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I. Hccne.QosauHe aocnpoH3BO.IlHMOCTH xapaKTepMCTIIIC 

TOHICHX DJJeHOIC 

llpu HaHeceHilH CBepxrrpOBO~HJlleH /CTI/ IIJieHKH Ha IIpHeMHYIO 

IIOBepXHOCTb He06XO~HMO IIOJIY'IHTb: 

1/ OIIpe~eJieHHYIO Tpe6yeMyiO TOJIJllHHY IIJieHKH; 

2/ paBHOMepuoe pacrrpe~eneuue rrneHKH no TOJIJllHHe rrpueMHOH 

IIOBepXHOCTH; 

3/ onpe~eJieHHOe COOTHOWeHHe KOMIIOHeHT B HaHeCeHHOH IIJieH­

Ke. 

H3MepeHue moAUIUHbl u cKopocmu HaHeceHUJI nAeHOK 

TOJIJllHHa - O~HH H3 Ba)f{HeHWHX napaMeTpOB TOHKHX IIJieHOK. 

ll03TOMY Heo6xo~HMO IIpOH3BO~HTb TO'IHble H3MepeHHJI TOJIWHHbl 

nneHKH B rrpouecce naueceHHH. Oco6euuo TO'IHbiM ~oJl)f{eH 6b1Tb 

KOHTpOJib 3a CKOpOCTbiO HapaCTaHHJI TOJIJllHHbl B TeX CJiy'laHX,KOr~a 

cjlopMHpyeTCJI IIJieHKa CIIJiaBa IIyTeM O~HOBpeMeHHOrO HaiibiJieHHJI H3 

~BYX HJIH HeCKOJlbKHX HCIIapuTeJieH. 

CywecToyeT uecxoJibKO crroco6oo orrpe~eneHHH TOJIJllHHbiiiJieH­

xu: H3MepeHHe COIIpOTHBJieHHJI HaiibiJieHHOH /MeTaJIJIH'IeCKOH/ IIJieH­

KH, H3MepeHHe CTeiieHH HOHH3aUHH IIOTOKa HCIIapHJllHXCJI 'laCTHU, 

OIIpe~eJieHHe 1Ip03pa'IHOCTH /OIITH'IeCKOH/ MeTaJIJIH'IeCKHX H ~H-
3JieKTpH'IeCKHX IIJieHOK, B3BeWHBaHHe IIOJiy'leHHOH IIJieHKH, H3Mepe­

HUe pa3HOCTH cjla3 ~BYX KOrepeHTHbiX nyqeif /HHTepcjlepeHUHOHHblH 

Me To~/ u pJI~ ~pyrux. CpaBHHTeJibHO ue~aBHO rrpe~JIO)f{eH crroco6 

OIIpe~eneHHJI TOJIWHHbl IIJieHKH, OCHOBaHHbiH Ha H3MeHeHHH 'laCTOTbl 

xone6anuil xpucTanna xoapua rrpu uarrblneuuu ua nero TOHKOH 

rrnenxu I 2/. 
)l.JIJI KpHCTaJIJia KBapua, B KOTOpOM KOJie6aHBJI B036y)f{~aiOTCJI 

B HOIIepe'IHOM HarrpaBJieHHB, TOJIIUHHa IIJiaCTHHKH a COOTBeTCTByeT 

rronoBuue ~JIHHbl BOJIHbl ocuoouoil qacTOTbl I 31 

f = 
v 

2ci 
N 

/1/ 
a 

r~e { - OCHOBHaJI 'laCTOTa, v - CKOpOCTb yrrpyroH rrorrepe'IHOH 

BOJIHbl B HarrpaBJieHHH TOJIIUHHbl IIJiaCTHHKH, N - 'laCTOTHaJI IIO­

CTOJIHHaJI. 
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,LI;BlPlPepeHUHpyR ypaBHeHHe /1/ no a H BBO,ll.R seJIH4HHY 

da = --y dm , 
Pq 

r,ll.e Pq- IIJIOTHOCTh KBapua, F - IIJIOI.l.la,ll.h rrJiaCTHHKH KBapua, 

noJiy4aeM 

f 2 dm 
/2/ df = ---· 

Np F 
q 

113 /2/ BH,ll.HO, 'ITO YXO,ll. qaCTOThl nponopUHOHaJieH H3MeHeHHJQ 

MaCChi. MO)I(HQ C'IHTaTh, 'ITO TOHKaR IIJieHKaH3JIJQ6oroMaTepHaJia, 

naueceuuoro ua KsapuesyiD nnaCTHHKY, npHBO.D.HT K TOMY )l(e yxo.ny 

4aCTOThl, 'ITO H H,ll.eHTH'iHOe H3MeHeHHe MaCChi CaMoro KBapua. 

TaKHM o6pa30M, B !PopMyJie /2/ dm = F. 0. p m , 

2 2 r F·o·p f · o P m m 

T.e. df = ---·--- =----·--
N p F N p 

q q 

HJIH N·d f .~[. /3/ 
ioi ~I e p 

m 

r ,!I.e p - IIJIOTHOCTh Ma TepHaJia IIJieHKH, 0 - TOJII.l.IHHa IIJieHKH. 
m 

Bhi6op qaCTOThl KOJie6aHHH KBapua 3aBHCHT OT ,ll.Haiia30Ha H3" 

MepReMhiX TOJlll.IHH H UeJIH HCCJie,ll.OBaHHR. ,LI;JIR H3MepeHHR TOHKHX 

ITJieHOK )l(eJiaTeJihHa 60JihillaR 'IYBCTBHTeJihHOCTh H 6onee BhiCOKaR 

4aCTOTa /2/. ECJIH HCCJie.n;yeMhiB ,ll.Hana30H TOJII.l.IHH BeJIHK, Ba)I(HO 

HMeTh B03MO)I(HO 60J1hillyJQ o6JiaCTh JIHHeHHOCTH H, CJie,ll.OBaTeJihHO, 

6pa Th KBapu 6onee TOJICThiif, T .e. C HH3KOH 'iaCTOTOH /1/. C ,ll.pyrOH 

CTOpOHbl, eGJIH H3MepRTh YXO,ll. qacTOTbl C 60JihilleH TO'IHOCThJQ 

/3TO 3aBHCHT OT HCIIOJlh3yeMoro 'iaCTOTOMepa/, TO MO)I(HO H Ha 

KBapue C HH3KOH 'iaCTOTOH IIOJiy'iaTh TO'IHble pe3YJihTaTbl. 

