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TEMIIEPATYPbI U TEMIIEPATYPHBIE HATIPSIKEHUSA ITPU IECTBUM NOHOB HA
MATI'HUEBBIE CIIVTABBI 1 BOBMOKHOCTbD IIOJTYYEHUS HAHOCTPYKTYP

B pa6ote GbUTH HCCIIE0BAHBI OISl TEMIIEPATYP M CKOPOCTH UX BO3PACTAHMS, & TAKKE TEMIIE ATy pHBIE HATPsKeHHs TIpH jeiicTeun nonos B, N, C*,
Al*, V', Cr*, 0%, Ni*, Zr*, Mo, Hf", W', Ta", Pt" ¢ 3apsiom OT 01HOTrO /10 TpeX Ha MarHueBble criaBbl. Tak, AMANa30H MaKCHMabHBIX TEMIIEPATYP
nexut B npegenax ot 1,82-10% 10 3,9 K, a ckopocTs u3MeHeHHs TemmepaTypsl Mensercs ot 10 1o 10 K/e. MccnenoBarue 3aBHCMMOCTH 3THX Be-
JIMYMH OT SHEPrUH HOHOB U 3apsijia MO3BOJIWIO HAiiTH 00JacTH B 00beMe MaTepHala, I/Ie PeaiM3yloTcsl TeMIIepaTyphbl JOCTATOYHbIC 1JIs1 00pa3 OBaHUS
HAHOCTPYKTYP, HO B TO XK€ BPEeMsI TeMIIepaTyphl He IPHBOISAT K POCTY 3€PHA, TO €CTh HOJIYYEHbl TEXHOJIOIHYECKHE TapaMeTphl IOTOKOB HOHA, KOTO-

pbIe 00eCIeunBaloT MOTyYeHNEe HAHOCTPYKTYP.

KioueBbie cjioBa: TEMIIEpATypa, CKOPOCTU HapaCTaHUs TEMIIEPATYPhbI, TEMIIEPATYPHBIC HATIPSXKECHUA, NOHBI, MAIrHUEBBIC CIJIaBbI, 3apsAd, SHE-

prust HOHOB

Brenenue. MarnueBble CIiaBbl 00J1aal0T BHICOKH-
MH (U3UKO-MEXaHMYECKUMH XapaKTePUCTHUKAMU W IIH-
POKO NPHUMEHSIOTCS B aBHAIIMOHHOW TEXHUKE, YTO TOBO-
PUT O HEOOXOIMMOCTH YJIYYIIEHUS UX CBOMCTB, TaK Kak
COBpPEMEHHBIE aBUAIMOHHBIE KOHCTPYKIUH U OCOOEHHO
ABHUAIlMOHHBIC NBUT'aTCIIN pa60Ta}0T IpH BBICOKHUX CKOPO-
CTAX U IOBOJIBHO BBICOKUX TEMIIEpATypax, YTO BBIABUTACT
JOIIOJIHUTCIIbHBIC Tpe6OBaHI/IH K AcTalisiM, O6CCHC‘II/IBa-
IOLMM PabOTOCIIOCOOHOCTh ABHMTaTeNs. Tak Hampumep,
JIONIATKK KOMIIpECcCopa, OCOOCHHO MEPBBIX CTENeHel, Hc-
MIBITBIBAIOT JICHCTBHE MHUKPO- U MAaKpO- YaCTHII, KOTOpPHIE
MIPUBOIAT K IPPO3HH, TO €CTh JOMOJHHUTEIHHO HEOOXO-
JIMMO 00eCIeYrBaTh U BBICOKYIO SPPO3HOHHYIO MpPOU-
HOCTh (CTOMKOCTB), a JJISI TOro 4ToOBI OOECICUUTH ITH
XapaKTePUCTUKH, HEOOXOJUMO KOHCTPYHPOBATh MaTepH-
aJl TakuM 00pa3oM, 4yTOOBbI OH UMEJT BBICOKYIO TBEPAOCTh
Ha TMOBEPXHOCTH, HO B TO e BpeMsi MOr' JIe(hopMHUPOBATh-
csl Ha OONbIIME BETUYUHBI, HE UCIIBITHIBAS Pa3pyILCHUSI.
HccnenoBannss MHOTHX aBTOPOB IOKa3alld, YTO HAHO-
CTPYKTYPHBIE CIIOM UMEIOT MOHIKEHHBIH MOAYIH YIIPY-
TOCTH, YTO IIO3BOJISIET MOBBICHTH PabOTOCIOCOOHOCTH
neranel, paboTalomux Ha yOapHbIE HArpy3kd, Tak Kak
Jake Tpu OONBIIMX TEepPEeMEIICHUSIX MaTepuaia Oyaem
MMETh OTHOCHTEIHHO HEBBICOKHME HampspkeHus [1]. Mc-
CIIEZIOBaHUS TaKKe IOKA3bIBAIOT, YTO HAHOCTPYKTYPHI
HMMEIOT BBICOKHE aHTHKOPPO3WOHHBIE CBOWCTBA, YTO TaK-
JKe TIONTBEPXKAAET Te3UC O HEOOXOAMMOCTH HCIIONb30Ba-
HUS HAHOCTPYKTYPHBIX CIIOEB Ui CHIDKCHHS BO3JACH-
CTBHSI arpecCcHBHBIX cpen [2].

