
I1.B.AM11pxattoB, I1.B.I1y3hIHHH, B.H.CaMOHJIOB, 
B.K.Cl>e,uj{HHH, X.T.XonMypo,uoB 

P2-98-63 

MOnEnHPOBAHHE TEPMOYITPYrHX 3Cl>Cl>EKTOB 

I1PI1 HOHHOH 60M6APnHPOBKE METAililOB 

Hanpaenetto Ha 12 Me)l(Jlyttapo,1:rnyIO KOHcpepeHUHIO «BEAMS '98», 
Xaiicpa, Jhpawm, 7-12 HIOH~, 1998 



1. Bse,!leHHe 

KaK li3Becrao (1-3], o.uaaM 113 a<j><j>eKTllBHhlx MeTO.UOB nony<IeHIIJI ao

BbiX MaTepaanoB .UM cospeMeHah!x Texaonorllll JIBMeTCJI aneKTpoaaoe 

II liOHHOE' nepeMellli!BaHI!e B I!MIIYJibCHOM B3ph!B03MIICCIIOHHOM pelKIIMe. 

06Hy'leHIIe TOHKIIX IIJieHOK MOlliHh!MII IIMIIYJibCHh!Mll 3JieKTpOHHb!Mll II 

liOHHb!Mll rryqKa~!ll MOlKeT C03.1(aBaTb B IIOBepXHOCTHh!X c.~OJ!X COBep

UleHHO HOBble CTPYKTYPM c oqeab IIHTepeCHh!Mlil .UM npaKT!il'leCKIIX ne

nel! <j>II31!KO-XIIMl!'leCK!iiMII CBOilCTBaM!il [2,4,5]. ,ll;pyriiM BalKHh!M acneK

TOM 3JleKTpOHHOit Iii IIOHHOil 00pa60TKll MaTepllaJIOB J!BJIJIIOTCJ! li3MeHe

Hl!JI TaKllX napaMeTpOB, KOTOpb!e npe.ucTaBJIJIIOT cymeCTBeHHhlili!HTepec 

B MeTannyprnn. HanpnMep, l!OHHaJI 11 aneKTpoaaaJI o6pa6oTKa MOlKE'T 

113MeHI!Tb ycTaJIOCTHYIO IIpOqHOCTb MeTaJIJIOB II cymeCTBeHHO yBeJ!II'li!Tb 

!IX 1i3HOCOCTOilKOCTb [2,6-8]. 
B3ai!Mo.uellcTBlle CI!JibHOTO'lHh!X aneKTpoHHh!X Ii!JIII I!OHHbiX nyqKoB c 

IIOBepXHOCTbiO MaTepllaJIOB, KaK CJie.UCTBI!e, IIpi!BO.UIIT K TaKIIM .UIIHaMH

qecKHM rrpoueccaM, KaK TepMoynpyrne aanpJilKeHI!J! 11 y.uapahle BoJIHbi 

[1-4]. HayKa o repMoynpyrnx npoueccax, aeCMOTp11 aa cnoll coJIII.UHhlll 

B03pacT ( C~!., Haiipi!Mep, [9-11 ]), IIpi!MeHI!TeJibHO K BOIIpOcaM 3JleKTpOH

HO-HOI!HOI\ MO.Ull<j>HKaUI!Iil IIOBepXHOCTI! TBep,!lhlX Tell npe.1(CTaBJIJieT C0-

6oll MaJIOII3yqeaHyiO o6JiaCTb (2]. npnqiiHOit, !!a HaUl B3rJIJI.1(, J!BJIJI

eTCJ! cna6aJI CBJ!3b non ell .ue<j>opMaUI!II 11 TeMnepaTyphl [ 10, 12]. O.unaho 

B3aHMO,llefiCTBHe BbiCOR0.9HepreT~tJeCKHX rryqKQB .9JleKTpOHOB H HOIIOB C 

IIOBepXHOCTbiO MeTaJIJIOB II CIIJiaBOB, KaK OTMeqei!O B [2,8], CIIOC06l!O 

Bbl3BaTb TepMoynpyrne aanpl!lKeHIIJI He TOJibKO aa MIIKpoypoaae, 110 11 

ao ncelt o6nyqaeMoll cpe.ue. Y.uapah!e BOJ!Hhl, repMoynpyr11e a<j><j>eKThl 

MoryT 6b!Tb Ilpll 3TOM cymeCTBel!l!b!Mll <j>aKTOpaMiil, KOTOph!e CJ!e,L~yeT 

yqHTh!BaTb IIplil aHaJI!i13e B03HllKI!OBei!IIJ! I!OBh!X HeTpllBI!aJibHh!X CTpyK

Typ aa noaepxaoCT!il o6nyqaeMb!X Ten. UeJibiO aacTOJimell pa6oTbl JIB

JIJieTCJ! IICCJ!e.UOBaHIIe TepMoynpyrllX IIpOUeCCOB, KOTOph!e B03H!i1Ka!OT B 

MeTaJIJIHqeCKOM o6pa3ne IIO.U .UeilCTB!ileM MOII\HOfO IIMIIYJibCHOrO IIO!!HOrO 

o6ny<IeHl!J!. 
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2. Mo.lleJIL 

Aaam13 TepMoyrrpymx rrponeccos Mbl rrposo.n:11M aa 6a3e cne.n:yiOmen 

cl!cTeMhl ypasaeal!ll, yqiiThlBaiOmell aeni!Hellaoe B3ai!Mo.n:ellcTBIIe nonen 

.n:e<j>opMal\1111 11 TeMnepaTyphl [9]: 