K C,ll.BHry 'iaCTOThl KBapua IIpHBO,ll.HT H3-eHeHHe OKpy)l(aJQI.l.leH 

cpe,ll.hl, HanpHMep, OTKa'IKa 06'beMa YCTaHOBKH, B KOTOpOM HaXO,ll.HT" 

CR KBapu. ECJIH see H3MepeHHR IIpOBO,ll.RTCR B BaKyyMe, YXO,ll. qacTO­

Thi npeue6pe)I(HMO Man. 

MexaHH'ieCKHe COTpRCeHHR MoryT Bhi3BaTh YXO,ll. 'iaCTOThl, eCJIH 

IIOJIO)I(eHHe KpHCTaJIJia B ,ll.ep)l(a TeJie HJIH 3JieKTpH'ieCKHe KOHTaKThl 

KBapua C BhiBO,ll.aMH H3MeHRJQTCR. 3TH BJIHRHHR YCTpaHRJQTCR IIyTeM 

HCITOJlh30BaHHR KBapue.nep)l(a TeJIR COOTBeTCTBYIDI.l.leH KOHCTPYKUHH. 

Hau6onee Tpy.nuo ycTpaHHMoil: npH'IHHOH napa3HTHhiX yxo.nos 

'iaCTOThl RBJIReTCR HeCTa6HJihHOCTh TeMnepa Typbl KpHCTaJIJia KBap­

ua. C 3TOH TO'IKH 3peHHR HaH60Jiee IIO,ll.XO,ll.Hll.IHM HBJIReTCHHCIIOJlh" 
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30BaHHe MaCCHBHOrO KBapua /6onee HH3KO'iaCTOTHOrO/ B Te'leHHe 

MaJioro BpeMeHH 3aMepa. ,LI;JIR IIOBhiWeHHR TO'IHOCTH H3MepeHHR 

YXO,ll.a qaCTOThl B 3TOM CJiy'iae CJie,ll.yeT IIOJlh30BaThCR 'iaCTOTOMe· 

poM, II03BOJIRIDI.l.IHM OTC'IHThiBaTh IIOKa3aHHR C TO'iHOCTh ,!1.0 repua. 

Y'IHThiBaR H3JIO)I(eHHOe, .D.JIR orrpe.neneHHR TOJII.l.IHHhi rrneHKH 

H CKOpOCTeH HaiibiJieHHR B ,ll.aHHOH pa60Te HCIIOJih30BaJIH KBapu 

c qacToToil: 500 Kru /AT-cpe3, N =1670 Kru x MM/. CxeMa 

reuepaTopa rrpuse.neua Ha puc. 1. 

Tfli/IG -(f.r-~1· 

A, I/7H 

I I I • '-

£ltV 
K&s '~' 

,.,._.,,~oa 
--

+I,G+gl 
PHC. 1. 

Yxo.n 4aCTOThi perucTpuposancR qacTOTOMepoM MapKH TR -
5589K /!PupMa Takeda Riken , .HnoHHR/. YKa3aHHhiH npu6op no-

3BOJIReT H3Mepl1Th 'iaCTOTY C TO'IHOCThJQ,ll.O 0,1 ru. ilpH H3MeHeHHH 

BpeMeHH naiihiJieHRR Ha KBapu OT 0,5 ,ll.O 20 MHH napa3HTHhiH YXO,ll. 

'iaCTOThl OT Harpesa KBapua npaJ.<TH'ieCKH He CKa3aJICR - paCXO)I(" 

,ll.eHHe IIOKa3aHHH 'iaCTOTOMepa IIPH 3aMepe B BaKyyMe CIIYCTR 

3 MRH IIOCJie HaiihiJieHRll H IIOCJie pa3BaKyyMHpOBaHHR KaMepbl ifa­
XO,ll.HJIOCh B rrpe.n;enaX YXO,ll.a 'iaCTOThl OT H3MeHeHHR cpe,ll.bl, T.e. 

1 ru /'ITO orrpe.n;eJIJIJIOCh npe,n;sapuTeJihHO 6e3 HaiibiJieHHR/. 

,LI;JIR IIO,ll.TBep)l(,ll.eHHJI npaBHJihHOCTH lPOPMYJihl /3/ TOJlll.IBHa 

IIJieHKH OIIpe.n;eJIRJiaCh MeTO,ll.OM B3BeWHBaHHJI. C 3TOH UeJihJQ O,ll.HO­

BpeMeHHO C KBapUeM HaiibiJIRJiaCh CTeKJIJIHHaH IIJiaCTHHKa. B3Bemu­

BaHHe IIJiaCTHHKH ,ll.O H IIOCJie HaiibiJieHHJI DpOH3BO,ll.HJIOCh Ha aHaJIH" 

TH'feCKHx secax. 

TaKoe cpaBHHTem.uoe onpe,n;eneuue TOJII.l.IHHbl nneHKH 6biJIO 

rrpoBe,ll.eHO ,ll.JIR HH06HR, UBPKOHHJI H THTaHa. Pe3yJihTaThl 3KCnepH· 

MeHTOB DpHBe,ll.eHhl B Ta6JIHUe 1. 

5 
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P. 
, 

""""· hq kZl4 I'd., z z c,..• M#J¥ 

~7tll6•2.7055= 

N& 15 O,JJ'1 199,531 0,105 o,221 2,701:J 2 5,5 jo,224 
=2,7055.J 

l'l 15 0.415 499,525 0,07~ 0,205 2,7055 
~7065~~7064_ 

I -
=2.?06~5 

0,5 0,201 

2,6$64•2,656!J_ 

5.4 l/,4~1 Ti 10 0,500 499,741 0.109 0,4J2 2,55Jf 2 

=2,656J5 

KaK CJJe~yeT H3 Ta6JJHUbl 1, pe 3YJJbTa Tbl onpe~eJJeHHH TOJIIIUfHbl 

HanblJJeHHOH nJJeHKH 060HMH MeTO~aMH 6JJH3KH no BeJJH'IHHe. IlpH 

3TOM He06XO~HMO OTMeTHTb He~OCTaTO'IHYIO ~JJH TaKOH UeJJH TO'f· 

HOCTb B3BeillHBaHHH Ha aHaJJHTH'IeCKHX Becax - 0,1 Mr. 

