ta30TEPMUUYECKUX W TaTbBAHUYECKUX aHTH(PHUKIIUOH-
HBIX TOKPBITHH, KOTOpOE, KaK OTMEYAaIOCh BBINIE, HEOIArompHsATHO BIFSIET Ha
YCTaJIOCTHBIE XapaKTepUCTHKH. Kpome Toro, railbBaHUYeCcKHe, XUMHUECKUE U Ta-
30TEPMHUYECKHE MOKPHITHSI UMEIOT HEJOCTATOYHYI0 M3HOCOCTOHKOCTh M XapaKTe-
PU3YIOTCS HAJIMYMEM BHYTPEHHUX HAIPSHKEHUH pacTskeHus. TpermmnHOBaTOCTh
CJIOSl TaTbBAHUYECKOTO TBEPJIOTO XPOMa MOXET OBITh MPUYMHON HAPYIIEHUS Tep-
METHYHOCTH TOJIOCTH THAPOUMIHH/PA. ['anbBaHNYeCcKas U Ta30TePMHUECKas TeX-
HOJIOTUW HAaHECEHUs OKPHITHI He 00eCIeunBalOT IOCTATOYHBIN YPOBEHb aJlre3ul
K MTOBEPXHOCTH TUTAHOBOTO ciuiaBa. o 3To# mpuunHe ralbBaHUYECKUI TBEPIbIi
XpPOM OTpPaHHYEHHO JOMyCTUM TOJBKO Ha CTANBHBIX AeTaisX. KOHCTpyKTHBHbBIE
OCOOCHHOCTH IACCH ¥ YCIOBUS IKCILTyaTally U3/IENNS HE UCKITIOYAI0T BOSHUKHO-
BEeHHE (PPETTHUHTa B HETOABIDKHBIX COWICHEHHUSIX, YTO TaKKe TPeOyeT IOTOHH-
TEJIBHOTO YIYUIIIEHHUS TIOBEPXHOCTHBIX CBOMCTB KOHTAKTHPYIOIINX MIOBEPXHOCTEH.

Cymmupys ckazaHHOE, MOXHO OTIPEIENUTh OCHOBHEIE 3a/1aull pa3pabaThiBae-
MOTO TEXHOJOTHYECKOTO KOMILIEKCa. JTO:

1) moBepxHOCTHas 00pabOTKa C LENbI0 ycTpaHeHHs (HaKTOPOB CHHXKEHUS MO-
KazaTresisl MaJOLUKIOBOH YCTalOCTH, KaK TO: MOBEPXHOCTHBIX MHKPOTPEIIMH M
BHYTPEHHHX HAIPSKEHUH PACTSDKEHHS B IOBEPXHOCTHOM CIIOE;

2) ynydiienne (QYHKIMOHATIBHBIX M AKCIUTyaTallHOHHBIX XapaKTEPUCTHK CO-
NPSOHKEHHBIX TTOBEPXHOCTEH MyTeM MOIU(HUKAIIMY CBOUCTB pabounX MOBEPXHOCTEH
0e3 M3MEHEHUS] TeOMETPUUYECKUX Pa3MEPOB JeTajell Ui HAaHECEeHWE Ha KOHTAKTHU-
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pYIOIIHE MOBEPXHOCTH (YHKIIMOHAILHOTO MOKPBITHS. BO3MOXKHO COBMECTHOE HITH
paszienabHOE MPUMEHEHUE ITHX JIBYX TEXHOJIOTHI MOBEPXHOCTHOTO YIPOYHECHUSI.

ITo mpeaBapUTETHHBIM OIICHKAM TOCTABICHHBIC 33]]a4d MOTYT OBITh PEIICHBI
MPUMEHEHHEM KOMOWHHPOBAHHOW TEXHOJIOTHH, BKIIOYAIOINICH HOHHO-TY4eBOC
TpaBIICHHE TOBEPXHOCTHOTO CJIOS, TUIA3MEHHOE a30THPOBAaHHE MOBEPXHOCTHOTO
CJIOSI U MOHHO-TIa3MEHHOE HaHeceHHe (QYHKIIMOHAJIBHOTO MOKpBITHS. s oboc-
HOBaHUS TPUMEHECHUS OSTHX TEXHOJOTHA OBLT BBITIONHEH aHAU3 METAIlIo-
(M3HYeCKUX TPEANOCHIIOK TONy4eHHus HeoOxomumoro 3ddexta MomupUKaIIn
pabourx MOBEPXHOCTEH M (PU3NIECKUX OCHOB (HDYHKITMOHHPOBAHUS TEXHOJIOTHYE-
CKUX YCTPOMCTB JIJIsl OCYIECTBICHHS MO (PHUKAIINY.

O0ocHOBaHUE MNpeIBAPUTE]BHOI0 BbIOOPa CNOCOOOB TMOBEPXHOCTHOIO
YIOPOYHEHHS M TEXHOJOTHYECKHX YCTPOHCTB VI UX OCYLIEeCTBJIEHHUA. YUNUTHI-
Basi UMEIOIeecs pa3HooOpa3ue (U3MYECKUX CIIOCO00B MOTU(HUKAITIN CBOHCTB
MTOBEPXHOCTH, PACCMOTPUM UX OCOOEHHOCTH W O00OCHYEM IpeIBaPUTENHHBIA BBI-
60p cnocoboB, COOTBETCTBYIONINX TpeOOBaHUAM 3amaun pa3paborku. CpaBHHBAS
TEXHOJOTHYECKHE BO3MOXKHOCTH PA3NAYHBIX (U3MUECKUX CTIOcO00B Momuduka-
MM TOBEPXHOCTH [3] W OlCHWBAas WX MPUTOJHOCTH IS PEIICHUS KOHKPETHOM
MIPAKTHUYECKOH 3a/1a4H, MPUIILIH K CIEAYIOMIEMY.

OCHOBHBIM TEXHOJIOTHYECKHM TapaMeTpoM OOIBIINHCTBA TPaTUIIHOHHBIX
TEXHOJOTHH MOIUPHUKAIUN (HU3NKO-MEXaHUIECKUX CBOWCTB METAIIOB SBISAETCS
TeMIieparypa. Bo3MOXHOCTh TOBBIIIEHUST TEMITEPATypPhl TSI PACIIUPEHUs PYHK-
[IMOHATFHBIX BO3MOXKHOCTEH W WHTCHCH(DHKAIMHA TEXHOJIOTHYECKUX IPOIECCOB
OTpaHUYMBAETCS TeMIlepaTypaMu (a3oBBIX MEPEX00B 00padaThIBAEMOTO MaTEPH-
ana v pAIoM JPYTUX MPUIHH.

[IpoBeneHre TEXHOIOTUYECKUX MPOIECCOB MOIM(PHUKAINKN MOBEPXHOCTHBIX
CBOWCTB B TNIA3MEHHOW CpeJie CYIIECTBEHHO YIPOIIaeT BO3MOKHOCTD BIMSIHHASA Ha
mporecchl (OPMHUPOBAHUS CTPYKTYPHI B (PU3UKO-MEXaHHUYECKHUE CBOWCTBA METAll-
noB. Ilma3mMeHHbIE TEXHOJIOTHYECKHE YCTPONCTBA — TeHepaTOphl IUIa3MBbl, MO3BO-
JISFOT HE3aBUCHMO YIIPABIJIATh PHEPIHEel MOHOB W IUIOTHOCTHIO MOHHOTO TOKa. Ye-
pe3 3TH MmapaMeTphl MOKET OCYIIECTBIATHCS d(Hh()EKTHBHOE BIHSIHUE HA TTapaMeT-
PBI MOU(DUKATIHN.

[110THOCTH MOHHOTO TOKa OKa3bIBa€T BIUSHHE HA (POPMHUPOBAHHUE CTPYKTYp-
HO-()a30BOTO COCTOSHUSI B HEPABHOBECHBIX YCJIOBHUSX, UTO U OIpeneiseT (hU3UKO-
MEXaHWYECKHE CBOWCTBA ITOBEPXHOCTHOTO CJOS (MHUKPOTBEPAOCTh, IUIOTHOCTH,
aAre3nut0, MOAYJb YIPYTOCTH, BHYTPEHHHE HampshKeHHS, KOd((UIMEHT TpEeHWs,
CTOWKOCTh K U3HOCY, XUMHUYECKHI COCTaB, TOJIIIHUHY MOTU(PUIIMPOBAHHOTO CJIOS H
Ip.), a TaKXKe Ha TIPOU3BOUTEIBHOCTh 00PA0OTKU (CKOPOCTH PaCHBLICHIS], HACHI-
IIEHHS JIETUPYIOLIMMH 3JIEMEHTaMH HIIH CKOPOCTh pocTa mokpeiTHst) [11].