[)2-

Po ot~ = f.'\1
2

11 + (.\ + f.')g>·addivi1-1)0gradT, (I) 

cp0 ~~ = .\0 'll
2
T- 1)oT! divil + Q. (2) 

3.n:ecb ii'-seKTOp nepeMemeann; T -TeMrrepaTypa; .\, f.'-nocTOIIH· 

Hhle JlaMa; 1)o = (2f.' + 3.\)ar; c-y)leJibBaJI TerrnoeMHocn; p
0

- nnOT· 

aocn; .\0-Koa<j><J>anaeaT Tennonposo.n:aocTH; ay-Ko9<j><J>mmeHT TeM

rrepaTypaoro JII!Hellaoro pacll!llpeHi!JI; Q-KOJIIIqecTBo Tenna, npoii3BO· 

.l(IIMOe BHell!HhlM llC.TQqHHKOM B e.lii!Hlll\e 06:DeMa 3a e}lHHifl\Y BpeMeHH. 

BKpaTne OTMeTHM, qTo Bh!BO.ll ypasaea11ll (I)- (2) ocaosaH Ha llcnoJib· 

3oBaHHII 113BeCTHoro TepMO.llHHaMII'IecKoro COOTHOll!eHHJI ilJ!JI F cso6o

.n:aoll aaepmn ynpyro.n:e<j>opMIIposaaaoro Tena HaH <l>YHKI\1111 OT TeH3opa 

,n;e<jJOpMaUHH fij == ~(ui,j + Uj,i), Ui,j = ~' Ui = X~ - Xi, 

(i,j = I, 2, 3), 

-'z 2 F: 
F = 2€;; + J.'C;j - (2!-' + 3.\)ar(T- To)e;; + 

0
, 

r.n:e Koa<j><J>Hl\lleHTbi JlaMa .\ H f.' B!.!paJHa!OTCJI qepe3 MOJlY!Ib !Onra E 11 

Ho3<J><J>nnl!eaT Ilyaccoaa v 113BeCTHhlMII cooTaomeHl'!JIMII [II]: 

Ev 
.\ = ' 

(1- 2v)(1 + v) 
E 

f.'= 2(1 + v)' 
I 

(.-1::; v::; 2). 

n pH aTOM .l(I!HaMHqecHOe ypaBHeHHe )lJIJI U SeKTOpa rrepeMell.leHIIJI 

[IQJilqa~TCR qepe3 TeH30p HaiipRH<eHHJI C: llOMOlUbiD COOTHOWf':Hll:ti 

Po ~t~i = aii,i H aij = :(~. ):{anee Ha ocaoBe 6anaHca 3HTporrHH 

B paccMaTpHsaeMoli cpe.n:e, T~~- = -q;,; = -divq = div(.\
0 
VT), r)le 

S = - ~~, Mbl, COOTBeTCTBeHHO, i!MeeM .l(ll<j><j>epeHI\ilaJibHOe ypaBHeHI!e 
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(2). KOTOpoe )lil<"T HE'JUIIIE'l\Hy!O :<aBHCIIMOfTb ~te>KilY iletpOpMaUII<>li II 

T<"Mnep<tTypol! cpe.n:&r. 

B HRC.TOJ!ll.lell pa60Te MM orpaHI!ql!saeMCJI I!CCJI<"ilOBaHl'!eM .cp<j>eHTOB 

TPJlMOYIIPYCOCTII, B03HHKa!Oll.ll'IX np11 IIOHHOR 6oM6ap.l(i!JlOBKf' TOJibKO B 

OilHOMepHoM cny'Iae. TaHoli rrO!lXOil H<> o6ycnosneH HaKHMII·HH6yilh Tpyn· 

HOCTJIM~l Bt.IqHCllHTf'JlbHOfO H•1H MaTt>~taTH"tlf'CKOfO xapaKTPpa. XOTH HC

Cllf'.ll.Yf':Ma.H OfCTf'Ma CYillf':CTBf':HHO Ht"JIHHf'itHa, H f>f' aHaJIH3 TpP6yeT Hf'Ma

JlhiX ycl1JIHfi. Vlccne.uosaHHJI npouPccos rrepeaoca Tf'nna s ~tarepa<wax 

llpH. .UetiC:TBIUi MOIUHOfO HOHHOfO 06JlytieHH.fl, BblllOJIHf"HHhie Ha 6a3f' O,QHO

MPpHOCO ypaBHeHIIJI TeDJ!OllpOBO)lHOCTII ( CM., HanpiiMPp, [ J.2. J:l.J4]). 