B ~aJJbHeHWeM onpe~eJJeHHe TOJIIUHHbl HanbiJJeHHOH nneHKH 

H CKOpOCTeH HanhlJJeHHH npOH3BO~HJJOCb KBapueBblM pe30HaTOpOM. 

Pa3pa6oTaHHaH B OT~ene HOBhiX MeTo~oB ycxopeHHH K~l~Tl.o-
.PoxycHaH 3JJeKTpOHHOJJY'IeBaH nywKa C KOJJhUeBblM KaTO~OM no-

3BOJJHeT HcnapHTb TyronnaBKHe MeTaJJJJhl I Mo, N b , Zr H ~p/. 
)];JJH yBeJJH'IeHHH HHTeHCHBHOCTH HCnapeHHH MOryT HCnOJJb30BaTbCH' 

KaTO~bl 6oJJee CJJO)I(HOH 4JopMbl • KaK nJJOCKHe,TaK H BblrHyTbie no 

c4Jepe /eM. pHc. 2/. 

© ~ ~ ~ ~ 
Tn I Tn II 'hll III 'Ita~ I1 To J 

PHc. 2. THnhl 3KCnepHMeHTaJJbHblX KaTO.IlOB B nnaHe. 

3xcnepHMeHTanbHaH npoaepxa BblHBHJJa, 'ITO HaH6onee Te'xHo­

norH'IHblM JIBJJ.!leTCH KaTO~ 1 THna-:BblrHyToro no c4Jepe pa~HYCOM 
19 MM. Jia pHC. 3 H 4 npHBe,lleHbl KpHBble 3aBHCHMOCTH CKOpOCTH 

HanblJJeHHH HH06HH OT TOKa pa3pJI~a )lJIJI Tpex pa3JJH'IHbiX pa3rOHJI• 

IOIUHX Hanp.!l)l(eHHH B nywxe. CxopocTb HanbiJJeHBJI onpe,lleJJJinach 

KBapueBblM pe30HaTOpOM, pacnOJJO)I(eHHblM Ha,ll UeHTpOM aHo~a 

nyWKB Ha BbiCOTe 200 MM OT nJJOCKOCTH HCnapBTeJJ.!l. 

CpaBHHBaJI CKOpOCTB HanbiJJeHHJI no pHC. 3 B 4, MO)I(HO C~eJJaTb 

BbiBO~bl: 
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1/ 06 3cWJeKTHBHOCTH HCnOnb30BaHHH KaTO)la; BbirHyTOrO no 
c!lJepe; 

2/ 0 3aBHCHMOCTH CKOpOCTH HanbineHHH OT pa3rOHHIOIQero 
uanpH)KeHHH nywKH. 

KaTO)lbi c!lJepaqecxoro Tuna o6ecneqnBaiOT 6onee Bb!COKYIO 
nnOTHOCTb 3HeprBB no cpaBHeHBIO C nnOCKBMH KaTO)laMH 6narO)lapH 
ynyqweHHIO CXO)lHMOCTB 3neKTpOHHOrO nOTOKa. Bb!COKaH nnOTHOCTb 
3HeprHH, B CBOIO oqepe)lb, CnOC06CTByeT yBenuqeHHIO CKOPOCTH 
ucnapeHHH. 

Ha pucyuxax 5, 6 H 7 npuBe)leHbl KPBBble 3aBBCHMOCTH cxopoc­
TH HaHeCeHB.II nneHOK HH06BH, UBpKOHB.II H TBTaHa OT pe)KBMa pa60Tbl 
ucnapaTenH. )J;uana30H pa3rOHHIOIUBX uanp.II)KeHB.II .n;n.11 ucnapena.ll 
3THX MeTannoB 6bln Bbl6pau B pe3yn~:.TaTe MHoroqacneuublx 3Kcne­
PBMeHTOB B COOTBeTCTByeT ycnOBB.IIM npo,D;On)KBTeni:.HOH CTa6Bnl:.· 
uoii pa6oTbl ucnapaTeneii. 

HccAeooeaHue pacnpeoeAeHuJI HaHocuMozo MamepuaAa 

Ha 6paiJIQ10UieUCJI nooAOJKKe 

,D;n.11 nonyqeuaH paauoMepuoii no Tonmuue nneuxu ua 6on~:.woii 
nnoma.n;u /nanpaMep, noaepxuoCTI:. pe3oHaTopa/ ueo6xo.n;nMo uccne­
)lOBaTI:. xapaxTep pacnpe.n;eneHB.II uauocaMoro MaTepuana ua npu­
eMaoii noBepxuocTB. XapaKTep Taxoro pacnpe.n;enena.ll JaaucaT oT 
KOHCTPYKUBB BcnapaTen.ll B nO)lnO)KKB, a TaK)Ke OT pacnonO)KeHB.II 
ucnapaTen.ll OTHOCBTen~:.uo no,n;nO)KKB. TeopeTaqecxu pacnpe.n;ene­
uue nneuxu ua npaeMnoii noaepxuocTB paccqaTb!BaeTc.ll B npe.n;no­
no)KeHBB, qTo ucnapeuue npoucxo)lBT B .n;ocTaToquo xopoweM aaxy­
yMe 11 noTOK qacTBU .llanHeTc.ll aTOMHbiM /Monexyn.llpHb!M/. KpoMe 
TOro npBHBMaeTC.II, qTo K031illilBUHeHT aKKOMO,D;aUHH paBeH e,D;BHHUe, 
T .e. Ka)K,n;aH qacTnua ucnapHeMoro aemecTBa IPaxTuqecxu KOH)len­
cupyeTc.ll ua npneMnoii noaepxuocTB. C yqeToM apameuu.11 no.n;no)K­
KB pacqeT npou3BO,D;BTC.II auanoruquo TOMy,lxax paccqaTb!BaeTcH 
OCBeiQeHHOCTb 3neMeHTOB TIOBepXHOCTH OT BCTOqHBKa CBeTa, reo­
MeTpuqecxu no)lo6uoro ucnapaTeniO, no ucnycKaJOmero aTOMHblii 
/Monexyn.llpHb!ii/ noToK. Taxoii pacqeT cnpaBe)lnBB ,n;nH aemecTB 
C TeMnepaTypoii HCnapeHHH Bb!We 1000° C /npH 3TOM HHTeHCBB­
HOCTb BtnapeHB.II Mana B BnBHHHeM CTOnKHOBeHHH HCnapBBWHXC.II 
Monexyn Me)K)ly co6oA a6nn3B ucnapnTen.ll MO)KHO npeue6peq~:o/, 
oca)K)leHHbiX ua qacTyiO MeTannuqecxyJO /nu6o cTeKnHHHYIO/ no­
BepxuocTI:. npa .n;aaneuuu ocTaToqublx ra3oB ue 6onee 10-4 Top I 4/, 
T.e. no.n;xo)lBT .n;m1 uawero cnyqaH. 

