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BbINnonHeHb! aKkCnepuMeHTanbHble UCCreaoBaHus U YCTAHOBIIEHO, YTO 06yvyeHNe NOBEPXHOCTM KEpaMUKU Ha OCHOBE Au-
oKCMAa LMPKOHWS, CTabunmanpoBaHHOTO UTTPUEM, UHTEHCUMBHBIMU UMMYMbCHLIMWU 3NEKTPOHHBIMU MyYyKaMu CyOMuUnnmMcekyHa-
HOW ANMTENbHOCTU NO3BONSIET (hOPMUPOBATEL B MOBEPXHOCTHOM 06bEMe MHOIOCIOMHY0 MHOroasHy CTPYKTYpY CyOMUKpO- n
HaHOPa3MePHOro AvanasoHa, XapakTepu3yoLLYOCs BbICOKMMW MPOYHOCTHBIMU M Tpubonornyeckummn csorcTBamm. NokasaHo,
YTO COCTOSIHME MOBEPXHOCTHOrO CrOsi KOHTPONMpPYeTCsi napameTpammu obnyyeHus. HeobxoammbiMu ycnoBusiMm obpasoBaHus B
NOBEPXHOCTHOM Crloe H J)aBHOBeCHbIX HaHOCTPYKTYPUPOBaHHbLIX CTPYKTYPHO- cpasosux COCTOSHUIN SBNAOTCSA CBEPXBbICOKME
ckopocTu Harpesa (8o 10° rpag/c) TOHKOro MOBEPXHOCTHOrO cno;u MaTepmana (10 -10° MM) O 3aKpUTUYECKMX TemnepaTtyp u
dopMupoBaHne npeaernbHbIX rpagnueHToB Temnepartypbl (10 -10° rpag/m), obecneumBaloLLMX OXNaxaeHUne MOBEPXHOCTHOro
Cnosi 3a cYeT TennooTBoAa B OCHOBHOWM 06beM MaTepuana co CKOPOCTbIo ~10* rpap/c.

BBepeHue

dusmyeckass cyTb paspabaTbiBaeMbIX TEXHONO-
MR, OCHOBaHHbIX Ha MoAudUKaLUKU CTPYKTYpbl U
CBOWCTB MaTepuana B pesynbrate obnyyeHusi ero
NOBEPXHOCTU NydamMun nasepa, WOHHbIMA U 3NekK-
TPOHHbIMU MyYKaMK, NOTOKAMN Nna3Mbl, 3akno4yaeT-
CSl B CHWKEHUM MacliTabHOro ypoBHS fokanusauum
nnacrtuyeckon gedopMauum B HaAHOCTPYKTYpUpO-
BaHHOM NOBEPXHOCTHOM clioe, npmueoadllemMm K paB-
HOMEpPHOMY pacnpeaeneHnio ynpyrux HanpsxxeHui B
bonee 3HauuTenbHOM ob6beme MaTtepuana npwu
BHeWWHeEM MeXaHW4YeCcKoM unmn tTemnepaTtypHOM BO3-
OencTBun Ha noBepxHocTb [1]. B pesynbTate atoro B
3HAYUTENbHOM CTENeH NoBbILLAETCS 3Heprua 3apo-
XOEHUS B MOBEPXHOCTHOM CMOE KOHLEHTPaTopoB
HanpsKeHWsl, CHWKaeTCs BEPOATHOCTb 0Opa3oBaHus
B NMOBEPXHOCTHOM Croe MUKPO- M MakpoaedeKToB.
MocnenHee onpepensieT aeMndupyolwme CBOMCTBA
HaHOCTPYKTYPUPOBAHHOIO CIIOA MO OTHOLUEHUIO K
OCHOBHOMY Marepuany npv MexaHW4eckux, Tpubo-
norn4yecknx n TemnepaTtypHbIX BHELUHUX BO3,D,eIZCT—
BMSIX, NpegoTBpallas npexaeBpeMeHHoe 3apoXxae-
HWe 1 pacnpocTpaHeHWe C NOBEPXHOCTU B OCHOBHOM
obbeM maTepuana Xpynkux MUKPOTPELLMH, MPUBO-
OALNX B UTOTE K ero paspyLUeHuto.