Pabota BEIONHSIACE B paMKaxX MporpaMMbel MuHU-
cTepcTBa 00pa3oBaHUs W Hayku YKpauHbl « HoBwIe u pe-
cypcocOeperaromme TEXHOJIOTHH B DJHEPreTHKEe, IIpo-
MBIIUIEHHOCTH W arpoONpPOMBIIUICHHOM — KOMIDIEKCE)
(momcektust 13 «AspokocMudeckass TEXHWKA W TPaHC-
mopt») u mo TeMaM: «Co3maHue (YU3UKO-TEXHUYSCKIX
OCHOB TIOBBITICHHUS Ka4eCTBA MATEPHUAIOB adPOKOCMUY e-
CKUX KOHCTPYKIHi» u «Pa3paboTka TEeXHOIOTHMYIECKHX
OCHOB HMHTETPHPOBAHHBIX TEXHOJOTHHA  IUIa3MEHHO-
HOHHOW 00paboTKU JeTaieid a3pOKOCMHICCKON TEXHIKI»
(momcektst 6 «DPUUKO-TEXHUYECKUE TPOOIEMBI MaTe-
puasnoBenenus») «KoHuenmust co3manust HAaHOCTPYKTYP,
HaHO- W TPAJUINOHHBIX TOKPBITHA C y4E€TOM BIHSHUS
aare3nu Ha 3()(HEeKTHBHOCTH M PabOTOCIIOCOOHOCTD AeTa-
nert AT, Al u PNy, «QkciepuMeHTaIbHO-TEOPETUUECKOE
HCCIIEIOBAaHNE TTOTYYEHHsT HAHOCTPYKTYp IIPU JEHCTBHU

VOHHBIX M CBETO-JIYYEBBIX IOTOKOB Ha KOHCTPYKIIMOHHBIE
Mmatepuaiisl U Py, X0310roBOpHBIX paboT U IOTOBOPOB O
COTPYIHUYECTBE.

AHATH3 MOCJIeTHUX HCCIe0OBAHMI M JINTepaTy-
ppl. B Hacrosimiee Bpemst J0OCTaTOYHO MHOTO padoT
[3-10], KOoTOpBIE TOCBSIIEHBI HCCIEAOBAHUIO pa3Mepa
3epHa HAHOCTPYKTYPHI, YTO BECbMa OIPaBJaHO, TaK Kak
pa3Mep 3epHa HAHOCTPYKTYpHI BiHseT Ha e€ (QHU3HMKO-
MeXaHUYEeCKHe XapaKTepUCTHKH. Tak HaOmoganock BIU-
SIHHE €ro Ha MUKPOTBEPOCTb, IIPEJIEIl YCTaIO0CTH, MIPEAE
TeKy4ecTH, koddduurent tpenus. Be€ aTo eme pas noa-
TBEp)KAaeT HEOOXOAMMOCTb IPOTHO3MPOBAHUS pa3Mepa
3epHa. Mogeneii, KoTopele ObI MPOrHO3UPOBAIH pa3sMep
3epHa, HeOOoJbIIoe KOIMYecTBO [1, 2], HO OHM HE YUHTHI-
BAlOT HEOOXOOUMYIO SHEpPrui0 Ha oOpa3oBaHHE 3epHa
HAHOCTPYKTYPbI, TO3TOMY MbI HCIIOIB30BaIN HOBYIO MO-
JieTIb, KOTOpasl YUUThbIBaIa MPAKTHUECKH BCE B3aUMOCBSI3H
HE TOJIBKO KpalHHX aTOMOB B 3€pHE, HO MU B 00BEMeE
HAHOCTPYKTYPBbI, ATl 4YEr0 OTAEIBHO PACCUUTHIBAIM YU C-
JIO YacTUI] B HAaHOKJIACTEPE, a MIOTOM pacCMaTPUBAIN HX
B3aUMOJENCTBHE C OCTalbHBIMM 3epHaMU. lIpumMeHeHue
TaKOH MOJIENH TO3BOJISET 00ECIEUNTh B SHEPTETHIECKOM
aHe 0oJee TOYHOE ONPE/EICHUE SHEPTUU HA TOBBIIIE-
HHE TEMIIEPaTypPbl U TEMIIEPATYPHBIE HANPSHKEHHS.

Iesbl0 [JaHHOM CTATBU SBISETCS HCCIENOBAaHUE
BJIMSIHUSL TEXHOJOTMYECKUX MapaMeTpoB MOTOKOB MOHOB
pa3nUYHON SHEPTHH, COpTa W 3apsAa Ha TeMIeparypy,
CKOPOCTh €€ HapaCTaHUsI ¥ TEMIIEPAaTypHbIC HANIPSKCHUS,
YTO TO3BOJISIET OLIEHUTH BO3MOXXHOCTH IOTYy9IECHHUSI HAHO-
CTPYKTYp B 00BbEMe KOHCTPYKIIMOHHOT'O MaTepHaa.

IMocranoBka npodiaemsl. B HacTosmiee Bpems 3Ha-
YUTEIBHOE KOMMYECTBO PadOT IMOCBAIIEHO HCCIIEAOBAHHUIO
BO3MOXXHOCTU TIONY4eHUS HaHOCTPYKTyp [1-14], ocHOB-
HOU 00BbEeM padoT BHIOTHEH IO MPOBENCHHUIO SKCIIEpH-
meHTa [11-14], Teoperndeckux xe paboOT B STOM IDIaHE
oueHp Mano [1-2], 9TO HE MO3BOISIET MPOTHO3UPOBATH
TEXHOJIOTMYECKHE TTapaMeTphl MOTOKOB MOHOB VIS TONY-
YEeHUsT HAaHOCTPYKTYP B Pa3IMYHBIX KOHCTPYKIIMOHHBIX
MaTepHanax; 3TO TOBOPHUT 00 aKTyalbHOCTH M BAYKHOCTH
HCCIIEJOBAHMS.