CxeMa pacqeTa npaBe)leHa ua puc. 8. 
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PHc. 8. CxeMa pacqeTa pacnpe.neneHHJI MaTepHana Ha spa~aiO~eiicJI 
no.nno>KKe. H - BbiCOTa pacnono>Ke~~JI nnocKOCTH nO,llJIO>KKH OT 
nJIOCKOCTH HCnapHTeJIJI, r 0 - 3KCD;eHTpHCHTeT nO,llJIO>KKH H HCnapH-
TeJIJI. 

10 

... 

1 

HHTeHCHBHOCTb HCnapJIIO~erOCJI Ma TepHaJia B e,llHHHU~ Te.neCHU • 

ro yrna onpe.neJIJieTCJI cbopMynoit 
dll> 

dO = 1,. cos(}. 

3,lleCb cos (} yqHTbiBaeT aHH30TpOnHIO nOTOKa qaCTHU HCnapJIIO~e­

rocJI Ma TepHana. 

dO 
d s ..l d s cos (} 

--=-R R 

dll> 2 _ = I • cos (} 
d s 0 ----z--R 

dE, 

r.ne dE - noTOK HHTeHCHBHOCTH Ha e,llHHHqHyiO nno~a.llKY B nnoc­
KOCTH, r.ne pacnono>KeHo B3.nenHe /no,llJIO>KKa/. KonuqecTBO Hanbi­
neHHoro Ma TepHana Ha e,llHHHqHyiO nno~a.nKY 3a speMJI d t 

dQ=dE·dt . 

TipH spa~eHHH npHeMHOH nosepxHoCTH /.llHCKa/ c qacToToit w0 

dcjJ 
dt =-

wo 
cos 

2
0 dcjJ dcjJ 

dQ = dE -- = I R2 
. --; 

w
0 

o wo 
2 H·2 

cos (}--. 
- R2' 

2 2 2 2 2 2 
R = H + x = H + r 0 + r - 2 r 0 r cos cjJ ; 

(} = (}(cjJ}. ., 

KonHqecTBo HanblneHHoro MS.TepHana 3a nepHO.ll o6pa~eHHJI .llHCKa 

T Ha e.naHHqHoii nno~a.nKe paBHO 
T 2 17 I cos 

2 
(} 

0 d cP . I Q = I dQ 
R 2 wo 

0 0 

2rr 
TipH Heno,llBH>KHOM .llHCKe 3a speMJI T = - Ha e.naHaqHoii nno~a.n­wo 

Ke Ha,ll HCnap&TeJleM KOJIHqecTBO HaHbiJleHHOrO MaTepHana paBHO 

II 
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I) 

i 

Q = 
I 0 T 

= 
I 0 2" 

H2 2 0 H w
0 

H2 2rr Q H 
2
d¢ 

.,=-=-! 2 2 2 ----2 
Qo 2rr o ( H + r 

0 
+ r - 2 r 

0 
r cos ¢) 

" 1 2rr 

- f -----· 
2rr 0 r 2 r 2 2r 0 r 2 

· [I+ ( i) + ( -) - --;;zcos ¢] 
H H H 

d¢ 
d¢ -. r , . 

" 0 (a + b cos ¢) 

r.n;e 

a = 
r 2 r 2 

I+ r--!f-J + (ITJ 

2 r 0 r . 
b c~ - --:-:--2 ' 

II 

2 2 
a > b /acer.n;a nerxo npoaepHTh/. 

" 
d ¢ I b sin ¢ " d ¢ 

1------=- l- -af-----1= - 2 b2 
0 (a + b cgs ¢) rr( a - ) a + b cos ¢ 0 a + b cos ¢ 

" 

1 ./ 2 b2 ¢ " v a - • tg 2 
----,====- arc tg ------- I 
ya 2-b 2 a+b o 

b sin¢ 2a 
rr( a 2 - b 2 ) a + bcos ¢ 

a 

(a2 -b2)3/2; 

a 
11 

(a 2 - b 2 ) 37i · 

BapLapyJI BeJIH'IHHY r 0 , MO)KHO onpe.n;eJIHTh noJio)Kenae ac­
napaTeJIJI, npH KOTOpOM MaTepaaJI 6y.n;eT HaHOCHThCJI paBHOMepHO 
no aceii nnoma.n;H .n;acxa npa apameHHH nocne.n;Hero. 

12 

' 

I, 

I 
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r 

Cor nacHo pac'leTHLIM .n;aHHLIM, Haa6onee no.n;xo.n;Jill.IHM .BBJIJieTCJI 
pacnOJIO)KeHHe HCnapHTeJIJI Ha paCCTO.BHHH r o =19 CM OT OCH 
opameHHJI .n;Hcxa /nnaHWait6w/. 