DHeprus NOHOB OKa3bIBAeT BIMSHWE Ha Tpoliecc GOpMHpPOBAHMS MOTOKA IIa-
pOoB MaTepuana mokpsITus. OT JHEPTHH HOHOB 3aBUCST MPOIIECCHI 3apoIbimeo0pa-
30BaHUs M YIUIOTHEHHS YAaCTHIl IOKPHITHA 3a cUeT Oaimmuctudeckux s¢¢dexktoB. B
CBOIO Ouepeilb, COBMECTHOE BIMSHUE SHEPTUU MOHOB M IUNIOTHOCTH MOHHOTO TOKa
OTIpeNIeIIIeT TeMIIEpaTypy 00padaTbiBaeMoi OBEPXHOCTH.

Ha ocHoBaHuM aHannu3a 0COOCHHOCTEH TEXHOJIOTMYECKUX YCTPOUCTB, HCIOIb-
3YIOIIUX JUI yOpouHeHus: pusndeckue 3QQeKTsl B3auMOACHCTBUS, TPEAIOYTEHUE
MO>KHO OT/AaTh IJIa3MEHHBIM TEXHOJIOTMYECKHM YCTPOWCTBAM Ha OCHOBE Ia30BOrO
paspsiza ¢ 3aMKHYTBIM Jpeiiom amekTpoHoB [12]. TexHogornueckue ycrpoicraa
3TOr0 THIa MOTYT O0ECHEYUTh KaK CO3JaHHE MOTOKOB SHEPreTHYECKUX Ta30BBIX
WOHOB JJISl IPOBENEHHUs] HOHHO-TY4eBOi 00paOOTKH M MOHHO-JIyYEBOT'O a30THPO-
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BaHMUs, TaK U TEHEPAIMIO MOTOKA aTOMHBIX YacTHII (IIapOB) MaTepHasa Jjisi HOHHO-
IUIa3MEHHOT0 HaHECEeHUsI (PYHKIIMOHAIBHBIX HAHOCTPYKTYPHUPOBAHHBIX MOKPBITHH.
OIHOTHITHOCTh (PU3UYECKUX MPUHIUNOB (DYHKIIMOHUPOBAHUS TEXHOJIOTHUYECKUX
YCTPOWCTB ISl BBIMIOJIHCHUS PA3IMYHBIX TEXHOJIOTHYECKUX (DYHKIMHA YIpoIaeT
pa3pabOTKy ¥ OKCIUTyaTallid WHTEIPHPOBAHHOW CHUCTEMBI TEXHOJIOTHYECKHX
YCTPOWCTB, CHCTEMbI 3JICKTPOIMTAHUS Pa3psI0B TEXHOJOTHUYCCKUX YCTPOWCTB U
CHCTEMbI KOMITBIOTEPU3HPOBAHHOTO YIIPABICHHS TEXHOIOTHIECCKHM ITPOIIECCOM.

BakHBIM apryMeHTOM B TI0JIb3y BBIOOpA IUIA3MEHHBIX TEXHOJIOTHH, SIBHJIOCH
TO, YTO ISl MX OCYIIECTBIICHHS CYIIECTBYIOT TEXHOJOTHIECKUE YCTPOWCTBA, KOTO-
pble XapaKTePHU3YIOTCS TIOJHON (YHKIIMOHAIBHONH COBMECTHMOCTBIO TMPH UX COB-
MECTHOM HCITOJIb30BAHHH B OJHOM TEXHOJIOTHYECKOM O0OBeMe. DTUMHU YCTpPOWd-
CTBaMH SIBJSIFOTCSI aBTOHOMHBIH HMCTOYHHMK SHEPTETUYHBIX ra30BbIX HOHOB YAC
(yckoputenb ¢ anomHbIM ciioem) [13, 14] u MPC (MarHeTpoHHast pacibUIUTEIbHAS
cucrema) [15]. XapakTepucTukd H30paHHBIX CIHOCOOOB BaKyyMHO-IUIa3MEHHOMN
00pabOTKH OBEPXHOCTH U COOTBETCTBYIOIIMX TEXHOJOTUIECKUX YCTPOHCTB COOT-
BETCTBYIOT TPEOOBAHHUSIM, MPEIBSIBISIEMbIM K CICIHATU3UPOBAHHOMY TEXHOJIOTH-
YeCKOMY KOMILIEKCY. VICTonp30BaHue MIa3MEHHBIX TEXHOJIOTHUCCKUX YCTPOWMCTB
JUISl MOHHO-JIyYeBOW MW HMOHHO-TUIA3MEHHOH OOpaOOTKH IMO3BOJHUT OCYHIECTBHTH
HU3KOOIO/DKETHYIO MOJCPHH3AIMI0 CTaHAAPTHONW BaKyyMHO-IUIA3MCHHOW YCTa-
HOBKH «BysaT» B COOTBETCTBHUHU C KPUTEPHUSIMH POTPECCUBHOCTH.

OcHoBHbIE (pu3MUecKUe U MeTALIO-(PU3NUecKue XapaKTePpUCTUKHU IIa3-
MEHHBIX c10c000B MoguuKanun GU3NKO-MeXaHHYECKUX CBOWCTB IMOBEPXHO-
ctu. Kak ObuIO ompemeneHo BEINIE, MPEIBAPUTENHHON Oomneparueil MoqupuKaum
(hM3UKO-MEXaHUIECKUX CBOMCTB 00padaThIBa€MBIX MOBEPXHOCTEH JOIDKHO OBITh
ycTpaHeHHe (PaKTOPOB TEXHOJIOIMYECKOH HACIEACTBEHHOCTH NPEALIECTBYIOLICH
MEXaHU4IeCKoi 00paboTku. [l BBITIONHEHUS ATON OmMepalnuy MpearnouTeHHe OT-
JAHO TEXHOJIOTUH HOHHOTO TPABJICHUS JE(EKTHOTO MOBEPXHOCTHOT'O CIIOA.

dusnyeckre BONPOChl HOHHOTO PaclbUICHHUS MOAPOOHO PACCMOTPEHBI B JIUTE-
patype [16 — 20]. MoHHO-1y4eBOe paclbUICHHE MOBEPXHOCTHOIO CIIOSI MeTalia
SHEPreTHYHBIMH Ta30BBIMH MOHAMH IIUPOKO MCIOJIB3YETCs] B IPOU3BOACTBE MOIY-
NPOBOJHHUKOBIX M onTHyeckux mpubopos [21]. Kak coobGmaercst B [22], noHHO-
nydeBas oopadotka (UJIO) obnamaer 3HAYUTENIBHBIM TOTCHIIHAIIOM TIPUMEHEHUS B
MalIMHOCTpoeHuH. VIOHHOE TpaBieHHEe MO3BOJIET CTPABIMBATH MOBEPXHOCTHBIH
ne(eKTHBIH CII0i MeTasia, He MOBPEekKAasi CTPYKTYpy MeTajlia mouioxku. B [23]
cooOmiaercsi, 4To B pe3yjbTaTe Takod oOpabOTKH yiIydlIaeTcsl HIEPOXOBAaTOCTb
MOBEPXHOCTH, MOJTy4YEHHAsl JIE3BUHHON 00padOTKOM MM MpeaBapUTeIbHBIM LUIH-
¢doBaHHEM, a TaKXKe MPOMCXOAMT HEKOTOPOE YJIydlleHHEe (PU3MKO-MEXaHHUECKUX
CBOWCTB NOBEPXHOCTH. B Hacrosiee BpeMsi MOHHO-IyYeBBIE METOABI UIPAIOT
KJIFOYEBYIO POJIb B ONITHYECKO#M TexHOMornu [24, 25].

B nacrosmee BpemMsi HHTEHCHBHO pa3padaThIBAIOTCS TEOPETUYECKHUE OCHOBBI
YIPOYHSIOLIET0 BO3JACHCTBUS IJIa3Mbl, CO3JaHbl TEXHOJIOTHUH, KOTOPbBIE YXKE HC-
HOJIB3YIOTCSL B TIPOU3BOACTBEHHOW TpakTuke [26]. dusmueckue crocoObl oOpa-
OOTKH C LeJIbIO0 MOBBIMICHUS KOHCTPYKIMOHHON MPOYHOCTH M yIyYIIEHHS KOPPO-
3MOHHBIX, TPUOOJOIMYECKUX W YCTAJOCTHBIX XaPAaKTEPUCTHUK KOHTAKTHPYIOMIMX
MOBEPXHOCTEH pa3paboOTaHbl C y4ETOM OCHOBHBIX IMOJIOKEHHH AWCIOKAIIMOHHOM
TEOPUH TUIACTHYECKON nedopmannu [27] u kinaccuyeckoid Teopun u3Hoca [28].