Bbnaromapst sxciepuMeHTalBHBIM paboTaM, yaanoch
OLICHNTDH JTMAIla30H TEMITEpaTyp, CKOPOCTEH WX HapacTra-
HUSI M BEIMYMH TEMIIEPAaTYpHBIX HalpsDKEHWH, KOTOpBIE
HEOOXOANMBI JJIsI TTONTyYEeHUs] HAHOCTPYKTYp. Tak, Kpure-
PUSIMHU TIOTYYEHHSI HAHOCTPYKTYP IPUMEM TakHe: Juara-
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30H Temnepatyp 500-1500 K, ckopocTs HapacTaHus TeM-
neparypsl 6omee 107 K/c. JIasi yCKOPEHHS MONydeHHS
HAHOCTPYKTYp HEOOXOMUMO JCHUCTBUE HANPSHKCHUH B
muanasore ot 107 1o 10° Tla (1s moNMydeH s HAHOCTPYK-
Typ 3a CYeT IEeWCTBHS HAIPSHKEHHH BO3MOXKHO IIPH
HAIPSDKEHUSAX, PaBHBIX 1010).

Marepuanbl HccaeJOBAHUH IOTY4YEHbl HA OCHOBE
pelIeHusl COBMECTHON 3a/1a4i TEIUIONPOBOIHOCTH M TEP-
Moyrnpyroctd [1] B 30He NCHCTBHS HHIMBHUAYAIBHOTO
noHa. PemieHne mNPOBOAMIIOCH YHCIEHHBIM METOIOM
MKE, nonyueHsl mojist TeMmIepaTyp U TeMIepaTypHBIX
HAIPSDKEHUH, YTO MO3BOJISIET OLIEHUTh PEabHOCTh MONY-
YEeHUsI HAHOCTPYKTYP.

Pe3yabTaThl ucciaenoBanuii. [[ns uonos B+, N+,
C+, Al+, V+, Cr+, O+, Ni+, Zr+, Mo+, Hf+, W+, Ta+,
Pt+ , nmeicTByromMX Ha MAarHUEBBIM CIUIaB, MOJYYEHBI
3aBHUCUMOCTH MaKCHUMaJIbHOM TEMIICPpATYphbl, MaKCUMaJlb-
HBIX ¥ MHHHMAaJbHBIX TEMIIEPAaTYpHBIX HANpsDKEHHH OT
SHEPrHy MOHOB C Pa3JIMuHBIMK 3apsigamu (Z = 1, Z = 2,
Z=23).

Tax, st ciaydast qelicTBUsI HOHOB OOpa W yriepona
TaKye 3aBHCUMOCTH TpencTaBieHsl Ha puc. 1. OueBHIHO,
YTO TeMIlepaTypsl (puc. 1, a) CymecTBeHHO BO3pacTaioT C
POCTOM PHEPTUH M TOCTUTAIOT Temrepatyp 6,7 -10° K nipu
JIeWCTBUU MOHOB Oopa (Z = 3), Toraa Kak Jyis HOHOB YT-
JIepofia 3TH BEIMYMHBI 3HAUUTEIBHO MEHbIIE — MOpsIKa
5-10°. YMeHbIICHHE 3aps/ia IPUBOIUT K CYIIECTBEHHOMY
CHIDKEHHIO TeMIIepaTyp M oHu jocturaior 5-10° — B ciy-
gae neiicTBHs HoHa 6opa i 4-10° — mpu meiicTBUM HOHOB
yriepona. OueBHIHO, YTO POCT Macchl HOHA MPUBOJUT K
CHIKEHHIO TeMIepaTyp. TemneparypHsle HaNpsKEHUS C
POCTOM BEIMYHMHBI 3HEPTUH, pacTyT. Tak, MakcuMalbHbIe
TeMIlepaTypHbIE HAaNpsDKEHUS! CHadala IUIaBHO BO3pacTa-
10T, @ 3aTEM MX CKOPOCTb POCTa yBEINYMBAETCS M JOCTH-
raeT NOCTOSHHOM CTalMOHapHON. MaKkcuMailbHbIE TEMIIe-
paTypHbIe HalpsDKEHHS JUI1 HOHOB OOpa IOCTHUTAIOT Be-
maaus 7,6-10° (Z = 3), sneprus — 2-10% 5B, a s HoHOB
yraepoma onn Mensme 6,2-10° ws Tex sxe ycmosuii. ITpn
MaJbIX JHEPTUSIX MOHA BEIMYMHBI HANpPSDKEHUH CHIDKa-
IOTCS MPAaKTHYECKH Ha TOPSIIOK, XOTs Ui Oopa OHM He-
CKONIBKO BBINIE, YeM i yriepoxaa (puc. 1, 6). dusa mu-
HUMAJBHBIX TEMIIEPATYPHBIX HANpPsDKCHWH 3aBUCHMOCTH
[0 XapakTepy MPaKTUYECKH IOXOKM Ha 3aBHCHMOCTb
TEMIIepaTypsl OT SHEPTHH MOHOB, T.€. CHadasa HaOrona-
ercsi OBICTPBIN POCT, a 3aTeM — MPAKTUYECKH JMHEWHAs
3aBHCHMOCTh OT O3HEPIWH. BemTMuMHBl MHHHMAJIbHBIX
TEMIIEpaTYPHBIX HANPsDKCHUI CHU3WINCH OONBIIC YeM Ha
mopsinok (puc. 1, B). Tak, MakcuMamnbHBIC 3HAYCHUS, KO-
TOpBIE YK€ PEATM3YIOTCS U HOHOB YIIIEpOia, COOTBET-
ctByfor 4,25-10" Tla. B 5TOM Ccllydae HampsDKeHHMs [Uist
FOHOB G0pa MeHbIIe u cocTaBisiior 3,2-10" ITa. CHinke-
HHUE BEJMYMHBI 3apsAa MOHA MPUBOAWT K YMEHBIICHHIO
MUHHAMAJIBHBIX TEMIIEpaTypHBIX HAIPSHKEHUH, HO Xapak-
Tep 3aBUCHMOCTEH coxpaHsercsa. s MaibIX 3Ha4eHHH
sHepruu (E;=200) MuHUManbHbIC 3HAYCHUS HATIPSHKCHUH
cranoBsiTcst Menbine uem 107 TTa. MccmenoBanue Teme-
paTypHBIX HaNpsHKCHUH II0Ka3alo: TeMIlepaTypHbIe
HaIpsDKeHUS 110 BEJIMIHHE HE JTOCTATOYHBI JUIs 00pa3oBa-
HUSL HAaHOCTPYKTYpP, HO MOTYT CYIIECTBEHHO YCKOPHUTBH
3TOT TpoLEcC IPH COOTBETCTBYIOIMX Temneparypax (500
— 1500 K). MccnenoBaHre CKOPOCTH POCTa TEMIIEPATYPHI