BwcoTa pacnoJIO)KeHHJI H · nnocxocTH no.n;no)KKH OT nnocxocTH 
HcnapaTeJIJI no.n;6apanacL 3KCnepaweHTaJibHO, T.K. pacnpe.n;eneHae 
nOTOKa HCnap.BIOll.IBXC.B 'laCTBll onpe.n;enJieTCJI KOHCTPYKllBeB HCna-
p&TeJieB. , 

Ha pH c. 9 npaae.n;eHLI kPBBLie pacnpe.n;eneHaJI cxopocTeii HaHe­
CeHHJI HB06BJI B 3aBHCBMOCTB OT paCCTOJIHBJI .n;o OCH HCnapaTeJIJI 
npa Heno.n;BB)KHOM .D;BCKe. YKa3aHHLie KpBBLie CHBMaJIBCb Ha Tpex 
BLICOTaX pacnOJIO)KeHBJI nJIOCKOCTB H3MepeHBB OT nJIOCKOCTB BCna­
p&TeJieB: 150, 200 a 250 MM. Kax B&.n;Ho &3 pac. 9, Haa6onee 
no.n;xo.n;Jill.IBM JIBJIJieTcJI pacnoJIO)KeHae no.n;JIO)KKB /pe3oHaTopa/ Ha 
BLICOTe 250 MM OT nJIOCKOCTH BCnap&TeJIJI. TOJILKO npB TaKOM 
pacnOJIO)KeHBB npaKTB'IeCKB OTCYTCTByeT TeHeBa.B 30Ha .D;JIJI nOTOKa 
qacT&ll acnapJIIOll.lerocJI MaTepaana . 

.,, .. ~H 
•- IPISIJ• 
.a- H•llltJ­
•- H•11111-

Nl U•:I,SII 
I•2.2o 

-111 u-_____, ---~-u -u-... UoJ<T u ., • M,., - • ,. 4t1 • ~ ...... 
PHC. 9. 3aBBCHMOCTL CKOpOCTeii HaHeCeHHJI MaTepaaJia OT paCCTOJI• 
HHJI .n;o oca HcnapaTeJIJI npa Heno.n;BH)KHOii no.n;Jio)I(Ke. HcnapaTeJIL 
H fiO.D;JIO)I(Ka COOCHLI. 

Pac'leTHLie H 3KcnepHMeHTaJILHLie .n;aHHLie pacnpe.n;eneHHJI Ha­
HOCHMOrO MaTepHaJia /HH06BJI/ no liJIOll.la.n;H npH BpameHHH fiO.n;JIO)K• 
KH Ha BLICOTe H =250 MM npaae.n;eHLJ B Ta6JIHl{e 2. 

Too11u"o 2 
Po"""'""N"e o, l1l'rl -oo 12~ 21~ 2:35 /pqi4i'NUJI /KJdAoi'kll 

) 2'.,, "'"' . 

.fO#IflfJ. ,/JQt:~i'/11 
0.33 0,34 0,31 0,30 

,1/ilt:''?,QPtJi'- ? .. ,~~. =0.32 lfi'NQ# 

?= 0 .9,fchepu-. 0,2S1 0.33 0.28 0,27 
Q, Ni'!Yh? 

?.,.=0.29 
-----' 
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llollyt~eHue cocmaeoe c aa()aHHI>IM coOIIIHOIIIeHueM KOMnoHeHm 

OcHoBHbiMH ycnos&JIMH nony-teHBJI a npouecce HanblneHHJI nne­

HOK C 3&,1l&HHblM COOTHOWeH&e:id: KOMnoHeHT JIBnJieTCJI 3H&HBe CKO" 

poe TeA HaHeCeHBJI OT,IlellhHLlX I<OMnOHeHT. B npe,llbi.llYJneA rnase 

np&BO,IlHnBch I<PHBble 3&BHCHMOCTH HaaeceHHJI Nb, Zr, Ti u 3a· 

BHCBMOCTH OT pe>KHMOB pa60TW &cnap&TeneB:. 3H&JI 3TH CKOPOCTH 

H nnoTHOCTH MeTannoa, MO>KHO 3apaaee pacc'IHT&Th cocTaB no 

rl!opMyne: a 
----· v 

jf)f] -a Y 
v = 

" 'P" 
Py 

r,lle V" H v y • CKOPOCTH JiaReceHHJI I<OMn~HeHT, a • npoueHT 

I<OMnOReHTbl X B COCT&Be nneRI<H, p" H p y " nnOTHOCTh KOM" 

noaeHT. 
Hanp&Mep, Tpe6yeTCJI onpe,llenHTh COOTHOWeRHe CKOPOCTeA 

aaaeceHBJI N b B Ti ,llnJI nony'leRHJI nneRKH cocTaaa HT- 30 

/no aecy/ 

v 
Tl 

30 
----•V 
100-30 NIJ 0,43 

0,52 
V N II "" 0, 82 V N IJ 

_'!2_ 
8,6 

npH vN
11

=200A 0 /MBHH&BWCOTe H =250MM. vN 11 =165A
0

1M&H. 

B Ta6nsue 3 npsae,lleRw cooTROWeHHJI cKopocTeA N b, Ti, Zr .llnJI 

DOJiy'leHBJI p&3JIH'IHWX .llBYXI<OMDOHeHTHblX COCT&BOB Ha OCHOBe 

H&o6&JI no aecy. 
B T&6JIBUe 3 CKOpOCTB HaHeCeHBJI THT&R& B llBPI<ORHJI BW'IBCJie" 

Hbl OTHOCBTeJIJ.HO CKOpo::TB H&HeCeRBJI HH06HJI. 3TO CBJI3&HO C TeM, 

'ITO TeXROJIOrH'IeCI<H 6onee WBPOI<HA ,llB&D&30H CT&6HnhHblX pe>KH" 

MOB HMeJOT TBT&R B llHPI<ORBA, B TO apeMJI K&I< HH06HA CT&6HnhHO 

HCnapJieTCJI B y3I<OM 3RepreTB'IeCI<OM ,llH&n&30He. 

D. CMpmpoao,....e c'..o.cua 
B ,ll&HHOA 'I&CTH npHBO,IlJITCJI pe3yllhT&Tbl HCCJie,llOB&HHB csepx • 

npOBO.llJim&X CBOilCTB noJiy'leHHWX nJieHOK HH06HJI, Hf106HB"THT&Ha, 

itsocS&A-uspKOBBJI H 8so6&A-onoaa TOinu&noA · .llO 10
5 

A 
0 

• 

B oJtblTax B3Mep•nac~> KPHTB'Ieci<a• TeMnepaTypanneuoK TI< s 

onpe,lleJIJill&Ch 3&BBCBMOCTh KPHTB'IeCKOA nnOTHOCTB TOI<a j K /HJIH 

ToKa 1 x I oT aueumero MarHBTHoro non•, nepneH,IlHKyn•pnoro 

uanpaaneHBJO TOK& a nneRI<e,oT co,llep>K&HHJI Ti a Nb Ti nnenKax, 

OT TOJim&Hbl Nb nJieHOK B OT M&Tep&ana npBeMHOB noaepXHOCTH 

/no,llno>KI<H/. . 
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TfllfAU~(J :J 