I!OJ{a:~aJHI so:n.IO}f{HOCTb npHMt"Hf'HHH o.uaoMepaoro no.nxo11.a. DpoBP.llf'H

Hbll\ aHaJIII3 [1,14] pacnponpaaeHHJI TeMrrepaTypHoro <J>poHTa )laeT xo· 

poruee cornanH" c 3KCnepHMf"HTaJihHhiMH .n,aHHhiMH. ErTf':CTBPHHO. qTo 

OL(HOMepHOCTb-3TO "nepBOf' IIpH6nJuKeHHe", ITpOC.Tt:'"tilliaR MO,D.eJib, ll0-

3BOJIJI!O!UaJI Bh!ileJIIITh 3<j><j>eHT. B To >Ke speMJI cne!lyf'T OTM<'TIITb, <ITO 

np11 IIY'IKOBOI! ( OC06€'HHO 9JieKTpOHHOH) o6pa60TKf' MaTepHaJIOB CKO· 

pOCTh Cl<aHI!pOBaHIIJI '!aCTO COH3Mepi!Ma CO C.KOpOCTb!O Tt'llJIOUepe)la<!H • 

11 3)lech Heo6xo)li!Mo yqecTb nonepe'!Hhlf' 3<j><j>eKThl. lho HaraeTCJI ill!· 

HaMIIKII yrrpyrnx HanpJI>KeHI!ll np11 nepexo)le H .n:syM 11n11 TpeM 113Mepe· 

HHRM, To KapTHHa 3,necb BhlfJIJl.UHT BP-C.bMa HeTpFIBHaJlbHOti. A HMf'HHo. 

B 3aBI!C!IMOCTII OT C<'OMeTpi!H II rpaHII'!HhlX ycJIOBIIfi Mhl 6yneM IIM<"Th 

coBep!IH'HHo pa3Hhle pe>KI!Mbl pacnpoCTpaHeH!fJI ynpymx il<"<popMaUIIll 

II Hanpn>KeHHl! B Cpe)lf' [9, 12]. npol\f'CCbl TepMoyrrpyro(TII B HE'O)lHO· 

MepHhlX CJIY'IaJIX COCTaBJIJI!OT npe!!Mf'T )laJ!bHel!ll!HX IICCJ!t')lOBaHI!ll. 

TaHIIM o6pasoM, )lJIJI H3J''If'HHJI TepMoynpyrllx .~<p<pel<TOB B o6pa3ue 

TOJ!lUIIHOli fo O!MeeM CJ!eilj'!Oll\j'!O CI!CT<'MY ypaBHf'HHll: 

,2 "2 "2T 
u Ux 2 u Cf:c u 
-- = v -- - a-
()t2 ' ox2 ()t2 ' 

oT o2T ot7, 
(cp +goT) ot = ~<o oxz - {1T ot + q. 

(3) 

(4) 

<l>opMyJI»I, BhlpaJHa!Oll.lile 6e3pa3MepHhle seJIII'IIIHhl paccMaTpnsaeMoll 
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MO)leJlll qepe3 <j}yH)laMeHTaJlbHb!e UOCTOJIHHble, IIMeiOT Bllil 

E 2 
2 _ __!___ _ EarTo _ _ ~ (3 _ etro-o 

v, - Pol6 '(Y_ - O"o '~<o - eopo/6' - CoPo II 
Eet}To 

9o = 
Co Po 

0TMeTIIM, qTo paCCMaTpiiBaeMaJI CllCTeMa ypaBHeHilJ! (3)- (4) Ha· 

IlHCaHa B TepMHHaX BanpR}!{f'HHti, H ITpH SITOM Mhi HCITOJib3JeM CJieJzyiO

IUYIO CBR3b MelK!lY aaDpl!lKeHileM a-x, ne<jJOpMauHeA u I! TeMDepaTypoA 

T B o6pa3ue 

au 
a-, = E -

0 
- E"r(T- To)-

x 

B ypaBHeHI!JIX (:l) - ( 4) 0" = o-x(x, t); T = T(:r, t); 
(j =: q(x, t)-MOIUHOCTb TeiiJIOBOrO HCTOt.IHHI\a; v;, Ko, a, {3 11 

go-nocTOJIHHble BeJlHqHHbl. Be<' seJlJiqllHbi B (jlOpMyJlax (3) - ( 4) 
!IJH!BeJI<'Hhl, il!IH yno6cTBa aHaJIH3a, B 6e3pa3MepHOM BH!\e. TeMnepa

Typa o6pa3ua ( MeTaJ!JillqecKoil n!leHKII) HOj)MHponaaa a a ero aaqaJ!bHOe 

(HopMaJibHoe) 3HaqenHe, T = T~,t) (To= 293K), a B KaqecTBe aMn!ll!· 

TY.llbl HanpHlKeHHII JlJ!JI O"x = u,(x,t) Mhl llCDO!Ib3YeM 113BeCTHh!e 3Kcnep11-

"' MeHTam>Hbie li,aHHble HJIH cywecrsyromu:e .n.aHHhie qifcJieHHbiX pacqeros 

(o-o = 2.2 · 106 lla) (2,1:l]. 
<f>yHKUIIJI q(x, t), ODIICb!Ba!Oll(aJI llCTO'lHliK, onpe.UeJlJ!eTCJI C!le/lYIO· 

IIUIM BbipaJKeHHeM: 