IMOKas3aJio, 4TO MNPAKTHYCCKU [UIA BCEX HCCICIOBAHHBIX

PEKMMOB OHA IIPEBBIIIACT 10" K/e.
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Puc. 1 —3aBucumoctu pa3auyHbIX HOKa3aTenel oT 3Hep-
TUHM HOHOB 6opa (—) u yruepozaa (--) Ipu ux JeHCTBUU Ha Mar-
Huesble cruiaBbl (Z = 1 kpusbie 1, 2; Z =2 xpuBsie 3,4; Z=3
KpHBBIE 5, 6): a — 3aBUCHMOCTh MAaKCHMAJIbHBIX TEMIIEparTyp; 6 —
3aBUCHMOCTb MaKCHMAJIbHBIX TEMIIEPAaTYPHBIX HAPSHKCHUH; B —
3aBUCHMOCTb MMHUMAJIBHBIX TEMIIEPATYPHBIX HAIPSDKEHUH

AHanornyHble 3aBUCUMOCTH AT CIIydasi ACHCTBUS
HOHOB a30Ta M aJIOMHHUS HA MarHWEBBIC CIUIABHI MPEX-
craBieH Ha puc. 2. Tak, MakcuMalbHBIE TEMIIEPATyphI
pacTyT ¢ pOCTOM 3HEpPIUH MOHA, a XapaKTep aHAJIOTHYECH
JIECTBUIO MOHOB OOpa U yriaepoma. B aTom cioydae mak-
CHMAaJIbHBIC TEMITEPaTyphl JOCTUTAIOT 3HAYECHNH, OJIM3KUX
210 K (Z = 3) u 1,5-10 K (Z = 1) mous! a3ora. Jlus
VOHOB aJIIOMHMHHS TEMIIEpaTyphl CYIIECTBEHHO HIKE U
cocrapsmor 8-10° u 6,1~103 KmsaZ=3uZ=1 coor-
BETCTBEHHO (puc. 2, a). MakcUMaIbHEIE TEMIIEpPaTypHBIE
HaNpspKEHUS IUIaBHO PACTyT IIPU MAJbIX SHEPIUsX, a Npu
OonbIIMX HAOIIONACTCS TPAKTUYECKH JIMHEHHAs 3aBHCH-
MOCTh HalpsDKEHUH OT SHEpTUH MOHOB, IPUYEM JUIS CIY-
Yasi IefCTBHS MOHA a30Ta OHM CYIIECTBEHHO BBIIIE H JI0-
cruraior 3Havenmii 1,6°10° Tla mpu Z = 1 m
E; =2-10* 9B, Torma xak JjiT MOHOB aJIOMHHHSI OHH COC-
tapsior 8,4-10° [Ta B 5THX XKe YCIOBUSIX. Y MEHBIICHUE
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BEIMYMHBI 3apsja HOHAa TPUBOAUT K CYIIECTBEHHOMY
CHIDKEHHMIO HAMNpPSKEHUH U OHU COCTaBIISIOT 4,8-10° u
3-10°% ITa. TIpy MasbIX SHEPrHUAX HOHOB STH HATIPSDKCHHS
nopsika 10" Ta (puc 2, 6).
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Puc. 2 — 3aBucuMoCTh pa3IMYHBIX HAPAMMETPOBOT HEP-
MM HOHOB a30Ta (—) 1 aJIOMUHUS (--) IPH UX JSUCTBUH Ha Mar-
Huesbie cruiaBbl (Z = 1 kpussie 1, 2; Z =2 kpusbie 3,4; Z =3
KpHBBIE 5, 6): a — 3aBUCHMOCTh MaKCHMAIIBHBIX TeMIIepaTyp; 6 —
3aBHCHMOCTb MaKCHMAJIbHbIX TEMIIEPATYPHBIX HAIPSHKCHUMH; B —
3aBHCHMMOCTh MUHUMAJIBHBIX TEMIIEPATYPHBIX HANPSOKECHUH

Jiisi MUHMMAIIBHBIX TEMIIEPATYPHBIX HAMPSHKCHUH,
KaK U B [IPEABIAYIIEM CIIydae, 3HAUCHHs HAMPSIKCHUIA J1JIsI
ciydast JICUCTBHUSI MOHOB AJIOMHUHHUSI HECKOJIBKO BBIIIE,
yeM ]IS MOHOB a30Ta, a UX MaKCHMaJlbHbI€ 3HAUCHHS
JIOCTHTAIOT 3,3'107 u 10’ [la, mpy MUHIMATBEHBIX YHETHIX
HX 3HAYEHMS TAKKe HE3HAYNTEIbHEL.