IJie"'o4 
lht'III()II"IIUt 1/o()Cfrfll 

o,.,_,/11/, 
{'~~ii l"t#ti 
. 1;j11".., .,;,., 

HT-10 0,21 iHtJ-10 0.15 

WT-20 o.~~ 'Wil.-20 0.33 

iHT-30 0, 62 iHIJ.-M 0,57 

IHT-40 1.2? WIJ.-/N) O.~d 

IIT-~o 1. 9/ HU.-50 1.'2 
Iff-50 2.~? IHU.-60 1.9" 
/IT-?0 4.46 NU.-?0 3,011 

Hl-80 7,54 wu-& S,29 

WT-90 17.20 WU;-J~ 11,90 
Hcxo.llHblM MaTep&anoM cnY>KBn&.npoMwwneHHble H&o6Hii, TH· 

TaH, UHPKOHHH H OllOBO 'IHCTOTW 99,8~, KOTOpble 3arpy>KaJIBCh 

B Me,llHble THrnH, oxna>K,IlaeMble BO.llOA. flocne OTKa'II<H CBCTeMbl 

BblCOKOBaKyyMHblM arperaTOM BA-5-4 .llO ,llaaneH&HnopH.llKa 10-
6 

Top a KaMepy HanycKanH aproH I P = 10-2 Top/ H npoH3BO.llBJIB 

'IHCTKY K&Mepbl TneJOJnHM pa3pJI,IlOM B Te'leHBe 20+30 MHHyT. 

3aTeM KaMepa BHOBb OTKa'IHBanacL' .llO ,llaaneHBJI 10-6 Top snocne 

nepennaBKH 3JieKTpOHHbiM ny'IKOM HCXO,IlHblX Ma TepHaJIOB B Teqe" 

HHe 2o+ 30 MHHYT Ha'IHHancJI npouecc HanblneHHJI. 

B Ka'leCTBe no,llnO>KeK HCnOllb30BanHCb XBMB'IeCKH O'IHJneHHaJI 

Me,llHaJI, naTyHH&JI H 6pOH30BaJI rl!on&rB ,llllBHOil 160+320 MM, WB· 

pBHOii: 4 MM, TOnm&HOii: 0,05+Q,2S MM. Henocpe,llCTBeHHO nepe,ll 

HanwneHHeM nneHKH no,llaepransc& noaTopHoii: 'IHCTKe Tnetom&M 

pa3pJI,IlOM. CKOpOCTh HanblneHH.II KOMnOHeHT BW6&panaCb B 3aBBCH" 

MOCTB oT >KenaeMoro npoueHTHOro cooTHoweHHJI H perynuposanac& 

B npe,llenax 50+1000 A0 
B MBHyTy. 

Kpumut~ecKa.R me.wnepamypa 

Kp&TH'IecKaJI TeMnepaT/pa nneHoK onpe,llenHnac& MeTO.llOM 

"nepeBel'HYTOro ,lltoapa" /5 . 0Ha onpe,llenHnac& no H3MeHeHHJO 

3ileKTpH'IeCKOrO COnpOTHBneHBJI o6pa3U& B 3aBHCHMOCTH OT TeMne· 

paTypbl npH nponycKaHBH nOCTOJIHHOrO TOKa HH3KOB nnOTHOCTB 

/10+50 a/eM 
2 

/. 
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TeMnepaTypa H3MepJinacL MHHHaTJOpHLIM TepMOMeTpOM CO· 
npoTHBneHHJI Ha 1,3+20° K, pa3pa6oTaHHLIM B HHCTBTyTe nony· 
nposo.n;HHKOB AH YCCP. TepMoMeTp npe.n;cTaBJIJieT co6oA MOHo· 
KPBCTanJI&qecKyJO nonynpOBOAHBKOBYIO nneHKY TOJimHHOH 
0,1+0,3 MM, BLipe3aHHYIO B BRAe Kpyra .IJ;HaMeTpOM 0,6 MM. 
qyscTBBTenLHOCTL TepMoMeTpa "" 10'fo B3MeHeHHJI conpoTBB· 
neHBJI Ha 1'fo H3MeHeHBJI TeMnepa'rypLI. 

B onLITaX KPBTBqecKaJI TeMnepaTypa 6Lina H3MepeHa TOnLKO 
.n;n.11 Nb a Nb.Ti nneHoK. Ha pac. 10 .n;aHLI3HaqeHB.IIKPBTBqecKoH 
TeMnepaTypLI BCCJie.IJ;OSaHHLIX Nb nneHOK B 3aSHCBMOCTB OT HX 
TonmHHLI. H3 pHCYHI<a BB.li;HO, qyo KpHTHqecJ<aJI TeMnepaTypa 
yMeHbWaeTCJI nocTeneHHO C yM:eHLWeHBeM TonmHHLI OT 5 000 .!1;0 
1 000 A 0 • llpa TonmaHe MeHLWe 1 000 A 0 T K KPYTO na.n;aeT, a npa 
TOnmaHe SLIWe 5 000 'A 0 npaKTBqecKH nOCTOJIHHa B pasHa "'9,2 ° K. 
TaKyJO >Ke KPBTaqecKyJO TeMnepaTypy aMen npoMLiwneHHLIA Nb , 
HCnonL3yeMLIH .n;n.ll HanLIJieHHJI. ,IJ;JIJI qacToro Nb KpHTBqecJ<aJI 
TeMnepaTypa pasHa 9,46 ° K /6/. 

H3MepeHHJI KPBTBqeci<oA TeMnepaTypLI Nb Ti nneHoi< noJ<a· 
3ana, qyo T I< canLHO 3asacaT oT npoueHTHoro co.n;ep>KaHBJI Ti 
/pac. 11/. Haa6onee SLICOI<oA I<PBTaqecKOH TeMnepaTypoii o6na.n;a • 
JOT nneHI<B c co.n;ep>KaHHeM Ti oT 40 .n;o 60'fo no secy. 