E0j(t). _ 7
_, np11 t :S I, 

q(x, t) = zeRo copoTo x ::; ro 

II 

q(x, t) = 0, Dpll t > I, x > r·0 , 

rile x = -1x, t = 1, r·0 = &1 , /0-TO!!!IliiHa o6!!yqaeMoro o6-o T 0 

pa3U,a 1 r-speMJI .ueikTBMJI HCTOtiHHua; E0, J.(t) = con$t = 1r;o.:r, ze, 
R0-HaTiaJihHM auepniR, nJIOTHOCTh TOKa, aapR.U H cpe.n;HRR ..UJIHHa npo-

6era lfOHa coorsercrseaHo. OrMeTI:lM, liTO TOJIJl(HHy o6paaua Momao 

6paTb CKO!!b yro.uao 6o!lbruofi (10 _, oo), ec!!H He yqHThlBaTb orpame

H>Ili. llp11 nOM e}l!IHIID;efi Jl!!I!H1I-(j>ll3l!'leCKl!M DapaMeTpOM, 6yJleT, 

uanpHMep, .6..-roJIIIUIHa, Ha Roropyro pacnpocrpaaRercn "renJio~' aa 
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I' 
speMJI r: D.=~· r (~<o-> ~<o • f,-)- .[(J!J! orpaHJI'Ieaaoro HHTepBaJla 

0 < X < /o, TO eCTb i(J!JI paCCMaTpHBaeMOii HaMH KOHe'lHOit TOJlll(HHe 

o6pa3u;a, HMeeM, 'ITO &:, < < D.. 
CHcTeMy ypasaeaHII (3)- ( 4) ilODOJlHHM cJle!lYIDil(HMil aaqaJlbHhlMH 

11 rpaHH'lHhlMil ycJlOBI!JIMH: 

O"x(X, 0) = OO"x~;' O) = 0, O"x(O, t) = O"x(l, t) = 0; (5) 

T(x,O) =To, oTJ~,t) = oTJ~,t) = 0. (6) 

fpaaHqahle ycJlOBHH (5) - (6), ecTeCTseaao, DOJlpa3yMesa!OT, qTo Mhl 

IICCJleJlyeM a}lHa6aT>JqeCKHe )le<j}OpManHH, Dpii KOTOphlX He DpOHCXOJlHT 

TerlJloo6MeH MelKilY TeJloM H oKpylKaiOmelt cpenolt. CJlenonaTeJlbHo, .llJlJ! 

MOilYJ!JI yDpyrocTH E 11 K03<j}<\Jl!u;l!eHTa ITyaccoaa v CJleilYeT 6paTb HX 

a!lHa6a1 >JqecKHe 3HaqeHHJI (11]: 

E 
Eaa. = 1- co' 

v+ Co 
Vaa. = 1 -Co' 

ETa})_ 
(co= 9Cp 

O!lHaKo JlJ!JI MeTa!!!!OB, a TaKlKe H .UJ!JI 6o!!bWHHCTBa TBep.UhlX TeJl DO

DpaBKa c0 oqeab Ma!!a I! e10 MOlKHO Dpeae6pe'lh (11]. 

3. Oco6eHHOCTI1 MO,!IeJII'I 

ConMeCTHbie ypanaeHI!JI yDpyrocTH 11 TemwrrpoBOJlHOCTII B cnoelt o6-

melt <j}opMe (J)- (2) (11Jlll B <\JopMe (3)- (4)) WllpOKO DpHMeHJIIOTCJ! B 

CaMb!X pa3H006pa3Hb!X DpHK!!a)lHhlX 3a)la'laX (9-J2j H COCTaBJ!JIIOT OCHOBY 

Teopllll TepMoyDpyrocTH. CHCT<;Ma (!)- (2) DpHMeHJI!lacb, aaDpHMep, 

JlJ!JI ODHCaHHJ! pacDpOCTpaHeHIIJI TeMDepaTypHhlX HaDpJIJKeHHii B yDpy

fOM npOCTpaHCTBe II DO!!yDpOCTpaHCTBe C pa3HhlMH reOMeTpHHMH DOJl 

B03)lelicTBIIeM Toqeqaoro, a TaKlKe pacDpe.ue!!eHHhlX DO DpHMolt H DO 

D!!OCKOCTH HCTO'lHIIKOB TeD!!a ( CM., HaDpHMep, (9,10]). Han6o!!ee HHTe

pecHh!MH, 6!!H3KHMH K HCC!!e/lYeMOii HaMH npo6!!tlMe, Dpe.l{CTaBJlJ!IOTCJI 

perueHHJ! CHCTeMhl (3) - ( 4 ), KOTOphle ODHChlBaiOT Tell!!OBhle HaDpJIJKe

HHJI DpH TeD!!OBOM ynape aa nonepxaocTH TBepnoro Te!!a (10]. B pa6oTe 
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(10] aa ocaose npHMeHeHHJI npeo6paaoBaHHJI Jiannaca nonyqeHhl aaa

JIHTHqecKHe pemeHHJI Cl!CTCMhl (3) - ( 4) rrpll aaaqe!IHJ!X (3 = 0, 9o = 0 
I! q = 0. KOTOphle y;I(OMeTBOpl!!OT CJie.UyiOml!M rpaHl!qHhlM ycJIOBl!J!M: 

(]'.3; = 0, aT (T _ fJ) = 0, __ , 
ax 

ao 
(I = Ao --+ oo) npn X= 0. 