Xapakrep M3MEHECHUSI BEJIMYMH COOTBETCTBYET HO-
HaMm Oopa u yraepona (puc. 2, B). O4eBHIHO, UTO 3HaUe-
HUSI TEMIIEPATYPHBIX HAMPSDKEHUH HECKOIBKO YBEIUYH-
JIUCh 110 CPAaBHEHHIO ¢ HOHAMK Oopa | yrieposa.

JJis HOHOB BaHAIWSA W XPOMa 3aBUCHMOCTH TEMITCa-
PTYp ¥ TEMIIEPATYpHBIX HANPSDKEHUH OT SHEPTHH TPEI-
CTaBJICHBI Ha puc. 3. XapaKTep 3aBUCHMOCTEH MpaKTHIe-
CKH COXPAHWIICS KaK JUIs MOHOB Oopa W yriepoja, HO Be-
JUYUHBl TEMIIEPATyp, MHUHAMAIBGHBIX W MaKCHMAallbHBIX
TEMIEPATYPHBIX HAMPSDKCHUH MPAKTHUSCKH OIMHAKOBBHI
JUTS BaHAIAS M XpOMa, XOTSI BEJTMYNHBI KAK MacCUMaJTbHBIX

temneparyp (3,4-10* K), Tak # MaKCHMaTbHBIX HATPSIKE-
HUH

(2,25-10° Ila) MpeBBINAIOT AHATOTMUHbIE 3HAYCHHS IS
MOHOB 0opa, yriaeposa, a3oTa U aIlOMHHUS, @ MUHAMAII b-
HbI€ HAIpPsDKEHUST HECKOJIbKO HIDKE 1,8'107 IIa
(puc. 3 6, B).
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Puc. 3 — 3aBucumocTy pa3auyHbIX HOKa3aTenel OT SHEPruu
HMOHOB BaHaausA (—) U XpoMa (--) IPH UX ACHCTBUU HA MATHUEBBIE
cmassl (Z =1 xpussle 1, 2; Z =2 kpussle 3, 4; Z = 3 kpussble 5,
6): a — 3aBUCHMOCTH MaKCHMAJIbHBIX TEMIIEpaTyp; O — 3aBHCH-

MOCTb MaKCUMaJIbHBIX TEMIIEPATYPHBIX HalTprKeHIde; B — 3aBHUCH-

MOCTb MUHUMAJIBHBIX TEMIIEPATYPHBIX HaprDKeHI/II\/'I

B cnyuae aeiicTBHsI MOHOB KUCIIOPOAA U XKeJe3a Ha
MarHUeBbIE CIUIaBBl XapakTep M3MEHEHHs TEMIIEpaTyp H
HampsDKeHUH coxpanmics (puc. 4). MakcuMaibHEIE TEM-
TepaTypsl PEATU3yIOTCS [UI HOHOB KUCIIOPOZa U JIekKaT B
mpezenax or 3,4~104 1o 2,6~104 K coorBercTBeHHO mpU
SHEPTUSIX 2-10" 5B u Z=3. Jliisi HOHOB XeJe3a TeMIepa-
Typbl 3HAYUTEIbHO HIDKE U COCTaBILAIOT 10 u 7-10* K
IIpY TeX ke 3Hepruu u 3apsine (puc. 4, a). Temneparyp-
HBIE HANPSDKEHHSI KaK MakCUMaJIbHbIE, TaK M MUHHUMAJl b-
HBIE UMEIOT 3HA4eHMs1, OJM3KHE K MPEIbIAYIIIM, HO MH-
HUMAaJIbHBIE HECKONbKO Bhime — 3,110 Ila (puc. 4 6, B).
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Puc. 4 — 3aBucuMocTH pa3IMYHBIX MOKa3aTenel oT SHep-
T'MM HOHOB KHCIIOpo/ia (—) u jkenesa (--) pu UX AeHCTBUU Ha
MarHueBble cruiaBbl (Z = 1 kpusble 1, 2; Z =2 kpussbie 3, 4; Z =
3 kpuBbIE 5, 6): & — 3aBUCHMOCTb MaKCUMAJILHBIX TEMIIEPATyp; 6
— 3aBHCHMOCTb MaKCUMAJIbHBIX TEMIIEPATYPHBIX HANPSOKEHHUH; B
— 3aBHCHMOCTb MUHUMAJIbHBIX TEMIIEPATYPHBIX HANPSOKCHUH

[Ipu neiicTBE HOHOB HUKEIS M KoOanbTa HA MarHU-
€BBII CIUIaB pacIpeneseHne TemMmeparyp (puc. 5, a), Max-
CUMAaIBHBIX (puC. 5, 0) 1 MUHIMAaJIBHBIX TEMIEPaTYPHBIX
HampspkeHu# (puc. 5, B) oOHapyKeHO, 9TO s 00OomX
WOHOB PEaU3yIOTCs IPAKTHUYESCKH OIMHAKOBBIE TEMITepa-
TYpPBI ¥ TEMIIEPATYPHBIC HANIPSKCHHUSL.