W3 nmpencraBieHuii 3TUX TEOPHH CleIyeT, YTO HU3KWU aOpa3suBHBIA M3HOC U
BBICOKAs yCTAJIOCTHAsI IPOYHOCTh, a TAKXKE CTOMKOCTD K Je(opManiu 1 paspylie-
HUIO CBSI3aHBI C BHICOKOM TBEPIOCTHIO MaTepualia, KOTopasi B CBOIO o4Yepeab sSIBIIs-
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eTcs CTPYKTYpPHO 3aBUCHUMOM XapaKTEpUCTUKOW U CBsA3aHa C YIPYTUMH U IJIacTHU-
YEeCKUMHU CBOMCTBaMHU MaTepuana. J[Jisi OIleHKH CTOMKOCTH Marepualia K yrnpyrom
neopMaiy pa3pylieHus HUCHOJIb3YIOT MHIEKC IUIAaCTHYHOCTH MaTepuaia, pas-
HbII OTHOUICHUIO BEJIMYMHBI MUKpoTBepaoctd H k monymo ynpyroctu E. Jlns
OLIEHKM CONPOTHBJICHUS MaTepHaia IUlacTHYecKol aedopMaluy UCIOIb3YIOT Ia-
pametp H3/E2 [1]. U3 aToro ciemyer, 9TO IS MOBBIIIEHUS TOBEPXHOCTHOHN MPOU-
HOCTH KOHCTPYKLHOHHBII MaTepuai JOJDKEH 00JIafaTh BHICOKOM TBEPAOCTHIO MPH
HU3KOM Mogyine ympyroctu. Kak ompenemneno B [29], Takoe codeTaHHe CBOMCTB
obecrnednBaeTcsi HAHOCTPYKTYPHPOBaHWEM (HAHOKPHCTAJUTM3ANNEH) MeTaia 1o-
BEPXHOCTHOTO CJIOSI.

N3BecTHO, UTO B COOTBETCTBUM C 3aKOHOM XoJuia—IleTda TBepAOCTh MaTepHa-
Jla IUIAaBHO YBEJIMYMBAETCS IPU YMEHBIIEHHHM CPEAHEro pa3Mepa CTPYKTYpPHOTO
JJIeMeHTa MaTepuana (3epHa Win ciost CTpykTypsl). B [30] 6611 ycTanoBieH Qaxr,
YTO MPU YMEHBIIEHNU pa3Mepa 3epHa MeHee 100 HM, I3MEHEHHe TBEPAOCTH yCKO-
pseTca U MepecTaeT NOMUUHATHCSA 3akoHy Xoiua—Ilerua. I[IpuunHON ycKOpeHHs
SIBIISIETCS. CMEHAa MEXaHM3Ma IUIACTHYECKOH aedopMmaluu ¢ AMCIOKALMOHHOIO Ha
3€pHOTPAHUYHBIA. 3€pHOTPAHWYHBIA MEXaHW3M HPOSBISETCA NPU YBEINYECHUH
00BEMHOM 0TI aTOMOB MaTepHajia B MEK3€PEHHBIX I'paHuLax. Tak, Ipu pa3mepe
Kkpuctamrta (3epHa), paBHoM 100 HM, B MEKKPUCTAJUIMTHBIX TPAHUIAX COIEp-
xurcs He Oonee 3% matepuana. [Ipu pasmepe 3epHa 2 HM 3Ta JOJIsI BO3pAcTaeT 10
88 % [31]. Ilpn HAHOCTPYKTYpHUPOBAaHUH CTPOEHHE M IPUPOJA MEKKPUCTAIIIUT-
HBIX TPAHHUL CTAHOBSTCS KIHOUYEBBIM (PAKTOPOM, ONPEACISIONIMM MPOLECC MIacTu-
yeckoil gedpopmaruu. Takum 00pa3oM, HAHOCTPYKTYPUPOBAHUE SIBJISIETCS OTIpeie-
JS0IUM (aKTOPOM yBEIHMUEHHUS KOHCTPYKLIMOHHOM IPOYHOCTH MaTepuaa.

[Tpunsito [3] BBIAETATH YEThIpE MPHHIUIUAAIBHO PA3IHYHBIX CIIOCO0A yIpoy-
HEHUs, KOTOphIe B OOJNBINEH WM MEHBIIEH CTEIIeHH HCIIONB3YIOT 3()(eKT HaHO-
CTPYKTYpPHUPOBaHUS. ITO CYOCTPKTPYKTYPHBIH, TBEPAOPACTBOPHBIN, TOJTUKPUCTAI-
JTUYeCKuii 1 MHOTO(a3HBIN croco0BI ypouHeHus. KpaTko oxapakTepusyem ux.

1. CyOcTpyKTypHOE YOPOYHEHHE HCIONb3YeTCs [UIl YUCTBIX METalIoB.
VYnpouHeHne JOCTUraeTcs NpH CO3JaHUH B KPUCTALUIMUECKON PEIIETKE TOYSUHBIX
nedexToB, obOpasyrommx cyOcTpykTy. Juciokanmuu, CKONB3SIIME 4Yepe3 Hemo-
JBIDKHBIE 3JIEMEHTBI CyOCTPYKTYPBI, HCIIBITBIBAIOT C €€ CTOPOHBI CONPOTUBIICHHE.
1o siBnenue 00yciaoBianBaeT 3Q(PEeKT yIpouHEHHs MeTaa.

2. TBepopacTBOpHOE YNPOYHEHHWE OCHOBAHO HAa BBEACHUM B KPUCTAJUINYE-
CKYIO PEIETKY OCHOBHOI'O METaJlla JIEMEHTOB 3aMELICHHUS I BHEAPCHHS B BUJIE
aTOMOB APYI'MX XUMHYECKHX 3JI€MEHTOB. VICKakKeHUs] KpUCTAJUTMUYECKOW PELIeTKN
OCHOBHOT'0 MeTajljla IPOUCXOAAT BCIEACTBUE PAa3JIUHOrO pa3Mepa aTOMOB OCHOB-
HOTO METajula U BHEAPEHHOTrO 3yeMeHTa. VcKakeHHus peleTKd TBEPIBIX pacTBO-
POB 3aMEJISIIOT JBMKEHHE TPAHMI] 3€PEH M TEM CaMbIM MPEMATCTBYIOT UX POCTY.
Takum myTem yzaaeTrcsi 3HAYMTEJIBHO MOBBICUTH MPOYHOCTD U JIpyrue (Qpu3nyecKue
XapaKTepUCTUKU MeTaa.

3. lonukpucTammnueckoe ynpouHeHHe. boNbIIMHCTBO HCIOIB3YEMBIX METaJ-
JIOB SIBIISIIOTCSI TONMKpHUcTamaaMyd. Hanuuue rpaHui 3epeH siBisieTcs (QakTopom
YIPOYHEHUsI TONUKpHUCTaIa. s orpaHudeHnst pocTa pa3MepoB 3epeH UX rpaHu-
LBl 3aKPETUISIOT MaJOPaCTBOPUMBIMU YaCTHIIAMH BTOPHIX (a3. OHM MPensTCTBYIOT
JBIDKEHUIO TPAaHUII U TEM CaMbIM 3aMeIUISIIOT CKOPOCTh POCTa 3€PEH W IMpPersT-
CTBYIOT MHUTpauuu Jauciiokanuid. DQPQPEeKTHUBHOCTh 3aKPEIUICHUs] TPaHUI 3EpeH
oTpeneIIsieTCs pa3MepOM YacTul 1 00bEMHON JI0JIel YacTull BTOpoil gassl. B yib-
TPaMEJIKO3EPHUCTHIX (HAHOCTPYKTYPHUPOBAHHBIX) MaTepualiaX U MOKPBITUAX 00b-

106



€M MaTepuajia TPaHHIbl CTPEMHUTCS K BETMYMHE, paBHOW 00BheMy 3epHa. B meran-
JaxX, YIPOYHEHHBIX TaKUM CIIOCOOOM, TPOSIBISIETCS MEXaHW3M TaK Ha3bIBA€MOTO
3epHOTPAHUYHOTO YIIPOYHEHHUSL.