Llenbto HacTosilwen paboTbl siBNsieTCs aHanma
(ha3oBoOro cocrasa, CTPYKTypbl N CBONCTB NMOBEPXHO-
CTHOTO Crosi KepaMVKM Ha OCHOBE CTabunM3vMpoBaH-
HOrO WTTPUMEM [OMOKCMAA UMPKOHMS, OBnyyYeHHoMn
WHTEHCUBHbIM 3JTEKTPOHHbLIM MYy4YKOM.

Martepuan n metogmka uccrnegoBaHusA
MaTtepranom nccnegoBaHns siBNanacb kepamuka
coctaBa ZrO>+(6-8)% Y203, cdopmmpoBaHHaa Ha
noBepxHOCTM Tennoctonkoro cnnasa GH33 (19,0-
22,0Cr; 69,1-73,9Ni; 0,6-1,0Al; 2,4-2,8Ti; 4,0Fe, Bec.
%) metogom EB-PVD (anekTpoHHO-Ny4YeBOe HaHe-
CeHue MnoKpbITaA MeToaomMm ocaXxaeHua un3 nap050|7|
dasbl). TonwmHa cnosi CUHTE3NPOBaAHHON KepaMuKn
coctaenana ~150 MkMm. 3To 06CTOATENLCTBO MO3BO-
nsiet (Npy cpaBHUTENbHO MarioM SHEProBknaze B
NOBEPXHOCTHLIV CIOW) paccmaTpuBaTb Kepamude-
CKkoe MOKpbITME (fanee, Kepamuka) B KavecTBe ca-

MoOCTosATENbHOrO Martepmana. Mogudumkauuo no-
BEPXHOCTHOrO Crost KepamMWuKW OCYLLUECTBRANN WH-
TEHCMBHBLIMW UMMYSbCHBIMU 3MIEKTPOHHBIMM MyYKamm
Ha yctaHoBke «COJ1O» [2]. NccnepoBaHus das3oso-
ro coctaBa v AeeKkTHOM CTPYKTYPbl MOBEPXHOCTHOrO
Crnosi KepaMukuM MpoBOAWMM MEeToAaMu OMTUYECKOWN
(NEOFOT-32), ckanupytowen (SEM-515 Philips) u
andpakumoHHon anekTpoHHon (JEM-2100) mukpo-
CKOMWUKN, PEHTTEHOCTPYKTYPHOro aHanusa (audpak-
TomeTp XRD 6000, cbeMka ocyuiecTensinacb B Mea-
HOM OT(UNbTPOBaHHOM u3nydeHun Cu-Ka1l; MoHo-
xpomatop CM-3121). Ona onpeneneHns uamnko-
MEXaHU4YeCKMX U TPUOONOrMYECKNX XapakTePUCTUK
KepaMuku mcnonb3oBanu HaHoTBepaomep “Nanotest
- 100"; Tpubomerp «CSEM Tribometer High
Temperature S/N 07-142», CSM Instruments, BbicO-
KoTemnepatypHbit Tpudometp THT-S-AX0000, pea-
N3yl MeToq «Bpallalolaacs uccregyemas
NOBEPXHOCTb - HenogBwkHoe KoHTpTeno»; 3D-
npodunometp MICRO MEASURE 3D station.

Pe3ynbTaTthl MIccnegoBaHMA U UX
ob6cyxaeHue
Kepamunueckoe nokpbiTve, chopMnpoBaHHoOE Me-

Togamn EB-PVD, MMEET xapaktepHoe cTonbtua-
TOe CTPOeHWe enoyHoro tuna (puc. 1).

