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<I>EPPOIIOPOIIIKA C OCHOJ)OH ITPH 
3JIEKTPOMArH:UTHOli HAIIJIABKE 

JI.M. KO/KYPO, JJ..T.H., npo<l>eccop (I>rATY); A.n. PAKOMCMH (rn MA3) 

Ilp~uecc Q>opM11posamrn n0Kpb1T11.11 np11 :rneKTpo

Marn11THoii HannaBKe (3MH) [ 1] 06be)l11WleT .llBneHH.11 

pa3n11'-!HOH Q>11311qecKoii npHpOJJ.bl. K q11cny sa)l<HeiilllHX 

cneJJ.yeT OTHecrn CTPYKTypHbie 11 Q>a30Bbie npespaw.e

HH.11, ycnOBHll npOTeKaHl1ll KOTOpb!X onpeJJ.enlllOT CTpyK

TYPY 11 Q>H3HKO-MexaH11'-lecK11e csoiicTsa n0Kpb1T11ii. 

<l>opM11posaH11e noKpbITl1JI npe)!(JJ.e scero CBJI3aHo c 

npoueccaMH KpHCTann113aUHH 11 OXJJa)!()J.eHHll KaneJJb 

pacnnasa '-!aCTHU Q>epponopowKa np11 11x B3a11MoJJ.eii

CTBllll C OCHOBOH. 

PeweH11e JaJJ.a'-IH Kp11cTanJIHJau1111 )!(HJJ.KOii '-!acT11-

Ub1 np11 3MH TO'-!HblMH aHan11TH1.{eCKl1Ml1 MeTOJJ.aMH He 

npenoCTaBJIJieTcJI B03MO)!(HbIM [2]. 3TO o6ycnosneHo 
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r10powKa BOCnOJib3yeMCll nptt6JIH)!(eHHblM MeTOllOM 

A.11. BeiiHHKa [3]. 
PaccMoTpHM Janaqy KpttcTann113aumi H oxna)!(ne

HHJI )!(Hl{KOH '-!aCTl1Ubl nopowKa Ha OCHOBe. MaTeMa

THl.{eCKall Monenb npouecca KpHCTann113au1111 H OXJia)I(-

.z:i:eHHll )!(HJ1.KOH 1.{aCTHUbI BKnlOl.{aeT B ce6JI CHCTeMy 

ypasHeH11ii, onHCbIBaIOW.HX TeMnepaTypHoe none s no

KpbITl1H 11 OCHOBe, Ha'-laJibHbie ycnOBH.11 (pacnpe.uene

HHe TeMnepaTypbl no ce'-leHHlO Ten B Hal.{aJibHblH MO

MeHT BpeMeH11), rpaHH'-!Hbie ycJIOBHll Tennosoro B3aH

MOJ1.eikTBl1H CHCTeMbl TeJI OCHOBa-noKpbITl1e-0Kpy)l(a

l011.J.all cpena, reoMeTpH'-IeCKHe napaMeTpbI (pa3Mepbl, 

KOHQ>Hrypau11JI) H Tenno<lrn3H'-!eCKHe CBOMCTBa B3aHMO

.z:i:ei1crny10w.11x Ten. 

TiyCTb B MOMeHT BpeMeHH to=O )!(HJ1.KHM pacnJiaB, 

HMelOll.J,11H TeMnepaTypy KpHCTaJIJil13aUHH Tm' conpH

KacaeTCll c MaCCHBHOH OCHOBOH, HMe10w.ei1 Hal.{anbHYlO 

TeMnepaTypy To (p11c. l ). TI on JI TeMnepaTyp s 3arnep

.z:i:esweM o6beMe flOKpblTH.11 H OCHOBbl " J)!(HQ npencTa

Bl1Tb B Bl1J1.e cne,uyJOIUHX Q>yHKUHH [3]: 

r.z:i:e x 1 - Tonrn.1rna 3aKpHCTaJIJIH311posasweiic11 KannH K 

MOMeHTY speMeHH t; xz - rny611Ha nporpeToro cnoJI 

OCHOBbl B TOT )!(e MOMeHT speMeH11; T k - TeMnepaTypa 

B TO'-!Ke KOHTaKTa; Tm - TeMnepaTypa KpHCTaJIJIH3aUiiH 

)!(HJ1.KOro pacnnasa; n
1 

H n
2 

- napaMeTpbI Kp11soi1. 