4. Muoroda3Hoe ynpodHEHHE 3aKI0YaeTca B 00pa30BaHUN MENKHUX BBIIEIe-
HUW JOTIOTHUTEIHHONH MEIKOAMCIIEPCHOM a3kl B MaTpHUIlE OCHOBHOTO MeETalIa.
OTH BBIAECTIEHUS] MOTYT MMETh KPHUCTAINIMYECKYIO PEIIeTKYy OCHOBHOTO MeTallia
WM WHYIO. BBIIeTeHns CO3/Ial0T IO HANPSDKEHUH, HETPOXOIUMBIE ISl THUCIIO-
Kalliid W 3HAYMTENIbHO MOBBIMIAIOIINE MPOYHOCTh MeTama. B orimume ot cy6-
CTPYKTYPHOTO, TBEPIOPACTBOPHOTO W MOIUKPUCTAIUITMYECKOTO YIPOYHEHUS, MHO-
rodasHoe yIpoyHeHHE CYIIECTBEHHO CHIDKAET IIACTHYHOCTH METaJlIa.

Yupounsromuit 3¢ (HeKT HaHOCTPYKTYPHUPOBAHHS CTPYKTYPHI METallIa SBISIET-
Csl YaCTHBIM CITy4aeM MOJUKPUCTAIUIMYECKOTO YIIPOYHEeHHsI. HaHOKprCcTai3aris
— W3MeNbYeHne 3EPEHHON CTPYKTYPHI, MEPCIEKTHBHA KaK UIi 00BEMHOTO, TaK U
JUTSI TIOBEPXHOCTHOTO YIIPOYHEHHUSL.

@u3uveckre MPOIECCH, NPUBOMANINE K MOAM(PHUKAINE MOBEPXHOCTHBIX
CBOKMCTB MeTaslia, IPOUCXOIAT B CIEAYIOIICH mocieaoBarenbHoCTh [32]: BO3CH-
CTBUE Ha TIOBEPXHOCTh — BO3HUKHOBEHHE HAIPSDKEHUH B MOBEPXHOCTHOM CJIOE —
o0pa3oBaHMe 30H KOHIIEHTPAIMW HAMPSHKEHUH — BOZHUKHOBEHHE ITOBEPXHOCTHBIX
MUKpoiehopMaIuii — paauanuoOHHO-CTUMYIMPOBaHHas AU(Py3HUsl UMILTAHTHPYE-
MBIX aTOMOB — CTPYKTYPHBIE H3MEHEHHUS B TIOBEPXHOCTHOM CIIOE.

TexHONMOTMYECKHE TMPOLECCHI, HCIIONB3YIONINEe HAHOCTPYKTYPHUPOBAaHHE Kak
crocod MoauUKaIMU MOBEPXHOCTHBIX (PU3NKO-MEXaHHMUECKUX CBOWCTB, Pa3iH-
YaIOTCs Pa3IUIHBIMH CITIOCOOAMH aKTHBAIIUH MPOIIECCa HAHOCTPYKTYPHUPOBAHHMS.

B mpoMbIIIIeHHOCTH pacpocTpaHeH crnocod aKTUBAIMH HAHOCTPYKTYPHUPO-
BaHHUS BHEITHUM CHJIOBHIM BO3JEHCTBHEM. DTOT CIOCOO aKTHUBAIIUM WCIIOIB3YIOT
TEXHOJIOTHH WHTEHCWBHON MOBEPXHOCTHOW AeQopMarnvu B pe3ylbTaTe (PUKIIH-
OHHOH 00pabOTKH, yIapHOTO HAaKJIelNa, MPOKATKH, aIMa3HOTO BHITJI&KUBAHUS U JIP.
[Ipu cumoBOM BO3IEHCTBHM B CIIOSIX METalljia, OPHEHTUPOBAHHBIX BIOIH MTOBEPX-
HOCTH, MPOUCXOAWT TIIOBBIIEHHE ITUIOTHOCTH CTPYKTYpHBIX aedextoB. Cion
VIUIOTHEHUSI XapaKTEPU3YIOTCS HAHOpa3MepaMu U SBISAIOTCS 3((OEKTHBHBIM TIpe-
MISATCTBUEM TS Ipetidha qucioKamii.

[Ipomecc ¢pu3nveckoll aKTHUBAIIMH HAHOCTPYKTYPUPOBAHUS ITOTOKOM DHEpTe-
TUYHBIX HOHOB ONPEJENIeTCs KaK HHU3KOIHEPreTHYecKas WMILIAHTAIsT HMOHOB
WHEPTHOTO WJIM XUMHYECKH aKTHBHOTO ra3a. B pesymbrare 3TOr0 mpormecca Ha 1o-
BEPXHOCTH MeTasia (OPMHUPYIOTCS TPAJAUEHTHBIC CTPYKTYPhI, HEIIPOXOIUMBIE IS
MUTPAIIK TUCIOKAIMH M CIIOCOOCTBYIOIIME yHpodHeHHUIo. PazpaboTanbl u mpu-
MEHSIOTCSI CITOCOOBI aKTHBAIMM HAHOCTPYKTYPHPOBAHUS BHEITHUM (HU3NYECKUM
Bo3aeiicTBreM. B [32] Ob110 moKa3zaHo, uTo (U3MUYECKas aKTHBAIMSA HAHOKPUCTAI-
JU3AI[UA MOHHO-IIyYEBbIM BO3JIEHCTBHEM JHEPreTUYHHIMH WOHAMH a30Ta IPHUBO-
JUT K 00pa30BaHUIO B MOBEPXHOCTHOM CJIO€ METajllla BHYTPEHHUX HAIPSHKEHHIA,
JIOCTATOYHBIX YISl TOTO, 4TOOBI WHTeHCcH(HUIMpoBaTh MU Yy3HOHHBIE TPOIECCHI,
MPHUBOAIINE K U3MEHEHHIO CTPYKTypHO-(hazoBoro cocrostausa. OOiydeHne noHa-
MU XUMHYECKH aKTHUBHBIX T'a30B BBI3BIBACT TUCCOIMAIIMI0 MOJIKYJ HPU B3aHUMO-
JICHCTBUH C aTOMaMH MHUIICHH W MX BHEAPEHHE B TBEPIOE TEIO B XUMHUYECKU aK-
TUBHOM COCTOSIHMH. DTO MOXET MPUBOJIUTH K YCKOPEHHUIO XUMHUYECKUX PEaKIuit
HAa HECKOJILKO TMOPSIKOB MO CPAaBHEHHIO C TEPMUYECKH aKTHBHPYEMBIMH IMPOIIEC-
camu. DTa 3aBUCUMOCTb U HUCIOJB3YETCS P MOHHO-TYYEBOM a30TUpoBaHuu. [Ipu
WCIIOJb30BaHUKM XUMHUYECKA aKTUBHOTO Tra3a, KpoMe CTPYKTYPHBIX M3MEHEHUH B
MaTepuaie MOBEPXHOCTH, MMPOUCXOIUT M3MEHEHHE XUMHUYECKOTO COCTaBa IPUIIO-
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BEPXHOCTHOTO CJIOS, 00pa3yloTcs XMMHYECKHE COCIUHEHHMs, yCHIHMBaromue 3¢-
¢dexT Moan(pUKaKY IOBEPXHOCTHBIX CBOMCTB. JTa TEXHOJIOTHUS M103BOJISET IOTY-
4aTh HAa [IOBEPXHOCTH MeTajlyla MOJU(PULIMPOBAHHBIE CJIOU U3 OKCUIOB, HUTPHUJIOB,
KapOUIOB IpH CYILIECTBEHHO O0Jiee HU3KUX TeMIepaTypax, 4eM TeMIlepaTypa, He-
obxoxumast Ui IOIy49eHHsI STUX COCIUHEHUH TEPMOXUMUIECKUMHU METOJaMH.