Hal!.ueHJwe pemeane npe.ucraaJIJ!eT co6ol! aanpl!>KeHI!e a, ( x, t), 1!3Me

HJIIODJ.eecJI or ayJIJI npll t = 0 .uo HeKoroporo orpnuaTeJ!bHoro aaaqeal!JI c 
.l(aJibHeliiiiHM CKaqKoo6pa3HhlM l!3MeHel!l!eM l! rrepeXO.l(OM B 06JiaCTb llOJIO

lKHTeJibi!11X aaaqeanl!. TaKJKe ycraaoaneao, qro .UHHaMnqecK!!Il 3cj:>cpeKT 

cymecrBeaao yMeHblllaeTCJI, ecnl! HaMeaeaHe reMneparyphl noaepxaocr11 

rrponcxo.LUIT ae MrHoaeaao, a B Teqegue Manoro, HO Koaeqaoro HHTep

·aana apeMeHH [10]. 
Opo6neMaM o6paaoaaHl!JI rep>wynpyrHx aanpl!lKeHnll, BoaHl!KaiO

mHX npH HMUYJibCHOM 3JieKTpOHHOM l! I!OHHOM BhlCOK03HeprerHqecKOM 

o6nyqeanH Marepnanos, KaK 6Mno OTMeqeao Bhlme, B aayqaol! nnrepa

rype noKa y.ueneao Mano BHHMaHHJI [2]. B TO JKe apeMJI repMoynpyrne 

npouecchl Hrparor oqeHb aamayro ponb s aa.uaqax pa.uHannoaaoll o6-

pa6oTKH raep.uol! nosepxaocrll, nayqeHl!l! npHpO.Uhl KpHcTaJIJil!qecKoll 

pellleTKll H T.n. B pa6ore [2] OTMeqeao cymecTBoBaHHe rrl!Tll KaHaJIOB 

o6paaoaaHHJ! ynpymx aanpJI>KeHnll, qro yKaahrsaer na BaJKIIOCTb H aK

ryanbHOCTb .uaaaoll npo6,1eMhi. HMeeTCJ! ae6o.%111oe KOJIHqecTBo pa6or 

[2,13], DOCBJ!meHHh!X TepMoynpyrHM nponeccaM Up!! B03.l(eliCTBIII1 Bb!CO

K03HepreTI!qecKHX aapl!lKeHHhlX qaCTHU Ha llOBepXHOCTh TBep.Uh!X TeJI, 

r.ue al!aJIH3 6aaHp)'eTCJ! Ha TOll I!JIH l!HOl! MO.l{Hcj:>HKaUHII Cl!CTeMhl ypaB

HeHHl! (3) - ( 4). B pa6ore [13), HarrpHMep, Ha OCHOBe rrp!!MeHeHI!J! 

ynpomeHHOl1 Cl!CTeMhl (:3) - ( 4) IIOJiyqeaa aMUJIHTy.Ua Harrpl!lKeHI!l! B 

3BYKOBOt:i BOJIHe, H ,n;aHHaJI BeJ1Hqnaa CB.R3hiBaJiacb C ycTaJIOCTHOfi rrpoq
HOCTb!O Marepnana. TeM caMbiM 6brna noKaaaaa BaJKHOCTb y•rera rep

Moynpymx 3cj:>cj:>eKTOB IIp!! rrpoBe.l(eHHII 3KCIIepHMeHTOB DO BhlCOKOTeM

nepaTypHOMy o6nyqe!IIIIO MarepHaJIOB [13]. 
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4. MeTO.Uhl 'IHCJieHHoro aHaJIH3a 

JlJIJ! aHaJI1!3a CI!CTt"Mbl (:3) - (4). yqi!ThlBaJ! CJ!OlKHYIO HPJII!H<'i1-

HYIO aaHHCI!MOCTh ynpyr11x Hanpl!>KPH!!Il 11 TPMneparypbl. aaMI! BhtnOJI

HJ!JII!Cb qHcJIPHHhle pacqeTbi. B pacqerax Mhl I!CDOJib30BaJII! Koaeqao

pa3HOCTHMit MeTO,Q C JIBHbiMH H HeJIBHhiMH pa3HOCTHbiMH CXeMaMH ( CM., 

aanp!!Mep, [15-17]). Opi!BO.UI!M HeKoTOphle 113 3THX cxeM: 

1) HllHaH c.xeMa 

ai+l - 2ai + o.i-l 
j . . 

20'·+1- 2u' + ~! = V I l Vt 1 
Ti+l - 2Ti +Ti-l ' . . ' ' . 

12 
It ' h2 r 

-a- h~ 

(1 
·Tj+l. 