HaasLicwaJI I<PBT&qecJ<aJI TeMnepaTypa Ha6nJO.n;anacb y Nb Ti 
nneHI<B c 50'fo co.n;ep>KaHaeM Ti no secy .. 10 ° K. Y npoMww· 
neHHLIX Nb Ti cnnasos KPHTaqecJ<aJI TeMnepaTypa .. 11° K. 

Kpullfu'lecKuil 11fOK 

KpHTaqecKaJI nnOTHOCTb TOKa onpe.n;en.llnacb S nOCTOJIHHOM 
MarHBTHOM none npB nnaSHOM SSO.IJ;e TOKa BnnOTb .!1;0 pa3pyWeHBJI 
CBepxnpOBO.li;BMOCTB. llepeXO.ll; o6pa3Qa S HOpManbHOe COCTOJIHBe 
peracTpaposancJI no noJisneHBJO noTeHuaana Ha HeM nop.ll.n;Ka 10-.:; s 
Ha .n;naHe 2..:.3 eM. ,D;n.11 Nb nneHoK B3MepeHBJI nposo.n;anacb s Mar· 
HBTHOM none .n;o 10 K3, .n;n.11 N b Ti, N b Zr I a Hao6aii • onoBJIHHLIX 
nneHoK • .n;o 40 K3. HanpasneHae M:arHBTHoro non.11 6wno seer .n;a 
nepneH.n;HKyn.llpHo HanpasneHBJO TOKa. 

Ha pac. 12 npaso.n;JITCJI 3aBBCBMOCTB KPBTaqecKoii nnoTHOCTB 
TOKa Nb nJieHOK pa3HOH TOJim&Hbl OT Hanp.II>KeHHOCTB BHeWHero 
MarHB"I:HOrO nOJIJI. H3 pBCYHKa BB.IJ;HO, qTo 6e3 SHeWHero MarHBTHO" 
ro nonJI KpBTBqecKBe TOKB .IJ;n.ll BCeX nneHOK npBMepHO O.li;BHaKOBLI 
/2+4/x106 a/cM2. 

C ysenaqeH&eM BHewuero MarHBTHoro non.11 Kp&TaqecKae TOKH 
na.n;aJOT, npaqeM, qeM TOJime nneHKa, TeM MeHbWe KPHTHqecKHH 
TOK npa .n;aHHOM H . flo XO.IJ;Y KpHBLIX SH.li;HO, qyo KpHTHqecKoe 
MarHHTHOe none y TOnCTLIX nneHOK MeHbWe, qeM y TOHKHX. KpOMe 

16 
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9 

' 
7 

1000 'IOf)() 6f){)() JOO()D 0.. 11• 
' 

Pac. 10. 3aBBCHMOCTL KPBTaqeci<oii TeMnepaTypw 
TOJlm&Hbl. 

~·x 

10 

g 

8 

40 50 70 

N b nne Hoi< oT 

Ti,,l«1. 

Pac. 11. 3aBBCBMOCTb KPBTaqe CKOA TeMnepa Typw N b Ti nneHOK 
TonmaHoii 3 MKM oT npoueHTHoro co.n;ep>KaHHJI Ti . 
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PRe. 12. 3aBBCBMOCTh KpBTB'IecKoA nnoTHOCTB ToKa Nb nneHoK 
pa3HhiX ToniUBH oT sHeWHero MarHBTHoro nonA. ToniUBHa nneHoK: 
1 • 600 A0 , 2 • 1000 A0

, 3 • 2000 A
0

, 4 • 30000 A
0

. 

i .. f/111 

tJ' 

#() 20 ¥J H.~ 

Puc. 13. 3aBBCBMOCTh KPBTB'IecKoA nnoTHOCTB ToKa NbTi nne­
HOK C pa3HhiM npOUeHTHhiM CO)l.ep)KaHBeM Ti OT BHeWHero MarHBT" 
eoro non• /TOJilUBHa nneHOK 3 MKM/. Co.IJ.ep)KaHBe Ti B nneHKax: 

1 - so~. 2 - 30~. 3 - 10~. 

18 I 
I 

TOrO, sepxHee KpHTB'IeCKOe MarHBTHOe none HaMHOrO 6onbWe 

8 epxHero KpHTH'Iecxoro MarHHTHoro nonA 'IBCToro Nb. 
XapaKTepHwe KPBBhle 3aBBCBMOCTB KPBTB'Iecxoi nnoTHOCTB 

TOKa OT HanpA)KeHHOCTB BHeWHero MarHBTHOrO nonA, nepneH)l.BKY" 
nHpHoro HanpasneHHIO TOKa,.IJ.nH Nb Ti nneHoK TOniUBHOH 3 MKM 
c pa3HbiM npoueHTHhiM co.IJ.ep)KaHHeM Nb B Ti npBBe.IJ.eHhl sa 
pHC. 13. Y 3THX nneHOK MaKCHManbHYIO nnOTHOCTh TOKa B Mar· 
HHTHbiX IIOnAX )l.O 40 K3 HMeiOT rrneHKH C CO)l.ep)KaHHeM Ti 50o/o 
rro secy I j =5x10 4 a/cMJ. 3To .IJ.OCTaTO'IHO swcoKaA rrnoTHOCTb 

K 
TOKa. 

11ccne.n:osanHCb npo6Hhle HB06HH"UHPKOHBeBhle H HH06Bil·ono· 
BHHHhle nneHKH. TonU{BHa 3THX nneHOK He H3MepJinaCh H 1103TOMY 
Ha pHC. 14 )l.aHa 3aBHCBMOCTb KpBTB'IeCKOrO TOKa OT HaiipA)KeH· 

HOCTB BHeWHero MarHBTHOrO IlOnA. HB06BB"OnOBJIHHhle rrneHKH f , 
cTaHOBBnBCh csepxrrpoBO.IlAIUBMB TOnhKO nocne rrporpesa B saKyyMe 1 

10-6 TOp IIPH TeMrrepaType OKOnO 900 ° C. . 

I .. II 

fS 

s 

() $ f{) f6 If) H,ltt 

PBC. 14. 3aBBCBMOCTh KpBTB'IeCKOro TOKa HB06BH"UHPKOHBeBOH 
H HB06BH"OnOBAHHOH nneHOK OT BHeWHero MarHHTHOrO nonA. 1 • 
HB06BB"UBPKOHBB, 2 - HH06Hi·onOBO. 