B pa6ote [33] nporecc HU3KOIHEPTeTUUHOH UMILTAHTALUH MTPEICTABISETCS C
MTO3UIUK TIpeo0Iafanms MPOIECCOB SACPHOTO B3amMmojehcTBus. Ilamarommumii Ha
[IOBEPXHOCTh AHEPreTHYHBII MOH B3aUMOICHUCTBYET C aTOMaMU IOBEPXHOCTH U
nepeaaeT UM 4acTh cBoel sHepruu. IIpu 3ToM xapakrep U MHTEHCUBHOCTH (pU3HU-
YECKHUX NPOLECCOB 3aBUCUT OT YHEPTUU Mafarolux HOHOB. Ilpu noctmwkeHun Be-
JIMYUHBI TIepeaHHOM SHepruu 0oJbllle HEKOTOPOIO IIOPOrOBOI0 3HAYEHUS B IIPH-
[IOBEPXHOCTHOM CJIO€ TBEPIOTO Tena o0pa3yloTCsl paAnalloHHble Ne(eKThl, CTU-
MYJUPYIOIIHE TMPOLECC PaAHalOHHO-CTUMYITUpOBaHHONW auddy3un. DHeprus
akTuBauuu nud¢y3un paBHA €AMHHUIAM 3JIEKTPOH-BOJBT. DHEPrUs XUMHUYECKOU
CBSI3M cocTaBisieT BennduuHy mopsaka 10 3B. MoHsI ¢ Takoil SHEpTHel MOTyT BIIH-
ATh Ha XMMHYECKHE DPEaKLUUH Ha IOBEPXHOCTH TBephoro tena. Ilpu sHeprum
6oxpire 20 5B, MOHBI MOTYT co3/aBaTh TodedHble nedekThl. [Ipu sHeprum Goree
100 »B HaunHaeTcst MPOHUKHOBEHNE HOHOB B 00BEM MaTepHaa.

[IpuanMast Bo BHEUMaHue 3(PPEKTUBHOCTH a30THPOBAHUS IS MOTUPUKAITUU
(U3UKO-MEXaHMYECKHX CBOWCTB MOBEPXHOCTH, PACCMOTPUM OCOOEHHOCTH COBpE-
MEHHBIX IJIA3MEHHBIX TEXHOJIOTUI a30THPOBAaHUS TOApOOHEe.

Oco0eHHOCTH COBPEMEHHBIX IUIa3MEHHbIX TEXHOJIOTHIl a30THpoBaHus. B
HACTOsIIEe BPEMs MPOIECC A30TUPOBAHMS €Ie He MOIYyYHII JOCTaTOYHOTO Teope-
THYECKOTO 00OCHOBaHMA. TeopHs M TNpaKkTHKa a30THPOBAHUS pa3BHBAIOTCA B
HAIpaBJICHNH YCTPAHEHUS OCHOBHBIX HEIOCTAaTKOB Ta30BOH MU(QY3HOHHON TeX-
HOJIOTHH, KOTOpBIE 3aKJIFOYAIOTCS B BBICOKOM TEXHOJOTHMYECKOH TemIepaType |
JUTUTEILHOCTH Tporiecca azotupoBanus [34, 35]. Mcmnons3oBaHue B KA4eCTBE TEX-
HOJIOTUYECKON Cpebl IUIasMbl MO3BOJSIET CYIIECTBEHHO CHHM3HUTH TEXHOJOTHYE-
CKYIO TeMITepaTypy u Bpems 00paboTku. Tak, TEXHOIOTHs a30THPOBAHUS B TIICIO-
IIeM pa3psje yKe Halllla CBOIO HUIITY B MPOMBIIUICHHOM ITPOM3BOJICTBE. B HacTo-
A11ee BpeMsi MHTEHCUBHO UCCIIEAYIOTCS TEXHOJIOTHYECKHAE BO3MOKHOCTH a30THUPO-
BaHWsI B [UIa3Me Pa3ps/ioB PA3IMYHbIX TUIIOB: B BHICOKOYACTOTHOM paspse [36], B
JBOIHOM BakyymHO-xyroBoM paspsiae (JIBJIP) [37, 38], B paspsize ¢ mosibiM Kato-
nom [39].

B pa6ote [39] npezcTaBien 0630p 0COOEHHOCTEN pa3IUYHBIX CITOCOOOB a30-
THUPOBAHMS B TUIA3ME Pa3psA0B PA3IMYHBIX TUIIOB. Y TBEPKAACTCS, YTO JUIS YBEIH-
YeHHs IPOM3BOIUTEIBHOCTH OOpabOTKH, ITyTeM YBEIHYECHHUS 00beMa 3arpys3KH
oOpabaTbIBaeMbIX JieTalei, HAWIy4YIINM BapHaHTOM a30THPOBAHUS SBIsiETCS 00-
paboTKa B IIa3Me HECAaMOCTOSATEILHOTO pa3psisia C MoibM KatoaoM. C 9TUM Tpya-
HO TIOCTIOpHTh. B 3T0it ke pabore aBTOp (GOpMyIHpyeT BBHICOKHE TPEOOBaHHMS K
BaKyyMHBIM YCJOBHSM B OIEPAalMOHHOW Kamepe. HampammBaeTrcs BBIBOJ, YTO
HEOOXOIMMOCTb CTPOTOTO COOJIOAEHHUS] BaKyyMHBIX YCIIOBHH B NPOHM3BOACTBEH-
HBIX YCJIOBHUSIX HE ONPABIBIBACTCS MOJyYEHHBIMU NMPEUMYIECTBAMH IJIA3MEHHOTO
croco0a a30THUPOBAHUSA C TOJIBIM KaTOJIOM.

OueBUAHO, YTO HEBO3MOXKHO CO3/IaTh YHUBEPCAIbHYIO TEXHOJOTHIO U TEXHO-
JIOTHYECKYIO0 YCTaHOBKY. B IpakTuke yaiie NpUXOIUTCS adanTHPOBATh TEXHOJO-
THIO ¥ TEXHOJIOTHYECKOE 000pynoBaHue i 00pabOTKH OIpeeseHHOTO TUIIa Jie-
Taneu.
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Ha mamr B3z, muist pemieHuns 3aqad Hamed paboThl IpenMyIecTBOM o0Iaa-
€T TEXHOJIOTHS MOHHO-IY4E€BOTO a30TUPOBAHUS, ONpeensieMasi Kak BBICOKOMHTEH-
CHBHAsI HU3KOIHEpreTHIecKass HoHHast uMmitanTanus azora [40]. oHHO-1yueBbIe
crocoObl Bo3aeicTBus [41] Ha 06pabaThIBAEMyIO MOBEPXHOCTH, KPOME Pa3MEpHOit
00paboTKH, CIIOCOOHBI MPOU3BOANTH 3HAYUTEIHHBIN MOAHUPUIHMPYOMU dhdexT
Ha TOBEPXHOCTHBIE (DH3MKO-MEXaHWIECKHE CBOICTBA METAILIMYECKOM MTOBEPXHO-
ctu. [IpenMytecTBOM 3TOH TEXHOJOTHH, IO CPaBHEHHUIO C YHCTO TUIa3MEHHBIMHU
TEXHOJIOTHSIMH a30THPOBAHMUS, SBISETCS JIOKAIBHBIN XapakTtep o0padotku. Jlo-
KaJITbHOCTh TTO3BOJISIET MTOBBICUTH YHEPTeTHYECKHE XaPAKTEPUCTUKH TEXHOJIOTHYE-
CKOTO TIPOIIecca W YIPOCTUTHh TPEOOBaHHUA K BaKyyMHBIM YCIIOBUSIM B OTIEpAIlHOH-
HOM oObeme. OTHAKO IIEHOW CHIDKEHHS TPeOOBaHUI K COOIIONEHUIO BaKyyMHOMN
TUTHCHBI SIBUJIOCH CHIDKCHHE TIPON3BOIUTEILHOCTH 00padboTku. [1omo0HEIH BEIOOD
MOXXET OBITh ONpaBIaH MPH 0O0pabOTKE OTBETCTBEHHBIX TaOApHUTHBIX OeTajcit m
MPU HU3KOM CEpUMHOCTU MPOU3BOJICTBRA.

BbicokOMHTeHCMBHAasi HU3KO3HepreTuyeckass UMILUIaHTauMsa a3ora. B pa-
6otax [42, 43] uccienoBaHa BO3MOXXHOCTh HOHHO-TYYEBOIO a30THPOBAHUS MTOTO-
KOM MOHOB XMMUYECKH aKTHUBHOTO rasza a3ora ¢ sHeprusiMu ot 0,5 k3B no 3 k3B
TIPU BEJMYHMHE IIOTHOCTH HOHHOTO ToKa oT 1 MA/cM? 1o 10 MA/cm?. TlonyueHHbIE
pe3ynbTaThl NEPCIEKTUBHBI AJISl MPOMBILIUICHHOTO NMpUMeHeHHs. MoHHO-Ty4eBoe
a30TUPOBAHME XapaKTEepHU3yeTcs Oosiee BHICOKUM YPOBHEM SHEPrUil HOHOB AKTHB-
HOT'O Ta3a a30Ta. JTa 0COOCHHOCTh TEXHOJIOTUH IO3BOJISIET a30THPOBATh CILIABBI,
HE MO/IAI0LINECs a30TUPOBAHUIO C HUCIOIb30BaHUEM IU(PPY3MOHHON TEXHOIOTHUHU
HU3KOHEPr€TUYHBIX MJIa3MEHHBIX IIPOLIECCOB.