+g T') i -T' C) I I 

T/+ 1 - 2Tf + T/_ 1 
j+l j 

·U· - q. j 
- [3T/ , h, , + q;. 

h, = ~>o h2 
X 

2) HeJIBHaJI ( aKyCTHqecKaJ!) CXeMa, 

Bae.ueHI!eM noreHnnana ,P(x, t) = J;( 8~~~-') + a 8TJ~·'>)d~, (a _ 
CllCTeMy ypaBHeHHll (3)- (4) npi!BO.l{HM K Bll.llY 

i)<J> oa 
i)t = v, ox' 

aT o2T aq, 
8t = t>o 8x2 - [3T 8:r + q, 

8( u + aT) 8,P 
8t = v, ax· 

CooraercTByromne paaaocrable cxeMhl I!Me!OT BH.ll 

,pf+l - ,pf 

h, 

. ; 
1 - ()". I qi+~ 1-2 

= v,. hx 

ll!l.) i3 • 

T i+l Ti 
'+1- '+1 I 2 I 2 

h, 

T'+' ' - 2T'+. 1 + Tj I 
I 2 I 2 1-2 

= Ko h2 
- T' '1-'i+l - </>' I (3 

. .<i+l '+ 
i+l I 

2 hx 
+ q:+&, 

r 

( i+l i ) (Ti+l T' ) O"i+t - ut+t +a i+t - i+t 
h, 

,pi+ I _ q,~+ I 
= v t+l 1 

' h, 
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0TMeTHM, 'ITO npe,llCTasneHHh!P CXeMh! IIMPIOT TO'!HOCTh annpOKC!!

Ma!(l!ll O(h; + h,). B pac'leTax HaMil TaKlKe 61rn11 llcnom3osaHw HeJIB
Hh!e cxeMhl, I!Me!Ol!(!le nopl!.llOK annpoKC!IMa!(!lll O(h;, +hi) [15-17]. 

5. Pe3yJibTaTh! 

Mhl pacc'!I!Tanl! TepMoynpyme aanpJilKeH!IJI a o6pa3!(e 113 lKeneJa, 
KOTOj)hl<' B03HI!Ka!OT np11 HaHOCeKYH.llHOM IIMnyJihCHOM o6Jiy'leHI!ll HOHa-

MH ymepo11,a. B pacc'!eTax 6h!JIII IICUOJihJOBaHhl cneey!Ol!(He xapaK-
Tep!!CTIIK!I IIOHHOro ny'!Ka II Tel!nO<j>I!3H'!eCKI!e !!apaMeTj)hl lKeJie3a: 
-)I,JIIIT<·flhHOCTh 11Mnyn1ca r = :l· 10-7 

c, 

-~Hepml! 116'Hoa Eo = 250 7 :l50 w;B, 
-MaKCUMaJihHa.JI ITJIOTHOCTb TOKa B nyttKe }max = 200 1000 
-TOJ!ll(l!Ha lKeneJHOli M!lll!eH!I / 0 = 10 7 ,)Q MKM, 

-npo6"r I!OHa Ro = 0, 7 MKM, 

-Japl!ll. !IOHa ze = 12e, e = I, 6 · I0-19Kn, 

-UJIOTHOCTh lKPJie3a p = 7870 :; , 
-y)l,eJibHaJI Tel!JIOeMKOCTb C = 4$6 ~.~, 
-K03<j><j>H!IIIeHT TennonpoBO)I,HOCTII .\0 = 78, 2 !k, 
-MO)!,JJ!h ynpyrocTI! E = 2. 1011 na, 

-K03<j><j>l!!(lleHT JI!!Hel!Horo pacll!npeHIIJ! o:r = I, 2 · 10-5 K-1• 

flapaMeTp1! pa3HOCTHOl! CXeMh!: 

-ll!ar no KOOp,lli!HaTe hx E [0, 01 7 0, 00125], 
-war no apeMeH!I h, E [0, 0001 7 0, 00000625]. 

A 
CM2' 

PeJyJihTaTh! '!!lcneHHOro pell!eHIIJI CIICTeMhi ypaaHeHI!l! (3) - ( 4) c 
Ha'!aJ!hH1lMII II rpaHII'!HhiMII YCJIOBIIJ!MH (5) - ( 6) llj)HBell,eHhl Ha j)IIC.I 

II 2. flpoCTpaHCTBeHHO-BpeMeHHble npo<j>JIJIII TeMnepaTyphl II Hanpl!
lKeHllll llOKaJh!BaiOT IJ,I!HaMHKy TepMoynpyr!!X Hanpl!lKeHI!ll .llO MOMeHTa 

t = ~ :'0 I ,llelicTB!IJI I!CTO'!Hl!Ka (pnc.l) 11 nocne OTKJIIO'!eHI!JI !ICTO'!
HI!Ka (p11c.2). V!J .3Tl!X j)IICYHKOB BIIIJ,HO, 'ITO MOMeHT BpeMeHI! t = r, B 
Te'!eHII<' KOTOporo o6pa3ell l!OIJ,BepraeTcJI o6nyqeHIIIO, paJ,lleJ!JleT nopor 
"CTJ>YKTYf'HhlX" )l,e<j>OpMa!(IIOHHblX 113MeHeHI!l! B MaTepl!ane. flo)!, )l,el!
CTBIIeM aaernHero !!Mllynhca npn apeMeHax t :s; r B o6pa3!1e reaepl!py

IOTCJI BOJ!Hhl ynpyr!!X Ha!Ipl!lKeHI!l!, O,llHaKO O'leHh MaRble l!O aMllJ!IITYII.e. 

