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Cnocib ouiHkn moyaTkoBUX CTafid TBEpAOTINbHOI amopdisauii rpaHuub po3diny B TOHKOMMIBKOBUX
HaHopo3MipHMX komno3uuisax Ni/Ti Bkm4Yae HarpiBaHHS 3paska, BUMIPIOBAHHA MUTOMOro
erleKTPUYHOro OrMopy Ta BM3HAYEHHA TeMMNepaTypHOro KoediljieHTa onopy, Ha OCHOBI SIKOrO OLLiHIOTh
TBepAoTiNbHY amopdisauito. HarpiBaHHA 3paska 3gilcHIoTL B iHTepBani Temnepatyp Big 30 oo
150 °C si cranot wWBKUAKICTIO. DIKCYIOTb 3HAYEHHA MNUTOMOrO EerneKTPUYHOro Oofnopy B MpoLeci
HarpiBaHHs. BusHavaloTb TemnepaTypHuii KoedilieHT onopy Ha OCHOBI 3aneXHOCTi 3MiHU MUTOMOro
ereKTPUYHOro ornopy BiA 3MiHW TemnepaTypu.
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KopucHa mogenb Hanexutb 0o ranysi ¢isudyHoro martepianosHaBCcTBa, a caMme A0 AOCHiLKEHHS
KpUCTaniyHOCTi/aMOPHOCTI CTPYKTYPM TOHKOMMIBKOBUX BaraTollapoBUX MeTaneBmx KOMMO3WLin Ha
NnoYaTKOBMX CTafisix HarpiBy, i Moxe OyTM BUKOpMUCTaHa ANA KOHTPOMKO SIKOCTI rpaHuub po3ainy y
HaHOpPO3MipHMX TOHKUX nniBkax Hikenb Ni/ TutaH Ti, aki 3aCTOCOBYIOTb A4S CTBOPEHHA MaTtepianis i3
edeKkToM nam'sti bopMmn y cpepi Mikpo- Ta HAaHOENEKTPOHIKU.

TBepaoTinbHa amopdisauis € npouecoMm BTpaTU BMOPSOKOBAHOI KPUCTamivyHOI CTPYKTYpu Ta
nepexogy martepiany y ctaH 3 XaOTMYHUM pOo3TallyBaHHAM aToOMIB. Y TOHKONMIBKOBUX HaraToLapoBmx
MeTaneBMx KomMno3uuisix, 3okpema cuctemax Ni/Ti, uern npouec noYnHae nNpPOABNATUCSA
"nepemiwyBaHHaM" aTtomiB Ni Ta Ti Ha rpaHuMusax posginy ix wWapiB BXe Ha NoYaTKoBMX CTagisx
HarpiBy. Came KOHTpOJSib i ouiHka amopdisauii MaloTb BupilanbHe 3HA4YeHHS AN 3abe3neveHHs
CTabiNbHOCTI CTPYKTYPW, NPOrHO3yBaHHsI AOBroBIYHOCTI Ta OYHKLOHANbHUX BNAcTUBOCTEN MaTepianis
i3 edektom nam'sTi dopmn. ByacHe BM3HAYEHHS NOYATKOBUX CTadin amopdisauii [o3Bonse
ONTMMI3yBaTW TEXHOMONIYHI PEXUMUN BUFOTOBIEHHS HAHOPO3MIPHMX MAIBOK Ta rapaHTyBaTWU SKICTb iX
3aCTOCYBaHHS Y MiKpO- Ta HAHOENEKTPOHILi.

TpaguuinHum  nigxoooM [0  OOCHIMKEHHA MpoLeciB TBEpAOTiNbHOI amopdisadii € meTon
TpaHcMicinHOi enekTpoHHOT Mmikpockonii (TEM). Hanpuknag, B nigxoai, sikui onucaHmin B [1], aBTopm
aocnigpkysanu MiKpocTpykTypy 6aratowaposux nnisok Ni/Ti, BMKOPMUCTOBYIOUM MONEpPeYHi 3pisu,
BMKOHaHI 3a [OMOMOrol COKyCOBaHOro ioHHoro nydvka (adrn. focused ion beam, FIB). MeTtoguka
possonsna oTpumatu 306paxeHHs cTpyktypu wapis Ni Ta Ti, BUsABnsaTK obnacTi nepeMiwyBaHHSA Ha
rpaHuUsxX po3giny wapis. Hegonikom Lpboro cnocoby € cknagHiCTb Ta pyWHIBHUIA XapaKkTep NiaroToBKM
3paska Ans OOCHiAKEeHHSs, 30kpema HeoOXigHICTb BUKOPUCTaHHSA CHIOKYCOBAHOIo iOHHOMO Myuyka, Lo
MOXe iHOyKyBaTU HebaxkaHi CTPYKTYpHi 3MiHM Ta noOKanbHUI HarpiB 3paska LWe A0 novaTky
AocnifXeHb, CNOTBOPIOKOYN pe3ynbTaTh OUIHKM NoYaTKoBOT amopdisauii.