TO'-!Ka KOHTaKTa HaXOJ1.11TCll B TenJIOBOM paBHOBeCHH, 

T.e. 

(I ) 

YpasHeH11e Tennosoro 6anaHca .z:i:nJI emrn11ub1 nn11-

Hbl Q>opMHpyeMoro noKpblTHll HMeeT cne.z:i:y10w.11ii BHJJ.: 

(2) 

JiesaJI qacTb ypaBHeHHJI (2) Bb1pa)!(aeT Ha Konn< H11e 

TennoTbI s n0Kpb1T11H ce'-!eHHeM F B e.z:i:HHHUY speMeHH 

dQ, = A,n
1 

T,11 -Tk Fdt 
x, ' 

rne "-1 - K03<l><l>11uHeHT TennonpOBOJJ.HOCTH MaTepHaJia 
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qacntUhI. 
ilepBhlH 'IJJeH npasoi1 'Iacn1 ypaBHemu1 (2) npe]l

CTasm1eT co6oH KOJIH'l.eCTBO aKKyMynnpoBaHHOH Ten

JIOThl noKphITtteM ce'IeHneM F 

r]le p I' c I - COOTBeTCTBeHHO IlJIOTHOCTh 11 TennoeM

KOCTh MaTep11ana 'IaCTHUhl. 

Brnpoif 'IJieH npaeoif 'IaCT!:f ypaeHemrn: (2) paseH 
KOJltt'IeCTBY TeilJIOThl KpHcTanmnaUHf! IlOKpblTIHI ceqe

HtteM F 

dQm = FLp1dx1, 

r]le L - CKphITaH TennoThI KpHcTanmnau1rn. 
YpastteHf!e Tennosoro 6anattca Harpesa ocHOBhI 

MOlKHO npeJlCTaBHTh KaK 

(3) 

Jlesan qacTb ypaBHeHttlI (3) npe1lCTaenHeT co6oii 

HaKonneHHe TefIJIOTbl B OCHOBe B e)ll1H11UY speMeHH 

dQ
2 

= ~n2 T,,, -Tic Fdt 
X2 , 

r.ue 1.. 2 - Ko3$4rnu11eHT Tern10npoeoJlHocT11 MaTepuana 

OCHOBhl. 

TipaBall 'IaCTb ypaBHeHI!lI (3) BbipalKaeT KOJIH'IeCTBO 

aKKyMym1poeaHHOH TenJIOThl OCHOBOH 

rae p 2, C2 - COOTBeTCTBeHHO IlJIOTHOCTb 11 TeilJIOeMKOCTb 

MaTep11ana OCHOBhl. 

PaeeHcTBo (I) MOlKHO rreperr11caTh B BH]le 

(4) 

I I 
--p1C1(T, .. -T,,)+LP1X1 =--p2C2x2(Tk-T,,) (5) 
n1 +I n2 +I 

Bh1pa111e 111 ( 4) pa3HOCTh TeMrrepaTyp 11 .1o]lcTaB11B 

a (5), nony1.J11M cneJlyt0ruee KBa,11.paTHoe ypaBHeH11e: 

/Jv 2 
- rv -(1+y)=0, 

rae rrp11HHThI cneJlyJOru11e o6o3Ha'IeHm1: 

k = ~).,1C1P1 
0 

~A.2C2P2 

r -(n +1) L 
- I c (T -T) 

I m o 

(6) 

Ain1X2 V=---
A2n2X1 , 

PerneH1110 ypaeHeH11n ( 6) coorneTcTeyeT KopeHh 
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r+~r2 +4/J(l+r) 
v = ---------2/3 . 