Pacimmpenue TeXHOIOTHUECKUX BO3MOXKHOCTEH crioco0a 00ycIOBIEHO HOHHO-
CTUMYJIMPOBAHHBIM XapakTepoM An(p(y3un SHEPTeTHUECKUX HOHOB a30Ta. MloHHO-
CTUMYJIMpOBaHHas ITuddy3ns MO3BOISET MPOU3BOAUTE a30TUPOBAHUE TIPH TEMIIE-
paTypax HIXe TeMIepaTypsl (pa3oBoro mepexoja MeTaula OCHOBBEL. B mpomecce
IUIa3MEHHOT0 a30THPOBAHUS B TOHKOM IIOBEPXHOCTHOM CJIO€ METaJlIa IPOUCXOJUT
oOpa3zoBanue HUTPUIOB. [10ATIOBEpXHOCTHBIN CION MeTajlla NpeAcTaBiIsieT coOoi
CJIOM BHYTpEHHero a3otupoBaHus. CTPyKTypa MOJIOBEPXHOCTHOT'O CJIOSI METalia
u3Menpyaercs (BIUIOTh 10 aMOP(HOIrO COCTOSHHS) B pe3ysbTare 00pa3oBaHMS
TBEPJOr0 PacTBOpa BHEAPEHHUSI aTOMOB a30Ta. KoHLeHTpauus a3oTta B CJio€ BHYT-
PEHHET0 a30THPOBaHMA MMEET TPalMeHTHBIN XapakTep. B 3aBucUMOCTH OT Temiie-
patypsl Impolecca TOJIIMHA CJIOS BHYTPEHHErO a30THPOBAHMS CHAJaeT Ha TOJI-
HIMHE 10 CTa MUKPOMETpoB. [Ipy a30TUpOBaHNN HEKOTOPHIX CIUIABOB (HAmpHUMED,
BBICOKOIIPOYHOIO THTAaHOBOI'O CILIaBa) IMOBEPXHOCTHBIM CIIOM HUTpUAA TUTaHa
MOYKET IPEeISITCTBOBATh BHYTPEHHEMY a30THPOBAHUIO, SIBIISISICH OApPbEPHBIM CIIOEM.
i mpeojoeHns 3TOro NPEIsITCTBUS, IPU HCIIOIB30BAHUN CMECH a30Ta M aproHa,
SHEPreTHYecKre MOHBI aproHa MOTYT B PEaJbHOM MacliTabe BPeMEHH IPOH3BO-
IUTh 3QPEKTUBHOE HOHHOE TpaBlieHHE OAPHEPHOT0 IO HUTPHUJA TUTAHA.

[IpakTuueckuii UHTEpEC MPEACTABISIET TO, YTO B pe3yJjbTaTe MMILIAHTALUN
aTOMOB a30Ta (POPMHUPYETCsl BHYTPEHHUI MOIN(UIIMPOBAHHBIH CIOH, CBA3aHHBIHN C
KPUCTAITIMYECKONH PEIIeTKOH KOHCTPYKUMOHHOTO Mertaiia. OOpa3oBaHHe HOBOM
(amopdHOM) CTPYKTYphl OKa3bIBaeT MOJOKUTEIBHOE BIHMSHHE Ha (HH3HKO-
MEXaHUYECKUE CBOMCTBA KOHCTPYKIMOHHOTO MeTramna. Ilpy MOHHOW MMIIaHTa-
UM, B 3aBUCHUMOCTH OT (proeHca HMOHOB (MHTETpajibHOM IJIOTHOCTH MOTOKa
MOHOB), BO3MOKHO 00pa3oBaHME, B MOBEPXHOCTHBIX CIJIOSX, MEPECHINICHHBIX (Me-
TacTaOMIIBHBIX) TBEPABIX PACTBOPOB M BBIACICHHE HOBHIX (a3, YTO CYIIECTBEHHO
yiy4maeT (U3N4YecKue 1 MEXaHMYECKHE XapaKTePUCTUKU IIOBEPXHOCTH METalIa.
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PaccMoTpeB OCHOBHBIE CITOCOOBI YIYUIIEHHS KOHCTPYKIIMOHHOW MPOYHOCTH
MeTaJuTa MPUMEHUTEIHHO K TOTPEOHOCTIM Hameld paboThl, OBUIO MTOATBEPIKICHO,
91O Hanboee MEePCIEKTUBHBIMU TSI POPMHUPOBAHUS KOMOMHUPOBAHHON TEXHOJIO-
THH ¥ CO3/IaHUS TEXHOJIOTHYECKON YCTAHOBKH SIBISIFOTCSI HOHHO-Ty4eBast 00paboT-
ka (1JIO) 1 MOHHO-TIIa3MEHHAsT TEXHOJIOTUS HAHECEHHsI TOKPBITHIA (IT0 TIPUHATOMN
MekayHapoaHo# kinaccudukamuu — PVD Physical Vapor Deposition). Kom6Ouna-
1usl (COBMECTHOE WCIOJB30BaHME) ATHX ABYX TEXHOJOTHH MOXKET CYIIECTBEHHO
JOTIOJTHUTh W PACIIUPHUTh BO3MOYKHOCTH MOIU(PUKAIN (YHKIIMOHAIBHBIX U JKC-
IITyaTallMOHHBIX CBOMCTB 00padaThIBAEMBIX TIOBEPXHOCTEH.

PaccMoTpum moapoOHee OCOOEHHOCTH MPAKTUYECKOW peanu3alid HOHHO-
IJIa3MEHHON TEXHOJIOTHH HaHECEHUS MOKPHITHH KaK OJHOTO W3 Hamboliee YHUBEP-
CaJIBHBIX CITOCOOOB TIOBEPXHOCTHON 00pabOTKH.

Oco0eHHOCTH HOHHO-TJIA3MEHHOH TEeXHOJOTHH HAHeCeHUs MOKPBITHIA.
Bonpmoif mpakTHYeCKW HWHTEpeC I MOAUGUKAINK ITOBEPXHOCTHBIX CBOHCTB
W3JENUi U3 METaJUIOB M HEMETAJJIOB IPEACTaBIAEeT HOHHO-IUIa3MEHHAsl TEXHOJIO-
I'vsl HAHECEHUSI HAHOCTPYKTYPUPOBaHHBIX MOKphITUil. [Ipn pemennu 3agay HacTo-
e paboThl HAHECEHUE BBICOKOTBEPAOTO aHTU(PPUKLIHUOHHOTO MOKPHITUS MOKET
MOTPeOOBaTHCS TOTIOTHATENBHO K HAHOCTYKTYPUPYIOMIEH MOIUPUKAIIUN pabodnx
MIOBEPXHOCTEH.

ITpy ncnonb30BaHUM MOKPHITUI HPOUCXOANUT U3MEHEHUE T€OMETPUH H3EIHS.
VYnpouHeHue AOCTUraeTcsi HAHECEHUEM Ha MOBEPXHOCTD JETaJM CJIOS YyKEepOJHO-
ro Marepuajia ¢ He0OOXOAUMBIMU (PU3MKO-MEXaHMUECKUMHU cBoiicTBamu. Cremyet
YUUTBIBaTh, YTO NPH HAHECEHUH MOKPBITHS HEM30€)KHO BO3HHUKAET mpobiema or-
TUMH3alMU CBOMCTB HMHTepdeiica MexX1y HMOBEPXHOCTBIO M3AEIHA U IOKPHITHEM.
Heo6xonumo obecneunTs aAre3MOHHYIO MPOYHOCTH MOKPBHITUSI HA YPOBHE, CpPaB-
HUMOM C KOT€3MOHHOW IMPOYHOCTHIO TMOATI0XKKH.

IIpu nccnenoBaHUKM MOHHO-IUIA3MEHHOTO CIOCO0a HAHECEHWH TOHKOIICHUY-
HBIX MOKPBITHH OBLIO YCTaHOBJIEHO [44], 4TO NpH CHIIBHO HEPABHOBECHOM IIPOIIEC-
ce KOHACHCAIMH U3 BBICOKOIPHEPTETHUECKMX HMOHHO-TIA3MEHHBIX IOTOKOB JaXKe
OTHOCHUTEJILHO HEOOJIbIIOE BHEIIHEE BO3JEHCTBUE MPUBOIUT K BeCbMa 3HAUYUTEIb-
HBIM 3(QQeKTaM B W3MEHEHUH CTPYKTYPHO-()a30BOrO COCTOSHHS MOKphITUS. Mc-
MOJIb30BaHUE TAaKUX BO3JEHCTBUH SBISIETCS OCHOBOM AJISI CO3AHHS HMOKPBITHH C
YHHUKaJIbHBIMHA CBOWCTBaMH.