Tak, TemmepaTypsl cocraBmsor  3,5:10° K
(E; =2-10* 5B, Z=3), yMcHbIICHIE 3apsiia MPUBOIHT K
CHIDKEHHIO TemmepaTyp 10 2,6-10* K (Z=1). s maisix
suepruii (200 5B) Temmeparypsl MPaKTHYECKH HE OTIIH-
qarores 1 coctaisior 4-10° K jurst Beex 3apsoB (puc. 5,
a). MakcuMmaJbHbIE TeMIepaTypHbIC HANPSDKSHUS JUIS
oGonx noroB — 2,3-10° ITa (E; =2-10* 5B, Z=3), c yMCHb-
LIEHUEM 3apsiia OHM CYIIECTBEHHO yYMEHBIIAIOTCS M CO-
crapmsor 8-10° ITa (Z = 1). J{nst MabIX SHEpruil Hamps-
JKEHHE COCTABIISIET BemmanHbl mopsiaka 10° [Ta mpaxruue-
CKH JIJIS BCeX 3apsmoB (puc. 5, 0).
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Puc. 5 — 3aBucumoctu pa3IMYHBIX MapaMeTPOB OT SHEP-
TUH NOHOB HHKeJs (—) 1 KoOanbTa (--) pU UX JeHCTBUH Ha
MarHueBble craBbl (Z = 1 kpussle 1, 2; Z =2 kpussle 3, 4; Z =
3 KkpuBbIE 5, 6): @ — 32aBHCHMOCTh MaKCUMAJIbHBIX TEMIIEPATyp; O
— 3aBHCHMOCTb MaKCHMAJIbHBIX TEMIIEPATYPHBIX HAIPSHKCHUH; B
— 3aBHCHUMOCTb MMHUMAJIbHBIX TEMIIEPATYPHBIX HANPsDKECHUH

Jns MHHHManbHBIX TEMIIEPATYPHBIX HAalpsDKCHUH
TaKKe 3HAYCHHE JUIS HOHOB HUKEJsl U KobalbTa MpaKTH-
YEeCKH OJMHAKOBO, MAaKCHMaJbHOE 3HAYEHHE COCTABISET
1,75-107 Ta (E; =2-10* 5B, Z = 3), Torma Kax Uit MUHH-
ManbHEIX 3Hepruit (200 9B) oHu ymenbmatorcst 10 6-10°
1 2-10° Tla.

B ciydae meiicTBuS MOHOB WTTPHS M IMPKOHMS Ha
MAarHHeBbIi CIUIaB 3aBUCHMOCTH IIPAKTHYECKH COBIAIAIOT
KaK U1l TEMIIEpaTyp, TaK U JJIsl HAIIPSDKSHUH.

MakcumanbsHble TEMIEpaTypbl pealu3yloTcs TpH
SHEPruu 2:10 5B u Z=3 u cocrasmsor 3,7-10* K, Toraa
Kak mpu Z=1 OHM YMEHBIIAIOTCS JO 2,8'104 K, mma ma-
ne1x sHepruit (200 3B) Temmeparypsl IpHOMIKAIOTCS K
10° K, mosToMy BIHSIHEE 3apsiia He OIIyTHMO (pHC. 6, a).
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Puc. 6 — 3aBucuMOCTH pa3IUYHBIX MAPaMETPOB OT SHEP-

MY HOHOB UTTPHS (—) ¥ LIUPKOHUS (--) TIPH UX NEHCTBUH Ha
MarHueBble cruiaBbl (Z = 1 kpussble 1, 2; Z =2 kpussbie 3, 4; Z =
3 kpuBbIE 5, 6): & — 3aBUCHMOCTb MaKCUMAJILHBIX TEMIIEPATyp; 6
— 3aBHCHMOCTb MaKCUMAJIbHBIX TEMIIEPATYPHBIX HANPSHKEHHUH; B

— 3aBHCHMOCTb MUHUMAJIbHBIX TEMIIEPATYPHBIX HANPsHKCHUH

MakcumanbHbIe TeMIEpaTypHbIe HAINPSKEHUS TakK-
)K€ OAMHAKOBBI U1 MOHOB MTTPUSI W LIUPKOHUS, MAaKCH-
MaJIbHBIC 3HAYEHHUS KOTOPBIX PEATM3YIOTCS NPH SHEPTUH
2:10* 5B (Z = 3) u cocrapmsror 2,4-10° Tla, a mpu Z =1
onn camkatorcs 10 8-10° Tla, mpu Mambix SHEprusx
(200 »B) peanm3yroTCS MIPAKTUICCKHA OIMHAKOBEIC TEMIIE-
paTypHsIe Hanpsokernst mopsiaka 10° Ia (puc. 6, 6).

MuHNMaIbHBIE TEMITepaTypHbIe HanpspkeHus npu E;
=2-10* 5B, (Z=3) cocrasmsor 1,7-10" ITa, Torma kak npu
Z=1 ouu camxkatorest 10 7,6-10° Ia, [P MUHUMAJIbHBIX
sHeprusix 200 5B BiousHue 3apsna HE3HAYHUTENBHO, a
TEMIIepaTypHbIC HANpPsDKEHHUS! COCTABIAIOT BEIWIHMHY IO-
psika 2-10° 5B (puic. 6, B).