TaK KaK n=const, TO nocTosiHHOH 6y.ueT H TeMrrepa

Typa KOHTaKTHOH nosepXHOCTH, onpe.nensieMalI Bb!pa

lKeHHeM 

T. 
_ vTm +T,, 

k -
I+v 

3anmueM JlH$$epeHu11anhHOe ypasHem1e Tennoso

ro 6anaHca JI.JUI noKphITHll 

A.
1
n

1 
T,,, -Tk dt =-

1-pp1(T,,, -Tk)dx, +Lp,dx, 
X 1 n1 +l (7) 

HHTerp11pysi (7), nony'I11M rronHoe epeMl! Kpwcrnn

nH1au1·rn cno» pacnnaBa TOJJIU11HOH x
0 

(8) 

,t 
r.ue a1 = --1

- - K03QJqrnu11eHT TeMnepaTyponpoeon-
P1C1 

HOCTH MaTepHaJla nopOIIlKa; c - IlOCTOllHHal! l1HTerp11-

poBaHl1ll, onpenen»eMaH 111 HaqaJihHOro ycnoem1: np11 
t=O, x

1
=0 H C=O. 

PaccMOTpHM Teneph OXJialK,11.eHHe Il0Kph!Tl1H, CBH3aH

HOe c TenJJOOT,11.aqeif B rny6h OCHOBhl H OKpy)l(alOIUYJO 

cpe.uy. 

ITpH oxna*neHHl1 noKpbITHe Tepll.eT KOJilil'leCTBO Ten-
na 

(8) 

qaCTh Tenna aKKyMyn11pyeTCH OCHOBOH, OCTaJlbHOe 

OT)laeTcn B 0Kpy)l(a10ruy10 cpeJly. Kontt'Iecrno aKl\yMy
n11poeaHHoro OCHOBOH Tenna paBHO 

l 
dQA = nz + 1 FX2P2Czd(T, -Ti)+ FX2P2C2dT2. (9) 

KonH'IeCTBO Terrna, Bhl,11.eneHHOe rroKphlT11eM B OK

py)l(aJOruyro cpe.ny paBHO 

(I 0) 

r.ue a I - K03«JHlrnuHelfr TeIIJIOOTJla'IH c uapylKHOH no

BepXHOCTH IlOKpblTHll.. 

Ko3<fl<Pwu11euT TennooTJJ.a4.H a onpe.ueJrneTcll. s 
3aBl1CHMOCTH OT cnoco6a OXJla)l(]leHHll HannaBJJlleMOH 

JleTanw. ITpH BhlHY)l(JleHHOM oxna)l(.uemm n.eTanw 

a= /(Re, Pr) , 
r)le Re, Pr - cooTBeTCTBeHHO LJttCJJo PeifHonhnca H 
flpaH.UJIH. 

Tip11 JiaM11HapHOM pe)l(HMe Te'!eHl1H )i(l1JlKOCTll J!Jlll 
IlJIOCKOH ruenH 

Nu·ll 
a=---

d 



r.ue d - ,nHaMeTp rpy6onpoBo.ua, Nu - cpe.uHee 3Haqe
HHe qHcna Hyccem.ra, onpe.uem1eMoe H3 Bhlpa)Kemrn: 

I 

Nu= 1 85(Pe · 
2

d )
3 

npH Pe· 
2

d >70 
' L L ' 

I 

( 
2d )3 2d 

Nu = 7,5 Pe ·L npHPe·L <70, 

r.ue L - .UHaMerp rpy6onp0Bo.ua; Pe - qHcJio IleKne. 
IloJIHOe KOJIH'ICCTBO Tenna, OT,!laHHOe DOKpbITHeM 

(11) 

3ro )Ke Kom1qecrBo Tenna nepe.uaeTcH qepe3 KOH
TaKTHYIO noBepxuocn. H onpe.ueJIHeTCH H3 ypaBHeHHH 
TennonpoBO,!lHOCTH <I>yphe 

T; -I; 
dQ1 = A-2n2 Fdt . 