Takox BiQOMMM crnocoOOM AOChimXKeHHs MpoueciB TBEpPAOTINbHOI amopdisauii € meTon
PEHTIEeHOCTPYKTYPHOro (pa3oBoro adanisy, BuKoOpucTaHuin asTopamu [2]. Cnoci6 nonsrae y
BMMIpIOBaHHI AndpakuinHmMx cnekTpie nonikpuctaniyHmx 6aratowapoBux TOHKOMMNIBKOBMX KOMMO3WLIN
Ni/Ti Ta aHanisi 3MiH bopmu pednekcis B Npoueci TpuBanoro isotepmiyHoro signany npu 250 °C. Npo
YTBOPEHHs aMOpHOT hasm Ha rpaHuLsax po3finy Ta Mo rpaHMuAx 3epeH (BHYTPILWHIX Mexax Mk
OKpPEMMMM KpucTaniTamm BCEpPeaVHi KOXHOro wapy, e amopdisauis MoXe MNOYMHaTUCH TaKoX)
CyOsiTb 32 3MEHLUEHHSAM iHTerpanbHOi  iIHTEHCUBHOCTI  AMdpaKuUiiHuX pedrnekciB  BUXIgHUX
KpuctaniyHmx cas, sike BiabyBaeTbCcs LWIBMALLE, HXXK 3MEHLUEHHST TOBLUMHK wWapiB. Hegonikom gaHoro
cnocoby € Hu3bka YYTNMBICTb MeTody Ha Mno4yaTKOBMX eTanax Audysii, konu ob'eMHa 4acTka
aMmopdHoi ¢a3n € He3HaYHOK MOPIBHAHO 3 KPUCTAanYHOW MaTpuLelo, WO YCKNagHIoe iHTeprnpeTaLio
AaHUX 4Yepe3 OAHOYaCHWI BNNMB Ha npodinb AudpakuinHux pednekciB Takmx aktopiB K
MiKpOHanpy>XeHHs, po3Mip KpucTaniTiB Ta TekcTypa.

Haiibinbw 6nmM3bkuM aHanorom KOpMUCHoOi Mogeni € cnocib ouiHkn amopdisauii B TOHKOMMIBKOBUX
komnoauuiax Ni/Ti [3], B AKoMy 3pa3ku HarpiBaloTb, BUMIPIOIOTb 3Ha4YEHHA NMUTOMOIO eneKTPUYHOro
onopy Ta BM3Ha4aloTb TemnepaTypHui koediuieHT ornopy. Harpis npoBogaTe B atMocdepi aproHy Ao
TemnepaTtypu 260 °C 3 HaACTynHOW BUTPUMMKOK TpuBanictio 64 roguHu. Hepgonikom HambinbL
6nm3bKoro aHanora € Te, Lo OLujiHKa CTyneHs amopdisdauii MOXnuBa nuwe Ans 3paska nicng Tpusanoi
i30oTepMiyHOl BUTPUMKM B 64 rognHu npu Temnepatypi 260 °C, wo npu3BOAWTb OO CYTTEBUX 3MiH Y
CTPYKTYpi MaTepiany i He [03BONSE OUIHUTW caMe noyaTKoBi cTafil TBepAoTinbHOI amopdisauii
rpaHuupb po3diny B HAHOPO3MipHUX GaraTowwapoBmx komnoauuiax Ni/Ti.

3agadeto kopucHOI Mofeni € po3pobka crnocoby, sk 3abesnevyBaTMMe HEPYWHIBHY OLLHKY
TBEPAOTINbHOI aMmopdi3aLii rpaHuLb po3ainy B HAHOPO3MipHUX Baratowaposux koMmno3auuisix Ni/Ti Ha
rno4yaTkoBuX il cTagisix.