8 

.. 
' 

l 
' 

i 
r 
\ 

~, T(x.t) 

~· 

~· 

0.0 O.l 

t=! • 

o.:.: -·o. 
X 

t=f 

o.O- o:2 o:• o.e o.s 
X 

~, T(x,t) 

t=T 

o.O- · o.2 o., o.s o.a 
X 

'·' 

'·' P!IC. 1 

9 

~J a(x.t) 

o, 
• 

~ 

t=.! • 

~~r----------------

~1 1101 I I 0 a I u u u u c .• 
X 

~' a(x.t) 

~ 

~ 

t=.!: 
2 

~r---------------

0 

~~~~~~~~~~~~~ U U U U U M 
X 

~J a(x,t) 

~ 

t=T 
~· 

~t-----------------

0 

~~~~~~TC--~~~~~~"' o.o 0.2 0.4 X o.i! o.a 1.0 



.. 

·' .j 
. -1 
·• 

.·!· 
1 

0.0 

... 
~· 

... 

... 

T(x,t) 

... 

t=;+t, 

a.:.:· ····o.~ 

X 
0. 

t=;+t3 

o.:.: o.e o.l5 
X 

t='T+t!t 

... o.e o.l5 
X 

1.0 

•b 

PHc.2 

10 

~' o(x,t) 
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Opoqm.11 HarrpJimeHI!J! <7(:r. t). KOTOpb!ll <j>opM!!pyercJI rrocne OTKJTIO'!e

Hlll! l!CTO'IH!!Ka lip!! I > T, eCTb O.UI!HO'IHblll l!MIIYJTbC Tl!ITa y.uapHOl! 

80JTH1I; Mbl Ha6JTIO,llaeM o6pa308aHI!J! 60JT1IIII!X ITO aMITJTIITY)le yrrpymx 

HanpJilKeHI!ll 8 o6pa3ue. AMrrnliTY)la .n11x Hanpl!lKeHnll rrpl!MO nponop

UI!OHaJ!l>Ha HHTeHCI!BHOCTI! o6nyqennl! 11 pacTeT c yaennqeHI!eM 3Hepriin 

Eo ll IIJIOTHOCTI! TOKa !!OUOB j. lJro KacaeTcJI cKopocrl! HMITYJI1Ca Ha

np.snKeHut:t, o6pa3yf'MOf0 norm" OTKmOtieHH.R HC'TOl£HHKa, TO OHa OT j HP 

3aBI!Cn. 0oCJIE' OTpalKeHIIJ! OT npaaol! rpaHI!Ubl, IIMITYJT1C ynpyri!X Ha

ll]>J!lKeHllll )l.BIIlKeTCJ! B o6paTHOM HarrpaBJTeHI!H, HO ll]>ll 3TOM OH MeHJ!E'T 

caoll 3HaK Ha npoTIIBODOJIOlKHbll!. Mb! Ha6JIIO,llaJIII 3BOJIIOUI!!O I!Mnyn1ca 

HaDpl!lKeHllll IIOCJie MHOfOK]>aTHbiX OTpalKeHI!ll OT KOHU08 o6pa3Ua B Te

ti8HHe t ,..,. 2, 5r, M llpH 3TOM C'KOJlb yrO,liHO 3aMeTHbiX H3MefleHHit ero 

cj:>opMM 11 C.Kopocra Mbl He o6HapymnmL TeM He MeHee 8onpoc o TO'IHOll 

OUeHK<' 1!3MeHeHIIJ! aMDJ!IITY.Ubi I! CKO]>OCTll I!MUYJ!bCa ynpyriiX Hanpl!

lKeHIIll :la )l.OCTaTO'IHO 60JT1IIIOll nep!!O.l\ BpeMeHII Tpe6yeT )leTaJThHOfO 

liiCCJTe,liOBaHHR . 

J.13Bf'CTH1It' pellieHI!J! (9·12], DOJIY'lPHHbiE' 8 paMKaX TeOpll!! TepMO

ynpyroCTH (Ha OCHOBe HCllOJTb3yeMO~ HaM.H MO.lieJUI), DOKa3hiBaiOT, t[TO 

C8J!3aHHOC.Tb liOJiel! TeMneparypbl II Haiipl!lKeHIIll O'leHb CJTa6aJI. )li!Ha

Mll'lf'CKIIll 3cp<j>eKT 3.1\eCb COC.TOliT B TOM, 'ITO 6b!CT]>1Ill Harpea C03)laE'T 

Harrpl!)!{f'HI!J! B TBep.l\OM T<'JJe [10,12). {ji!CJ!eHH1IE' ]>E'3JJT1TaTbl, II]>PJl

CTaBJieHHble Ha pHc.2, nOKC\~LIBaiOT, tiTO 60JTbiUHe no 3MllJIHTY.ll.€' ynpy-

6 "6 , ( r11e HanpRmeHl!JI o paayiOTCJI 8 peml!Me blcrporo oxna.JKneHl!J! T:e. 