Hccne)l.oBaHBJI snBAHBA Ma Tep&ana rro)l.JIO)KKB Ha csepxrrposo­
.IlAIUHe xapaKTepBCTBKB nneHOK )l.aJIB IIpOTBBOpe'IBBhle pe3ynhTaThl. 
B O.IJ.HBX cnyqa•x xapaKTepBCTBKB nyqwe y rrneHoK, sanwnesswx 

Ha naTyHh, B )l.pyrBX " Ha 6pOH3y. 

19 



~ 

I 

06cyQeHHe pe3yDbT&TOB 

0CHOBHble xapaKTepHCTHKH CBepxnpOBO,II,Jill{HX nneHOK - KpHTH­

'IeCKaH TeMnepaTypa, KpHTH'IeCKHB TOK H KpHTH'IeCKOe none O'leHb 

CHnbHO 3aBHCHT OT CO,IJ,ep)l(aHHJI npHMeCeB, pa3MepOB 3epeH, 

HanpJI)I(eHHH CTPYKTYP.bi h.B. 9 / H T.,IJ,. 

Tax,no ,IJ,aHHbiM '/7/ 

Nb + 0,23% N TK = 9,2°K H c = 5 K3 

Nb + 0,7%0 TK = 8,78°K H c = 7 K3 

Nb + 1,52%0 T = 8,04°K K . 
H c = 9,67 K3 

0TCIO,IJ,a BH,II,HO, 'ITO TeMnepaTypa nepexo,IJ,a 3THX o6pa3UOB HH)I(e 

T K 'IHCToro Nb /9,46 o K/, H KpHTH'IeCKoe MarHHTHoe none nne­

HOK 3Ha'IHTenbHO BbDlle KpHTH'IeCKOrO MarHHTHOrO nonJI 'IHCTOro 

Nb. KpoMe Toro, T K HH06HeBblX nneHOK yMeHbwaeTCJI c yMeHb­

weHHeM TOniUHHbl. 
~pyrHe ra3bl He3Ha'IRTenbHO BnHJIIOT Ha TK.EcnH npe,IJ,nono­

)I(HTb, 'ITO B HaWHX nneHKaX yMeHbWeHHe T K 3aBHCHT TOnbKO OT 

paCTBOpeHHOrO KHCnopO,IJ,a, TO MO*HO npH6nH)I(eHHO paCC'IHTaTb, 

CKOnbKO ero 6y,IJ,eT B nneHKaX. TaK KaK HaWH nneHKH HanblnJIIOTCJI 

npH ,IJ,aBneHHH nopJI,IJ,Ka l 0 -
6 

TOp, TO npe,IJ,nOnO)I(HB, 'ITO napu;Hanb­

HOe ,IJ,aBneHHe KHCnopo,IJ,a 8 CHCTeMe l0-7Top, nonyqaeM, 'ITO Ha­

nblneHHble nneHKH TOJIIUHHOD 500 A0 
npH CKOpOCTH HanblneHHJI 

250 A0 /MHH 6y,IJ,yT CO,IJ,ep)l(aTb OKOno l~ 0, T.e. KpHTH'IeCKaJI 

TeMnepaTypa ,IJ,OJI)I(Ha 6b1Tb no pac'leTaM " 8,5 o K, H3MepeHHaJI 

B OnbiTaX - 8°K. Pa3nH'IRe B TeMnepaTypax rOBOpHT 0 TOM, 'ITO 

yMeHbWeHHe T K B nne~IKaX npoHCXO,II,HT He TOnbKO H3- 3a npHCYTCT­

BHJI npHMeCeB, HO H OT ,IJ,pyrHX npH'IHH - TaKHX, KaK OKHCneHHe 

rpaHH'IHbiX cnoeB n.neHOK, HanH'IHe 6onbWHX HanpJI)I(eHHB, Menxo-

3epHRCTOCTb cTpyxTypw, 3cil4leKT 6nH30CTH $ T .,II,. 

B cnyqae N b Ti nJJeHOK T K H j K c&JJbHO 3aBHCJIT oT npo-

UeHTHOrO COOTHOWeHH.I KOMDOHeHT. HaR60JJbWee 3Ha'leHHe T K H jK , 

H3MepeHnoe B onwTax, nonyqaeTc.l B nneuxax c co,IJ,ep)l(aH&eM Ti 
oT 40 ,IJ,O 60~ no aecy. 

HccJJe,IJ,oBaHHJI noxa3aJJB, 'ITO 6e3 BHeWHero MarHHTHoro nonll 

xpHTH'IeCKHe TOKH Nb nneHOK,IJ,OcTaTO'IHOBbiCOKH "5xl0 
6 a/eM~ 

BWIIOIUII 

Ba)I(HbiM pe3yJJbTaTOM npoBe,IJ,eHHbiX HCCJJe,IJ,OBaHHB, Ha HaW 

B3rn.I,IJ,, JIBnJieTC.I TO, 'ITO pa3pa6oTaHHaJI MeTO,IJ,HKa HanblJJeHHJI 

no3BOnJieT nony'laTb CBepxnpOBO,II,Jill{He noKpbiTHJI C xapaKTepHCTH-

20 

'~ 

\ ,, 

KaMH Ha ypoBHe npoMblwneHHblX caepxnpoBO,IJ,HHKOB. HecoMHeHHO, 

'ITO yny'IWeHHeM BaKYYMHbiX ycnOBHB npH HanblneHHH, yBenH'IeHHeM 

CKOpOCTH HanbineHHJI, 6onee Tll{aTeJJbHOB no,IJ,rOTOBKOB no,IJ,nO)I(eK 

jo6eJ)I(HpHBaHHeM H np./ MO*HO nony'IHTb noKpbiTHH, no CBOHM 

xapaKTepHCTHKaM npeBOCXO,II,Jill{He npOMblWneHHbie o6pa3Ubl. 

ABTOpbl 6naro,IJ,apHT B.TI:CapaHUeBa Ja no,IJ,,IJ,ep)I(Ky H noCTOHH­

HbiH HHTepec K ,IJ,aHHbiM HCcne,IJ,OBaHHJI, a Ta]()l(e B.A.TipeiJeH,II,Op<}Ja 

H B.B.KaTpaceBa Ja nOMOJUb B pa6oTe. 
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