MocTaBneHa 3agaya BUPILLIYETLCA TUM, WO Y Cnocobi OUiHKM MoYaTKOBMX CTafdil TBEPOOTINIbHOI
amopdizaLii rpaHuub po3diny B TOHKOMMIBKOBUX HaHOPO3MipHUX komnosuuisx Ni/Ti, wo Bkro4vae
HarpiBaHHS 3paska, BUMIPIOBAHHS MUTOMOIO EIIEKTPUYHOrO OMopy Ta BU3HAYEHHS TEMMepaTypHOro
KoedilieHTa onopy, Ha OCHOBI SKOrO OUIHIOKTbL TBEPAOTINIbHY amopdisauito, 3rigHO 3 KOPUCHO
MOZENM0, HarpiBaHHs 3paska 34ilcHIoTb B iHTepBani Temnepatyp Big 30 go 150 °C 3i ctanoto
LUBUAKICTIO, QIKCYIOTb 3HAYEHHA NMUMTOMOrO efeKTPUYHOro Onopy B NPOLECi HarpiBaHHA, BU3Ha4aloTb
TemnepaTypHUA KoeqilieHT Onopy Ha OCHOBI 3aneXHOCTi 3MiHM NMUTOMOrO €feKTPUYHOro onopy Bid
3MiHW TemnepaTypum.

TexHiYHUI pe3ynbTaTt nondrae y HepymHiBHIN OLHLi HAsBHOCTI/BIACYTHOCTI aMOpHMX NpoLLapkis
Ha rpaHMusax po3giny B HaHOpPO3MipHUX BaraTowapoBux koMno3uuisx Ni/Ti 3a paxyHOK BigCYTHOCTI
notTpebu mexaHiYHOro pywHIBHOrO BMMMBY Ha 3pa3oK B MPOUECi AocnimkeHHs. Takox, y 3B'A3Ky 3
HEPYMHIBHOK OLHKOK HAsIBHOCTI/BIACYTHOCTI aMOp(HUX MpoLapkiB HeoOXiAHMM € BM3HAYeHHS
TemnepaTypHOro koedilieHTa onopy Ha OCHOBI 3aMNeXHOCTi 3MiHU MUTOMOro eneKTPUYHOro onopy Bif
3MiHM TemnepaTypu. BukoHaHHS OuiHKM TBepOoTiNbHOI amopdisauii Ha noyaTkoBux ii CcTagiax
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3abe3nevyeTbCs 3aBOsSKM HarpiBaHHiO B iHTepBani Temnepatyp 30-150 °C 3i cTanotw LWBUAKICTHO.
Harpis o BuLLmx TemnepaTyp MOXe Npu3BecTy 40 OKMCHEHHSI MOBEPXHi 3paska Ta Andysuii rpaHuub
3epeH B MexXax KOXHOro Lapy, WO BMMAMBAE Ha 3HAYEHHS MNUTOMOrO enekTPUYHOro Oomnopy,
CMOTBOPIOKOYM pe3yrnbTaTt OLHKM.

CyTb KOPUCHOT MOAENi NOACHIOETLCSA KPECTEHHAMU, ae:

Ha doir. 1 npeacTaBneHo pesynbTaTv PEHTIEHOCTPYKTYPHOro ¢pas3oBoOro aHanidy TOHKOMMIBKOBUX
komno3auuin Ni/Ti;

Ha oir. 2 - TeMnepaTypHa 3anexXHiCTb MMTOMOrO efIEKTPUYHOIO ONOPY TOHKOMMIBKOBMX KOMMNO3ULLi
Ni/Ti;

Ha doir. 3 - 3aneXHiCTb BIAHOCHOT 3MiHW MUTOMOrO €NeKTPUYHOro OMnopy 3i 3MiHOK TemnepaTypu
TOHKoNNiBKkoBUX komno3anuin Ni/Ti;

Ha qoir. 4 - 3aNeXHOCTi MMTOMOrO eNEKTPMUYHOIO ONopy Ta TemMnepaTypHoro KoedilieHTa onopy Bia
nepiogy Moaynsuii TOHKoNiBkoBUX kKomno3auuin Ni/Ti.

Cnoci® BUKOHYIOTb HACTYMHUM YNHOM.

3pasku TOHKOMMIBKOBUX HaHOPO3MipHMX komnosuuin Ni/Ti niggaloTs Hu3bKkoTEMNepaTypHOMY
HarpiBy 3i 3Ha4YeHHsIM no4vaTkoBoi Temnepatypm 30 °C go MakcumanesHoi 150 °C y Bakyymi 102 Ma 3
peecTpauieto 3HadeHb MMTOMOrO efeKTPUYHOrO ONopy AN No4anbLIOro BU3Ha4YEeHHS TemnepaTypHOro
koediuieHta onopy (TKO). BukopuctaHHa came HM3bKOTEMMNEepaTypHOro Harpisy € HeobxigHum ans
3anobiraHHs po3BuUTKY npouecie ha3oBUX NepeTBOPeHb Ta OKUCHEHHS NoBepxHi. Lie niaTBepaxyeTbes
OaHUMW PEHTIEHOCTPYKTYPHOro (pas3oBOro aHanisdy: gudpakrorpamm 3paskiB 4o Ta nicns HarpiBy €
iEHTUYHMMW, Ha HUX BIACYTHI pednekcu Big okcuais abo HoBux das (aue. dir. 1).