Puc. 1. CTpykTypa nonepeyHoro usnoma kepammyecko-
ro NMOKpbLITUA Ha OCHOBE AMOKCUAA LIMPKOHWUS, CUHTE3M-
poBaHHoro metogom EB-PVD

[MokpbITME XapaKTepU3yeTcs BbICOKMM YPOBHEM
nopucToctu n wepoxosatoctn (Ra = 9,7 MKm); none-
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peyHble pa3Mepbl CTONGUKOB U3MEHSIIOTCA B Npeae-
nax ot 2 MKM o 5 Mkm (puc. 2).

Puc. 2. CTpykTypa nonepeyHoro uarioma (a) u noeepx-
HoCcTK (6) Kepamuyeckoro MoKpbITUS Ha OCHOBE [MOK-
cuaa UMpKOHUSA, CUHTe3MpoBaHHoro metogqom EB-PVD

OnekTpoHHO-Ny4koBass obpaboTka no3sonuna
MHOFOKpaTHO CHM3WUTb YPOBEHb LLEPOXOBATOCTU MO-
KpbiTus. [pyu onTumanbHOM pexume 0b6nyYeHus
Ra =(0,18...0,20) mkm. lMpy 3TOM Ha NOBEPXHOCTU
06nyYeHHbIX hOpMUPYETCS CEeTKa MENKUX TPELLUH,
pasfgensiowmnx NOBEPXHOCTHLIN CIoW Kepamuku Ha
dparmeHTbl pasmepamu  20-40 mkm  (puc. 3, a).
BHyTpu pparmMeHTOB BbISBNSIETCST CTPYKTypa Kpu-
ctannusaumn. Pasmepbl KpucTannuTtoB 2-4 MKM
(puc. 3, 6).

. L @ B e p
Puc. 3. CTpykTypa noBepxHOCTW MOAMULMPOBaHUS,
dopmMupytoLLasica npyu obry4YeHUn MHTEHCUBHBLIM 3rek-
TPOHHBLIM MYYKOM KEpPaMU4Yeckoro nokpbITUS Ha OCHOBE
OMoKcuaa LUMPKOHUSI, CUHTE3NpoBaHHOro metogom EB-
PVD; a — ontuyeckas; 6 — ckaHupyloLiasa anekTpoHHast
MUKPOCKOMMWS

BbirmaxvneaHne NOBEPXHOCTHOIO Crosi KepamMuKm
Ha OCHOBE AMOKCMAA LMPKOHUS MHTEHCUBHBLIM 3r1eK-
TPOHHbLIM MYYKOM HE COMPOBOXAAETCS U3MEHEHWNEM
(ha3oBoro cocraBa NoBepxHOCTHoro cnosi. Miccnepo-
BaHWs, BbINOMHEHHbIE METOAAMUN PEHTreHO(a30Boro
aHanusa, nokasanu, 4Yto nepen o6ry4YeHWeM kepa-
MUKa fBnsnacb AByxdasHbiM MaTepuanom, OCHOB-
Haa dasa — kybuyeckas moaudukaums guokcuaa
LMPKOHWSA; BTOpas — TeTparoHanbHas. Mocne obny-
YeHWs1 3NEKTPOHHbLIM My4YkOM HabnogaeTcs 3ame-
LieHne Kybudeckon moaudukauum Ha TeTparoHanb-
HYH0, COOTHOLLEHME a3 cocTaBnseT 1:1.