Musil ¢ corpyanukamu B cBoux paborax [45] mokasai, 9To OJHUM U3 HaubO-
nee 3 PeKTUBHBIX MyTel M3MEHEeHHs (PU3MKO-MEXaHUUECKUX CBOMCTB MOKPBHITUI
SIBJISIETCS. HAHECCHUE MTOKPBITUS B YCIOBHSIX OOMOAapANPOBKU MOBEPXHOCTH PACTy-
LIEr0 KOHJEHCAaTa PHEpreTHYecKMMH HOoHaMu. MoHHas OGoMOapanpoBka (MOHHOE
accuctupoBanue) [38] MOXKET BBIMONHSITCS HOHAMH PaboYero raza MarHETPOHHOT'O
paspsana imbo, uro Oonee 3pPeKTHBHO, IHEPTETUUHBIMI HOHAMH MaTepuaia Io-
KpbiTUsl. MoHHas GoMOapAnpoBKa MPUBOIUT K YMEHBIIECHUIO Pa3MEepOB KpUCTal-
JIUTOB, YIUIOTHEHUIO MX TpaHul, (HOPMHUPOBAHUIO TOUYEUHBIX PAJAUALMOHHBIX JIe-
(eKTOB, MOSBICHUIO CXKMMAIOIIMX HANPSHKEHUH M T€M CaMbIM U3MEHSIET CTPYKTY-
py u cBoiicTBa mokpbIThs. MoHHast 6omMOapaupoBKa MO3BOJISIET YIPABIATh MeXa-
HU3MOM pOCTa KOHICHCHUPYEMOTO MOKPBITHS MPHU MOMOIIM SHEPTUH, MOCTaBIIsie-
MOW B KOHJEHCAaT MOHaMu accucTupoBaHus. KuHermueckas sHeprus 6omOapiau-
PYIOLIMX MOHOB INPEBpAILACTCA B TEIUIOBYIO B OUY€Hb MAJIBIX 00BEMAax, KOTOPHIE
3aTeM OXJIAXAAIOTCS ¢ KpaiHe BBHICOKHUMH CKOPOCTAMH. D(PQEKT MOHHOIO accu-
CTHPOBAHMS 10 YIPABJICHHUIO MapaMeTpaMH CTPYKTYPHI AoCTUTaeTcs mpu ooMoOap-
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JIPOBKE KOHJIEHCAaTa MOHaMU C 3Heprueil 6onee 100 5B npu 3HaAYEHHSIX TIIOTHO-
CTH TOKa acCUCTHpOBaHus 6onee 1 MA/cm? .

Perynupyst sHepruro u IIOTHOCTh IOTOKAa OOMOApIUPYIOIUX HOHOB, MOYKHO
PeryaupoBaTh pa3Mepbl U OPUEHTALMIO 3EpeH, GOPMUPOBAHHE TOUCUHBIX paaua-
LIMOHHBIX 1e(EKTOB, MOSBICHUE CKUMAIOIIUX HANPSDKCHUH M TEM CaMbIM H3Me-
HSThb CTPYKTYpPY U CBOMCTBA IOKPBITHS U, KaK CIEICTBUE, YIPABIAThH MUKPOTBEP-
JOCTBIO, INIOTHOCTBIO, CTEXMOMETPUEH U OCTATOYHBIMU HAPSDKEHUAMH B ITOKPBITH-
fAX.

B [46] yrounsercs, 4TO pa3Mep dJIeMEHTa CTPYKTYpPbI SIBISICTCS KITFOUCBBIM
¢akTropoM ynpouHeHus. COCTOSHME MOBEPXHOCTEH pasfesia MEXIy JIEeMEHTaMU
CTPYKTYPHI SABIISETCS OU€Hb BaXKHBIM, HO HE Bceraa onpeaessiomum dhaxkropom. Ha
pasMepsl KPUCTAJUIMTOB BIMSIOT HE TOJIBKO JHEPrUsl MOHOB aCCUCTHPOBAHHS U
TeMIepaTypa MoUIOKKH, HO U LEeJbIi psin apyrux ¢aktopos. [Tostomy B Kaxmom
KOHKPETHOM ciIy4ae TpeOyeTcsl ONTUMHU3ALMS IPOLECcca OCAKACHUSL.

OCHOBHBIMH TEXHOJIOTUYECKUMH I1apaMeTpaMH IpoLecca KOHICHCALMU IO-
KPBITHS SIBJSIFOTCS TOK pa3psiia MarHeTPOHaA, 3aBUCAIIMN OT HANpsDKEHUs pas3psiaa
U JaBJICHMA MJIa3MO00Pa3yIOIIEro ras3a, a TakKe HalpspKeHHE CMEIIECHUs TOAJIOXK-
KA. OTU TapaMeTphl B CBOIO OUYepedb OINPEHeISIOT IUIOTHOCTh MOHHOTO TOKa Ha
MOJUIOKKY U TeMIepaTypy HOUI0KKU. Kak ObUIO ycTaHOBIIEHO, KaKIOH KOHKPET-
HOH KOMOMHAIIMM 3TUX I[apaMeTPOB COOTBETCTBYET TOJBKO OJHA IUCKPETHAs
CTPYKTypa MOKpbITHA. [103TOMy HEBO3MOKHO, M3MEHSSI OAMH MapaMeTp mpolecca
B 3TOM KOMOMHAIINU, H3MEHSTh CTPYKTYPY OCaKIeHHOU TuieHkd. Kpome Toro, ot-
MeyaeTcs, YTO SHEPIuu, AOCTABICHHBIE PACTyILEH IUIEHKE OOBIYHBIM TEpMHUYe-
CKHM HarpeBaHHeM W OOMOapIupOBKON YaCTUIAMH, HE SBISIOTCS (PH3MYECKH HK-
BUBAJICHTHBIMH.

Takum 00pa3oM, OCHOBHBIMHU 3afjadyaMH Pa3paOOTKH TEXHOJIOTUH OCAKICHHUS
HaHOCTPYKTYPHPOBAaHHBIX IMOKPBITHH SIBJISIFOTCSA BBIOOpP afe€KBaTHOrO criocola u3-
MEJIYCHHUS 3€PEHHON CTPYKTYPBl M €€ BPEMEHHAs M TeMIepaTypHas cTaOmin3a-
. B mpakTHueckoM IUTaHe BaKHEHIIMM acleKTOM 00ecHeueHHs TEXHOJOTHH
ABJISIETCSl CO3/1aHUE TUIA3MEHHBIX TEXHOJOTHYECKUX YCTPONCTB, 00€CIeUNBAIOIINX
BBITIOJIHEHHE TJIABHBIX TEXHOJIOTHYECKUX YCIOBHH OCaXKICHHUS MOKPBITUI C 3a7aH-
HBIMH CBOMCTBaMH.

CriocoOBlI moiryyeHHs MOKPHITUI pa3HOOOpa3Hbl, HO BCE OHM OCHOBAHbBI Ha IIe-
peHoce aTOMOB MaTepualia B aTOMapHOM HIIM 3apsKEHHOM COCTOSIHUM OT MCTOY-
HHUKa MaTepualla IOKPBITHS Ha MIOBEPXHOCTh KOHJCHCAlMK. B KauecTBe HCTOYHHKA
MaTepHuaja MOKPBITHS ([IapOB MeTajla MOKPBITHS) ONTHMAJIBHO HCIHOJIb30BAHHUE
MarHeTPOHHOU TEXHOJIOTHH. biiaromapst oTHOCHUTENBHON MPOCTOTE MOJIyYeHUS UH-
TEHCHBHBIX TIOTOKOB MaTepuayia MOKPBITHS B aTOMHOM COCTOSHUM [47], mMarHe-
TPOHHAsT TEXHOJOIHWsS HMEET NPEeUMYILECTBa Iepes APYTMMH BHIAMH HOHHO-
IUTa3MEHHBIX TEXHOJIOTWH. ATOMHBIN XapakTep YacTHLl MaTepuaia MOKPHITHSA, CO-
3/1aBa€MbIX MarHeTPOHHOM PacHbUINTENLHON CHUCTEMOH, CYIIECTBEHHO YIPOIIAET
NOJy4YeHHEe HAHOCTPYKTYPUPOBAHHBIX MOKPBITHH C Hamepes 3aJaHHbIMH (yHKIHU-
OHaJIbHBIMU CBOHCTBaMHU.