JelicTBue MOHOB MONHMO/IEHA M TadHAS HA MarHue-
BBIH CIIaB MPHUBOJIUT K PEaIM3aliK TOBOJIBHO BBICOKHX
Temnepatyp mpu sHeprusx 2-10% 5B. Jlms radmus oxu
JIeXaT B Ipeaenax oT 3,7-104 hi (o) 2,8-104 K npu 3apsanmax
Z = 3; Z = 1 COOTBETCTBCHHO, CHIDKEHHE YHEPTHH 10
200 »B mpuBOOMT K peanH3alldd TeMIepaTyp MHopsaka
2,5'103 K npaktuuecku it Bcex 3apsiaoB.
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Puc. 7 — 3aBucumoctu pa3iIM4YHBIX HapaMeTPOB OT SHEPTUU

HOHOB MonuOeHa (—) u raduus (--) IpH KX IeHCTBUM Ha MarHue-
Bble cruiaBbl (Z = 1 kpussie 1, 2; Z =2 kpussbie 3, 4; Z = 3 KpHUBbIe

5, 6): a — 3aBHCHMOCTb MaKCHUMAJIBHBIX TeMIIepaTyp; 6 — 3aBUCH-
MOCTh MaKCUMaJIbHBIX TEMIICPATyPHBIX HANPSDKESHHUI; B — 3aBUCH-
MOCTh MUHUMAJIBHBIX TEMIICPATYPHBIX HAMPSDKSHHUI

Jist MonubicHa OHM HECKOJIBKO HIDKE M COCTaBIIS-
0T 2,9~104, 2510 K mpu cooTBeTcTBYyIOMKX Z = 3;
Z = 1 (puc. 7, a). MakcumanbHBIC TeMITCpaTypHbIE
HAMpPSDKEHUS [Tl MOHOB ra(HUsl HECKOJIBKO BBIIIE, YeM
JUII WOHOB MONMOIEHA, W COCTaBISAIOT A TadHUSA
2,4-10° TTa u 7-10° TIa mpu cootBercTBytonwx Z = 3; Z =
1. lnst HOHOB MONHOEHA PEATU3YIOTCS TEMIIEpATypHbIe
HATPSDKEHUST HECKOJIBKO MEHBIIMX BEJIMYMH U COCTABIIS-
ot 2,3-10° — 6-10% ITa npu Z=3; Z=1 COOTBETCTBEHHO
(puc. 7, 6). MUHUMAITBHBIE K€ 3HAUEHHUST TEMITEPATYPHBIX
Hanpsokennit ipu E; =2-10% 5B umeror sHauenns 1,72-10°
u 8-10° ITa JUTS CITydasi IeUCTBYSI HOHOB MOIMOJCHA TIPH
Z = 3; Z = 1 coorBeTcTBeHHO. [IprdemM mis 5TUX HOHOB
nipu 3Hepruy nopsaka 1000 3B HabmomatoTcs Takue ke
BBICOKHE HarpsbkeHust npu Z = 3, xotsinpu 2 =1, Z2=2
3aBUCHMOCTH BEAYT ceOs Takke, KaK U HOHBI UTTPUS U
mupkoHUs. [Ipn MameIx SHEPTHAX MHUHUMAJBHBIC 3HAUe-
HUS HATIPSDKCHUH CHIDKAKOTCS M YK€ COCTABIIAIOT TTOPS-
Ka 1,5'106 IMa mist 06onx voHOB M 3apssnoB Z = 1uZ =3

(puc. 7, B).
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Puc. 8 —3aBucumocTu pa3nuYHBIX MapaMEeTPOB OT SHEP-

T'MM HOHOB TaHTaina (—) U Boib(pama (--) IpH UX ASHCTBUH HA
MarHueBble cruiaBbl (Z = 1 kpussble 1, 2; Z =2 kpussie 3, 4; Z =
3 kpuBbIE 5, 6): & — 3aBHCHMOCTb MaKCUMAJILHBIX TEMIICPATyp; 6
— 3aBHCHMOCTb MaKCUMaJIbHBIX TEMIIEPATYPHBIX HANPSHKEHHUH; B

— 3aBHCHMOCTb MUHUMAJIbHBIX TEMIICPATYPHBIX HANPsHKCHUH

JeiicTBie MOHOB TaHTaja W BOIb(pamMa HA MarHHE-
BbIE CIJIaBHI TIO3BOJISIET PEaM30BaTh MAaKCHMAJIbHBIE Te-
mreparypst (3,25 — 2,5):10° K cooTBercTBeHHO mpH
(Z=3,Z=1), npuueM ux 3HAUYCHUS I OOOUX HOHOB
MIPAKTHYECKN COBIAAAIOT.

[pu muanManeHBIX SHEprEax (200 >B) BnusauE 3a-
psila HEBEIMpYeTcs, a 3HadeHue nexut Bommsn 2-10° K
(puc 8, a). TemriepaTypHbIie HAIPSHKEHUS, KaK UIsL CITydast
JEHCTBUS MOHOB TaHTaJla M BOJMb(pama, ONMHAKOBHIC U
JIeKAT B mpenenax ot 2,3~109 1o 7,5~108 Ma npu Z = 3;
Z = 1. na manex sHepruid (200 5B) oHE coOCTaBISIOT
10° Ta (puc. 8, 6). TeMmepaTypHBIEC HAMPSUKEHHUS HMEIOT
3aBHCHMOCTDh OT JHEPIHH, AHAJOTUYHYIO MPEIBITyIINM
HMOHaM MoynOzieHa 1 raHUsl — MaKCUMAJIbHBIC 3HAUCHUS
JIeKAT B JUana3oHe 1,67-107 — 8-10° Ia cooTBeTCTBEHHO
npu Z = 3; Z = 1. Ilpu Z = 3 taxxe HAOIIONAIOTCS BBICO-
Kr€ 3HaYeHUs] MHHUMAJIBHBIX TEMITEpaTypHBIX HampspKe-
HHUH, KOTOpBIEC NMPAKTUYECKH PaBHbI MAaKCUMAJIBHBIM JUIS
SHEpPruit 2-10° 5B, HO OHM CHWXKaOTCS 0 3HadeHmit 10°
ITa mpu sHeprusix 200 »B, He3aBUCHMO OT 3apsiia U copTa
noHa (puc. 8, B).
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Puc. 9 — 3aBucumoctu pa3iIMyHBIX MapaMeTPOB OT SHEP-
MU HOHOB IUIATUHBI (--) IIPH UX JIHCTBUU Ha MarHUEBbIC CILIA-
Bbl (Z =1 xpussie 1, 2; Z=2 kpussic 3, 4; Z =3 kpusbIc 5, 6): a
— 3aBHCHMOCTb MaKCHUMAJIBHBIX TeMIIepaTyp; 0 — 3aBUCHMOCTh
MaKCHMaJIbHbIX TEMIIEPaTYPHbIX HAIPSDKEHHUIT; B — 3aBUCHMOCTh
MHHHMMAJIBHBIX TEMIIEPATYPHBIX HANPsHKEHUH