HedekTHyto cybCcTpykTypy M (hasoBbIi COCTaB
MOANUUMPOBAHHOTO  3MNEKTPOHHBIM  MYy4KOM  Crlost
aHanu3MpoBanu mMeTogamy NPOCBEYMBAIOLLENA 3reK-
TPOHHOM  ANPAKLMOHHOM  MUKPOCKOMUU  TOHKUX
donbr. ®onbry roToBUNM NyTeEM YTOHEHUS NnacTu-
HOK, PacroSIOKEHHbIX B MIOCKOCTU MOMNepevHoro
ceveHusi obpasua. OTO MO3BONANO OAHOBPEMEHHO
aHanuauposaTb U MOAUMMLMPOBAHHbLINA CMOM U pac-

NOMOXEHHbIN Mo HAM OCHOBHOWN 06bem maTtepuana.
AHann3 TOHKUX (Onbr BbIABMI hOpPMMpPOBaHME B
NOBEPXHOCTHOM 06bemMe MHOTOCIIONHOW CTPYKTYPbl,
XapaKTepHoe 3reKTPOHHO-MUKPOCKOMMYECcKoe WK30-
GpaxeHne KOTOPON NpMBeAEHO Ha puC. 4.

Puc. 4. OnekTpoHHO-MUKpOCKONUYeckoe usobpaxeHue
CTPYKTYpbl NMOBEPXHOCTHOrO Crosi KEPaMMKN Ha OCHOBE

avokcuaa UMpKOHMsi, 0OpaboTaHHOW  3MeKTPOHHbIM
nyykom. CTpernkown ykaszaH Cromn, MoguuuupoBaHHbI
npu 06nyyYeHnn ANEeKTPOHHBLIM MYyYKOM

Mo mopdonorniyeckomy npusHaky MOXHO Bblae-
NUTb NOBEPXHOCTHbLINA CMOW, TOMLMHA KOTOPOro A0C-
TMraet 5 mMkm (puc. 4, crioi ykasaH cTpenkamwu), u
NepexoaHbI  CrOW, pPacnosioKEHHbIN Ha rpaHuue
pasgerna ¢ OCHOBHbIM obbemom MaTepuana. Otnu-
YUTENMbHOW OCODEHHOCTBIO OCHOBHOTMO ObObema ke-
paMuKy, npureralowero K MoOBEPXHOCTHOMY CIIOHD,
ABMSAETCS OONbLUOE KONMUYECTBO MPUCYTCTBYHOLLNX B
HeM Mukponop (puc. 4). MoBepXHOCTHLIA CNOWN Ume-
eT MPeuMMyLLECTBEHHO MNNACTUHYaTYl0 CTPYKTYpYy
(puc. 5, a). MlHonuupoBaHue MUKPOINEKTPOHOrPamMm
nokasano, 4YTO NNacTUHbl ABNAKTCA Kybudeckon 1
TeTparoHanbHoN mMoaudmKaunamMm UOKCUaa LMPKO-
Hus. [onepeyHble pasmepbl NNACTUH U3MEHSIOTCS B
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Puc. 5. OnekTpoHHO-MUKpoCcKonNuyeckoe usobpaxeHue
CTPYKTYpbl NMOBEPXHOCTHOIO Crosi KEPaMMKN Ha OCHOBE

anokcuaa  LMpKOHUS, 0BpaboTaHHON  3MeKTPOHHbLIM
nyykom. Ha (a) ctpenkon o6Go3HayeH HaHOKpUCTanmu-
Yeckun Crol, yBENMUYEeHHOe W3obpakeHe KOTOpOoro
npueeneHo Ha (6)

npegenax ot 100 Hm go 200 HMm. Npu cpaBHUTENBHO
GOmMbLUNX YBEMUYEHUSIX HA NOBEPXHOCTM 0B6nyyYeHus
yAaeTcs BbISiBUTb TOHKMA (TonwwmHa cnos 50...80
HM) cro (puc. 5, a, crnon ykasaH CcTpenkamm),
MMEILLNIA HAHOKPUCTAmINMYECKYIO CTPYKTYpY C pas-
MepoMm kpuctannutoB 2...5 Hm (puc. 5, 6). AHanu3
MUWKPO3MeKTpoHorpamm (puc. 5, B), MOMy4eHHbIX C
[OaHHOTO Cnosi, CBUAETENbCTBYET O TOM, YTO OH
copMUpOBaH KpucTannutamu kybudeckon (Tetpa-
roHaslbHOM) U MOHOKIUHHON MOAMMMKaLMIA Ha OCHO-
BE AMOKCMAA LIMPKOHMS.