CoBpemennsie MPC HecOanancupoBanHoro tuna [48, 49] obnamaroT cBOWM-
CTBaMH{ T'€HEpaIlH MMOTOKOB YHEPTEeTHYHBIX Ia30BbIX MOHOB, YTO PACHIMPSET TEX-
HOJIOTHYECKHE BO3MOXXHOCTH YCTPOMCTBa, MpEeBpalias ero B YHUBEPCAIbHbIH WH-
CTPYMEHT JUIsl KOMOMHHUPOBAaHHOM HOHHO-TUIa3MEHHON — HOHHO-JTy4eBOi 00paboT-
k. MPC HecOanaHCHpOBaHHOTO THIIA TTO3BOJISIET BBIMOJHATH CIEAYIOUINE TEXHO-
JIOTMYECKHE ONEpalyy: HOHHAs OYMCTKA M HarpeB IOJUIOKKH Iepel] HAHECEHUEM
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MTOKPBITHS; HAHECEHHE HAHOCTPYKTYPHPOBAHHOTO MOKPBITHS C MOHHBIM aCCHUCTH-
pOBaHMEM; UMIUTAHTAIIHS C MOHHBIM IIepeMEITUBAaHNEM.

BriBoabI Mo HACTOsIIIEH padoTe U HANPaBJeHHs JaJbHeIIero pa3BUTHs
paoor.

e (OcHOBHOM 3amadeii HaCTOSAIICH PaOOTHI SBISICTCS CO3[IaHNUE TEXHOJIOTHYIEC-
CKOT0 KOMIUIEKCA JUIl YHNPOUYHEHHS KOHTAKTUPYIOIIMX IIOBEPXHOCTEH Heranel
TUIPOLMIMHIPA.

e OmnpezneneHbl TEXHOJIOIMYECKUE MEPEXObl KOMOMHUPOBAHHOW TEXHOJIO-
I'MH yIpOYHEHMs. B ux 4mcie: ycrpaHeHHe TEXHOJIOIMYECKON HACIeICTBEHHOCTH
MIPEeNIIeCTBYIONIE MeXaHWm4ecKor 00pabOTKM MOBEPXHOCTH; MOAUGUKAIUS TI0-
BEPXHOCTHBIX CBOWCTB paboumx IMOBEPXHOCTEH 0e3 M3MEHEHHsI MX TeoMeTpHhye-
CKUX IapaMeTpOB; YJIy4dlleHHEe (U3MKO-MEXaHUYECKUX CBOMCTB pabodnx MOBEpX-
HOCTEH HaHeceHHeM (YHKLIHMOHAIBHOTO OKPBITHSL.

e IIpomsBeneH BeIOOp (hM3HUECKUX CHMOCOOOB YIPOYHEHHS U COOTBETCTBY-
IOIUX BHIOPAHHBIM CITOCOOAM TEXHOJIOTUH W TEXHOJIOTHIECKHX ycTpoicTB. [Ipen-
MOYTEHUE OTJAHO: TEXHOJOI'MU MOHHO-IyYEBOI'O TPABICHUS AE(EKTHOTO CIIOS MO-
BEPXHOCTH; 00pabOTKe padOYMX MOBEPXHOCTEH HU3KOIHEPTETHYHOW BBHICOKOWH-
TEHCHBHOM  HUMIUIAHTalMeld  a30Ta  HMOHHO-JIYYEBBIM  CIIOCOOOM;  HMOHHO-
IUTa3MEHHOMY HaHECEHHIO ()YHKLMOHAIBHOTO OKPBITHSL.

e BrimosHeHn aHanUTHYECKUH 0030p OCHOBHBIX (PU3MYECKHX W METaJIIOo-
(hm3nIecKuX 0COOCHHOCTEW N30PaHHBIX TEXHOIOTUN YITPOYHEHUS.

[Ipu BEIOOpE ONTHMANBHBIX TEXHOJOTHH KOMOMHHPOBAHHOW 00pabOTKH TIO-
BEPXHOCTHOTO CJIOSI MEXaHUYECKUE, XUMHUECKHE U AIIEKTPOPU3NUECKIE TEXHOIO-
MM OBUIM OTBEPTHYTHI KAK HE COOTBETCTBYIOLINE TPEOOBAHUIO BHIIIOJIHEHUS BCETO
KOMIUIEKCa MOBEPXHOCTHOW 00paOOTKH B OJJHOM TEXHOJOTHYECKOM 00beMe, B Ba-
KYyMHOM Kamepe.

B kauecTBe TEXHOJOTHMYECKHUX YCTPOMCTB IJIsl OCYLIECTBICHHS KOMIUIEKCHOMN
00paboTKu pabovrx MOBEPXHOCTEH OMNpeNeNeHbl MPAKTHYECKH OAHOTHITHBIE IO
KOHCTPYKLHUH IUIa3MEHHBIE YCTPOHUCTBA HA OCHOBE pa3psla ¢ 3aMKHYTHIM Jperidom
3JIEKTPOHOB. DTUMH yCTPOMCTBAMH SIBJISIOTCS aBTOHOMHBIA MCTOYHHMK HHEPreTHY-
HBIX MOHOB JUISl OCYIIECTBIICHHSI HOHHO-TY4€BOM 00pabOTKM M MarHeTpOHHAas pac-
MBUIMTENbHAS CUCTEMA JJIs1 HOHHO-TUIA3MEHHOT'O HAHECEHUS! IIOKPBITHH.

IIpeamnonaraercs, YTO NPU OJHOBPEMEHHOM HCIOJIB30BAaHUH B OJAHOM TEXHO-
JIOTMYECKON YCTAHOBKE IUIA3MEHHBIX YCTPOMCTB Ui MOHHO-TY4eBOH Moauduka-
UMM 1 HAaHECEHMs MOKPBITHHA, BO3MOXKHO CYIIECTBEHHOE PAaCLIMpEeHHE (PYHKIHO-
HAJIBHOCTH YCTaHOBKH. C 3TOM ke 1eJIbI0, HA OCHOBE UCIIOJIb30BaHUS ABYX OCHOB-
HBIX TUIa3MEHHBIX TEXHOJIOTHYECKUX YCTPOWCTB, INIAHUPYETCS PacCMOTPETh Bapu-
aHTbl JaJbHEWIIEro pPacHIMPEHUS HOMEHKJIATyphl 00padaThIBa€MBIX W3IEIHIL.
[Imanupyercsi BO3MOXHOCTh TpaHc(opMaluy YCTaHOBKH AJISI IIPOBEACHUS WMHIU-
BHyaJbHONH 00paOOTKM raGapuTHBIX W3ICIUN WIH TPYNIOBOH 00pabOTKH Maio-
MepHBIX aetaned. Oxkumaercs, 4To pa3paboTaHHOE ammaparypHoe oOecrieueHue
HMOHHO-JIyYeBOH TEXHOJIOTUH, KPOME JIEKIapUPYEMBIX HOHHOTO TPABJICHUS U UOH-
HO-JIy4€BOT'O a30THPOBAHMSI, MO3BOJIUT JIOMOJIHUTEIBHO MPOU3BOAUTE IPYrue Ba-
PHAHTHI IIA3MEHHOT0 MOAM(DUIUPOBAHUSI CBOMCTB MOBEPXHOCTH 0€3 M3MEHEHUS
reOMETPUUYECKUX NapaMeTpPOB M3AEIHid, BHYTPEHHHX M HAPYXKHBIX PabOYHX IO-
BepxHOCTel. TakuM mporeccoM MOKeT ObITh UMIUIAHTALUS C HOHHBIM MIE€peMeIn-
BaHHUEM.
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Bo BTOpO# YacTH HacTOAIICH pabOTHl OYIYT pacCMOTPEHBI BOIIPOCH! ammapa-
TypHOTO OOEcCmedeHus] MPUHATHIX W TEPCHEeKTHUBHBIX TEXHOJNOTUH. bynayTt mpen-
CTaBJICHBI PE3yJIbTAaThl IPOEKTUPOBAHUS TEXHOJIOTHUECKUX YCTPOMCTB pPa3imMIHBIX
TUTIOB ¥ Ha3HAYEHUS, a TaKK€ BaPUAHTHI MX WCIOJIB30BAHUS ISl Pa3IUYHBIX BH-
JIoB 00paboTKu. bymyT mpeacTaBiieHsl pe3yabTaThl SKCIIEPIMEHTATBHON 0TpaboT-
KH YCTPOMCTB Ha ()YHKIIMOHHUPOBAHHE M PE3YNBTATHl X TEXHOJIOTHYECKOTO TPH-
MEHEHWSI 10 IPSIMOMY Ha3HAYEHUIO.
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