X2 
(12) 

Ifa ypaBHeHHil: (9) ... (12) nonyqaeM 

PeweHHe cucTeMhI .UH<J><Pepemi.HaJibHbIX ypasueHHH 
(13) HMeeT BHll 

T. AJ~ + B1 P,(i-t'i A1P2 + B1 P <1-1'i = ·e i + ·e i 

I A(I'i -P2) A(P2 -Pi) 

r)le P 1 H P 
2 

- KopHH xapaKTepHctuqecKoro ypasuemrn 
AP 2 + BP+C==O; 

C = Ain2 a 
I 

X2 

-( C .:Lin2 n1 2 )r. ni 2 B2 - X1P1 i --+--b2 10 +--b2'0.o 
x1 n2 +I ni +I ' 

me T w T 20 - cooTBeTcTseHHo H36bnoquh1e TeMnepa
TYPhl IlOKpbITHH H OCHOBbl B MOMeHT BpeMeHH 

t=t* ; b2 = ~ P2C2~ 

ltiLf LP® 
UAHDPAMA 

Ha OCHOBaHHH nonylJeHHhlX Bblpa)KeHHH (l) ... ( 13) 
c noMomhIO naKeTa npHKJia.!lHhIX nporpaMM MATHCAD 
PLUS 6.0 H MATHEMATICA 2.2 ocymecrnHJIH pac
qeT TepMHqecKoro UHKJia KOHTaKTa KaneJih pacnnaaa 

qacTHU <}lepponopolllKa c octtosoii. PeJyJihTaThI pac4e

TOB npeACTasneHbI Ha pHc.2. 

-lnt,c ...---------.,.-----------, 

14,0 

11,5 

9 
0 

; 

' i 
I' ······------r--····· 

2,5 5,0 7. 

Puc. 2. llpoooJ1xumeJ1bHOCmb KpucmaJ1J1U30'tfUU Kane!1b 

pacnJ1aea 'lacmutf </JepponopowKoe Cmallb45-1%B (1), 
Fe-9%B (2), P6M5 (3) no mOJ1Uf.U1-1e n0Kpb1mw1.. 

Auanu3 nocne,!lHHX noKa3bIBaer, qTo npo.!lOJI)KH

TenhHOCTh KpHCTaJIJIH3aUHH Kanenb pacnnasa nopolll
Ka HaXO,!lHTCH B CTeneHHOH 3aBHCHMOCTH OT BCJIHqHHhl 
HaqaJibHOH TeMneparyphl OCHOBbl To. Ilpu KpHCTaJIJrn-
3ar.urn KaneJib pa3JIHlJHOH TOJllJ..{HHhl xapaKTep :HOM 3a
BHCHMOCTH He H3MeHHeTCH. KaK CJien,yeT HJ Bblpa)l(e
HHH (8), aHanorn:quoe BJIHHHHe Ha H3MeHeHHe BpeMeH
Horo HHTepsana KpucTaJimnau1rn KaneJih oKa3hIBaeT ee 

HaqaJibHaH TeMnepaTypa Tm' 
TaKHM o6paJoM, np1rnen,eHHhie pe3ynhTaTb1 no3BO

JIHIOT KOJIHqecTBCHHO oueHHTh BJIIUIHHe OCHOBHblX ren
no<J>1nuqeCKHX napaMeTpOB MaTep1-rnnoB DOKphlTHR H 
OCHOBhl Ha npO.UOJI)KHTeJibHOCTh UHKJia TepMH4eCKOro 
B3aHMOD,eHCTBHll. H3MeHH51 nyTeM BapbrlpoBaHHll .uaH
HhIX napaMeTpOB HHTeHCHBHOCTh Tennoaoro DOTOKa B 
HanpaBneHHH DJIOCKOCTH KOHTaKTa KailJIM pacnnaaa c 
OCHOBOH, MQ)t{HO IlOJIYlJHTh Tpe6yeMoe apeMR KpHCTaJJ
JIH3aUHH, qyo C03,!laei' npe,!lilOChlJIKH ,!lJIH pernaMeHTH
poBaHHOrO ynpaBJieHHll npoueccoM 3MH. 
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