Mocne obny4eHuss B ONTUMAnbHOM pPEXUME Bbl-
SIBMEHO YBENMUYEHUE W3HOCOCTOMKOCTM MOBEPXHOCT-
Horo crost B 150...300 pas, TBepgoctu (B 6...7 pas),
moayns KOHra (B 1,4 pasa) n CHwKeHne koahdunuu-
eHTa TpeHus B ~3,3 pasa. BeickazaHo npepnonoxe-
HWe, YTO BbICOKUA YPOBEHb TBEPAOCTM MOBEPXHOCT-
Horo cnos (~35 Mla) obycnoeneH opMMpoBaHneEM
MHOroYasHol HaHOpa3MepHOW CTPYKTypbl, obpa-
3YHOLLENCS MPU BbICOKOCKOPOCTHON KpucTannmsauum
pacnnaBrneHHOro COCTOSHUSI.

3aknoyeHune

BbinonHeHbl SKCnepunmMmeHTaribHble nccnengoBaHua
N YCTAHOBJEHO, 4YTO 061'Iy‘-IeHM€ NOBEPXHOCTU Kepa-
MUWKMU Ha OCHOBEe AnoKkcumaa LUMPKOHUA, CT86MJ'IM3MpO—
BaHHOIo WUTTpMEM, WHTEHCUBHbIMU UMNYIbCHbIMU
3NEKTPOHHBLIMW Ny4yKaMyu CYOMUNNINCEKYHOHON Anwv-
TEeNbHOCTU NO3BONAET d)OpMMpOBaTb B NOBEPXHOCT-
HOM O0ObemMe MHOFOCIONHYD MHOrobasHyo CTPYKTY-
py CyObMUVKpO- 1 HaHOpa3MepPHOro AnanasoHa, xapak-
Tepu3yroLlyrca BbICOKUMU MPOYHOCTHbIMU U TpM60—
JIOrMYECcKMMM CBOMCTBaMMW.

PaboTa BbINOMHEHa B paMkax rocyAapCTBEHHOrO
3apaHua «Hayka».

Cnucok nutepartypbl

1. HaHOCTpyKkTypM3aumuss  noBepxHocTU.  dopmupoBaHue
HEepaBHOBECHLIX COCTOSIHMIA B MOBEPXHOCTHBIX CMOSIX Ma-
TepuarnoB MeToAamu  3NEKTPOHHO-UOHHO-MIIa3MEHHbIX
TexHonoru / ote. pea. H.3. Jlaxos, C.I'. MNcaxbe. — Ho-
Bocubupck: N3p-so CO PAH, 2008. — 276 c.

2. Devyatkov V.N., Koval N.N., Schanin P.M., Grigoryev
V.P., Koval T.B. I/ Laser and Particle Beams. — 2003. —
Vol. 21. — P. 243.

FORMATION OF NANOSTRUCTURED LAYER ON THE SURFACE OF CERAMICS BASED ON
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Experimental studies have been performed and found that surface irradiation of ceramics based on zirconium dioxide
stabilized with yttrium by submillisecond pulsed intense electron beams allows to create in the surface volume a multi-layer
multi-phase submicron and nano-sized range structure, characterized by high strength and tribological properties. It is shown
that the state of the surface layer is controlled by the parameters of irradiation. The necessary conditions for the formation in the
surface layer of non-equilibrium nano-structured structural-phase states are extremely high heating rates (up to 10° deg/s) of a
material thin surface layer (10'4 -10° mm) to supercritical temperatures and formation of the temperature limit gradients (107-
10® deg/m) providing the cooling of the surface layer due to heat removal in the volume of material at about 10* deg/s.
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