B cnyuae neicTBHs MOHOB IUIATUHBI HA MAarHUEBBIE
CIUTaBEI PEANM3yIOTCS TeMIlepaTypsl mopska 3,2-10% —
2,410 K npu Z = 3; Z = 1, Torma Kak TpH DHEPrHsX
200 5B Temmeparyps! coctapmsoT mopsizka 10° K s Beex
3apsnoB (puc. 9, a). TemmeparypHble HATPSDKEHUS B 3TOM
CITyJae JIeKaT B JIHalla30He OT 2,2-109 1o 5,4-108 [a npu
sueprim 2-10% 9B. Tlpn mamsix smeprisix (200 5B) Makcu-
MaJIbHBIC TeMIIEpaTypHbIe HanpsuKeHnst cocrasisior 0,8-10°
[Na mpaxrigeckn mis Beex 3apsinoB (puc. 9, 0). MuHIMab-
HBIC TEMIEpaTypHblE HANPSHKEHUSI MMEIOT 3aBHCHMOCTH,
ONM3KHe K MOMHOICHY M TaHUIO — MAaKCUMAaJIbHBIE Hampsi-
JKEHHSI COCTABIIAIOT BEIMYMHEI 2,2 10°u7-10% Ia mZ =3,
Z = 1 coorsercreenno (sueprus 2-10* 5B, puc. 9, B), mpu-
qeM TIpu Z = 3 u SHEPrur
2:10° 5B Tamke umeeMm IIPAKTUYCCKH MAKCUMAJIbHBIE TEM-
TiepaTypHbIE HAIPSHKEHHSL.

Pe3ynbTaThl MpOBENEHHBIX HCCIIETOBHUIA MOMKHO HC-
TIOJTB30BaTh ISl OLEHKW BO3MOKHOCTH TIOMY4YEHHs! HaHOC-
TYPKTYp TP T€X WM WHBIX TEXHOJIIOTMYECKHUX PEKHUMAX IO
BEJIMYMHE TEMITEPaTyp, CKOPOCTH WX HApACTaHWsS M 3HaUe-
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HUSIM MaKCHMaJbHBIX M MHHHMAIBHBIX TEMIIEPaTypPHBIX
HanpsDKEHNH, TIPUHSIB 332 KpUTEpHii 00pa3oBaHne HAHOCTPY-
KTYp, JOCTIKeHHE TpeOyeMoro jauara3oHa TeMIeparyp
(500-1500 K), ckopocreii HapacraHus Temriieparyp, 6oib-
umx gem 10” K/c 1 Hamiume TeMIepaTypHbIX HaTpsOKEHHUIT B
mmarnasose 10" — 107 Ia, KOTOpBIE YCKOPSIIOT MPOIIECC MO Y-
YEHUsI HAHOCTPYKTYP.

BriBoanl
1 I[Jm LHPOKOrO Kpyra HOHOB B*, N*, C, AlI,
Cr, O', Ni*, Zr*, Mo', Hf*, W', Ta", Pt" L[eI/ICTByIOIJ_[I/IX Ha
MarHueBbI€ CIUIaBbI, TOTY4YEHBI 3aBUCHMOCTH MaKCHMaslb-
HBIX TEMIIEpaTyp, MaKCUMaJIbHBIX U MUHUMAIIbHBIX TEMITe-
PaTYpHBIX HAPsHDKEHUI OT SHEPTUU MOHOB U MX 3apsija, YTo
MO)KHO HCIIOJIb30BATh JUIsI OIIEHKHM BO3MOYKHOCTH 00pa3oBa-
HHSl HAHOCTPYKTYP TIPU COOTBETCTBYIOIIMX TEXHOJIOIHYCE-
KUX peKUMax 00paboTKH.
2. Jnst psina MOHOB TONYYEHbI YCJIOBUSI, KOTZla OHH
CO3/Iaf0T OJIMHAKOBBIE TEMITEPATYPHBIC TOJSL U TIOJS TEMITe-
PaTYpHBIX HAIpsDKEHUH, HAIpUMep, BaHAIWH — XpOM, HHU-
KeJlb — KOOAJIbT, UTTPHI — IIMPKOHMIA, TAaHTAI — BONb(PaM U
riatuHa. Be€ 9To no3BonsieT BhIOMpaTh HanboIee AemeBblil
13 HOHOB VTS TIOIYUYEHHUS TeX JKe HAHOCTPYKTYP.
3. Hcnonb3ys B TEXHONOTMM pPa3IUyHbIE SHEPIUU
HOHOB, UX 3apsfbl U COPTA, MOXKHO IOIy4aTh CIOW HAHOCT-
PYKTYp pasmepoM 110 50—60 MKM, YTO MO3BOIMT CYIIECT-
BEHHO IIOBBICUTBH PabOTOCIIOCOOHOCTD AeTaleil U PeKyIIEro
HHCTPYMEHTA, WCIONB3YIOIUX TAaKOH CIOCO0 MOMydeHHS
HAHOCTPYKTYPHOTO CJIOS.
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