Y npoueci HarpiBaHHA 3 KOXHUM KPOKOM MiQHATTA TemnepaTypu BUMIPHOOTL eKCnepuMeHTarbHi
AaHi MMTOMOro efieKTPMYHOro Ornopy 3paskiB MeTogoM YOTMPU3OHOOBOI PEe3UCTOMETPIi Y AianasoHi
TemnepaTtyp Biga 30 pgo 150°C npu cranin weuakocTi HarpiBaHHA 0,5-2 °C/c. OTtpumaHa
eKkcrnepumeHTarnbHa 3anexHiCTb onopy Big TemnepaTypu Ans 3paskiB i3 3aranbHOK TOBLLMHOKW 60 HM
Ta pi3HMMM 3HAYEHHSMMW TOBLUMH MOABINHOIO Wapy, SKi Ha rpadiikax Nno3HavyeHo sk nepiog mogynsauii
A, 30KpemMa 3paskym MalTb 3Ha4yeHHsA A = 60 HM, A = 30 HM Ta A = 20 HM (amB. qir. 2). 3anexHicTb Mae
NiHINHWMIN xapakTep, 6e3 CTPYKTYPHUX 3MiH Yy MPOLECi BUMIPIOBaHHS.

3a oTpMMaHuUMM eKkcrnepumeHTanbHUMKU gaHuMu 6yayloTb rpadik 3anexHOCTi BiAHOCHOI 3MiHK
NUTOMOTO €NEeKTPUYHOro onopy Big abCconoTHOI 3MiHM TemMnepaTypu, Ha IKOMY TaHreHC KyTa Haxuny
OTPMMaHoOi NpsAMOi YncenbHO Bignosigae 3HayveHHio TKO (gus. oir. 3). OTpumaHe 3HadveHHs TKO
BMKOPUCTOBYIOTb AN OUIHKM NOYaTKOBMX CTagin TBepAOoTiNbHOI amopdisauii rpaHuub posginy. Ons
3pas3kiB 3 MeHWuUM nepiogoM Moaynsauii cnoctepiraetbca 3mMeHweHHs TKO, wo cBiguMTb npo
36inbLUEHHs cTyneHs amopdi3sauii Ha rpaHuuax po3ainy wapis Ni Ta Ti (gue. dir. 4).

Takum 4YMHOM, TEXHIKO-eKOHOMIYHa edeKTUBHICTb AaHOro cnocoby nonsirae B po3pobui cnocoby
OLiHKM cTyneHsa amopdisauii Ha rpaHuuUax po3diny y ToHkonniBkoBux komnosuuisx Ni/Ti 3anexHo Big
nepiogy mMoAaynsuii 3a 3Ha4eHHAM TemnepaTypHoro koediuieHTa onopy, Wo 003BOMNS€E NpOrHosyeaTu
PyHKLiOHanNbHI BacTMBOCTI MaTtepianis Ta ONTUMI3yBaT TEXHOMOrYHI pexvMn ix oTpumaHHs 6e3
notpedbun 3anydeHHs BMCOKOBAPTICHOrO obragHaHHA abo MpOBEAEHHSI TPMBAIMX €HEeproBUTPATHUX
Bignanis.
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®OPMYIJIA KOPUCHOI MOLENI

Cnoci® ouiHkM noyaTkoBMX CTafii TBepAOTiNbHOI amopdisdalii rpaHuub po3giny B TOHKOMMIBKOBUX
HaHopo3MipHMUX komno3uuisax Ni/Ti, WO BKMYae HarpiBaHHA 3pas3ka, BUMIPHOBAHHA MUTOMOro
€nNeKTPUYHOro onopy Ta BU3HAYeHHs TeMnepaTypHOro KoedilieHTa onopy, Ha OCHOBI SIKOTO OLHIOKOTb
TBEPAOTINbHY amopgisauito, SKUM BiAPI3HAETLCA TUM, WO HarpiBaHHA 3paska 34IACHIOTbL B
iHTepsani Temnepatyp Big 30 go 150 °C 3i cTanow LWBWAKICTIO, (PIKCYIOTb 3HAYEHHS MUTOMOrO
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€NeKTPUYHOro Onopy B MNPOLECi HarpiBaHHs, BM3HA4alOTb TemMnepaTypHUn KoegiuieHT onopy Ha
OCHOBI 3aneXHOCTi 3MiHV NMUTOMOrO ENEKTPUYHOIo ONopYy Bif 3MiHW TemnepaTypw.
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