DOCJJe OTKJT!O'IeHHJ! l!CTO'll!l!Ka ll]>II t > 'T ). 3aBI!CliMOC.Tb aMll1IIITY)l1I 

II <j>OJ>Mbl ynpyriiX Hall]>J!lKeHIIll OT IIHTeHCI!8HOCTII II <j>opM1I liCTO'l

HIIKa II]>llBf'.l\eHa Ha ]>l!C.:l. J.13 pl!c.:l Bll.l\HO, 'ITO MaKC.liMYM a~mmiTy)lhl 

II]>J!MO ll]>OIIO]>lll!OHaJJeH fl]>OII3Be.l\E'Hli!O q0 • ~. aMDJJHTJJlhl TADJJOBOfO 

IIC.ToqnHKa q(:c, t) Ha ~-r1Iy61IHY D]>OHIIKH08eHI!J! nyqKa (T.e. 3aiiiT]>li

XOBaRRaJ! nnomanKa na pl!c.4). <l>opMa yupyrllx HZtliJ>l!lKeBIIll 6onee 

cnomHbiM o6pa3oM 3aBI!CIIT or cpopMbl IIcroqHIIKa (eM. piic.4). TeM HE' 

Meaee MO)!{HO HaneJITbCJI, 'ITO, MO.l\eJ!li]>Yll pa3JJII'!Hble <pO]>Mbl HCTO'lHIIKa 

C DOMO!l.\b!O TJY'!Ka l!OHOB, MO)!{HO ITOJ!Y'IIITb pa3JIIl'IHble cpopMbl ynpyrliX 

aarrpHmennl! . 

CKOJ>OCTh pacupocrpaHeHIIJ! ynpyrnx HanpJimea!llt 6onhiiie, '!eM cKo-
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q 

0:2 o:• 

1 - r=O.OJS 
2 - r=0.07 
J - r-0.14 

X 

0. 

pocn 3ByKa B o6pa3I.\E' M3 lKeJie3a np11 HOpMaJibHhiX ycnoBI!JIX T = 1~ 
H a = 0 ( CBJI3b orcyrcTByer ). OueHI!M cKopocTb o6pa3oBaBI!IerocJI MM
nynbca ynpyrHX HaupJilKeHHfi. .llJIJI apeMen t > r (q = 0) aropoe 
ypaaaeHHe CHCTeMbi (3)-( 4) nepenHI!IeM B cne.rzyiOI!IeM BH):(e: 

fPT iPo-x 
8t2 "" -!3To 8t2 . 

floACTaBJIJIH llOCJieAHee COOTHOI!IeHI!e B nepaoe ypaBHeHHe CHCTeMbl 
HMeeM 

<>2 ;,2 u O'x -2v ax 
i)t2 = v, 8x2 I 

rAe 
2 -z va v = . 

' I - a(3T0 

0TCIO):(a C yqeTOM 3Ha'!eHI!it v, = ]51 1 23 ( v, = 504] ~), 
0' = :3, 196 · 102 

0 
(3 = 7 

0
:356 · 10-6 H To "':: Tpm" t Tpmtp "':: 81 MOlKHO 

noJiy'!HTb Cllet(yiOI!IYIO O[(eHKy AJIJI ii,: ii, "':: !52,] (ii, "':: 5070~ ) . .l(a
nee H3 'tfHCJieHHblX pactieTOB MOH<.HO IIOJIY'tfH'l'b 3HatieHHe CKOpOCTH HM
nyllbCa Hallj)HlKeHHfi, KOTOpblfi o6pa3yeTCJI B o6pa3Ue UOCJie OTKJIIO'leHHH 
HCTOtiHHKa: 

.6.x "" 152, Vpacq. = .6, t 
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CpaBaeane 3HaqeaHii Vs H Vpacq. rroKa3bfBaeT HX xoporuee coBrraneHMe. 

floJiyqeHHL!e pe3yJILTaTbi Ha ,UaHHOM nane HOCRT npe.uaapHTeJibHh!H 
xapaKTep, !IX HHTepupeTaUHJ! !lJIJ! UOHI!MaHIIR my6HHHb!X <jJH3H'!eCKHX 
npoueccoB Tpe6yeT 6oJiee neTaJILHoro aHaJIH3a. 3necL, Ha Ham B:lrJIR!l, 
TaKJKe He06XO)lHMO H3y<JeHHe TepMOynpyrHX CBOfiCTB IICCJienyeMOfO Ma
TepHaJia B Tecaofi CBJI3H c ero nnacTlJ'qeCKHMH cBoncTBaMH, ,an.R qero 

UJiaHHpy!OTCJ! ,UaJILHefiilil!e HCCJie)lOBaHHJ!. 
Aa·ropb! BLrpa)!(aJOT 6JiaronapHOCTb upo<jleccopy 11.H.MemKoay 3a 

noJie3Hhle o6cy)!(!leHHH. Pa6oTa Bb!IIOJIHeaa npH rroMep)!(Ke PocCiriicKoro 
<jJOH!la <jJyH!laMeHTamHtrx liCCJie!lOBaHHfi, rpaHT P<I:><I:> H -97-01-01 040. 
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AMHpxaHos 11.B. 11 !lp. 
Moae.nHposaHwe repMoynpymx s<jlqleKTOB 
npH MOHHOif 60M6ap.nHpOBKe MeTaJiliOB 

P2-98-63 

B Hacro•meii pa6oTe Hccneay10rc• repMoynpyme npouecch!, B03HHKaroruHe 
8 MeTaiiJiaX H MeTaJIJIHt.feCKHX COC.UHHCHIDIX npH HMflYIIbCHOM 0611yqeHHH BbiCOK0-
3HCpreTHlleCKHMH 31ICKTpOHa~m H HOHaMH. Ha OCHOBC lJHCliCHHbiX paCtJCTOB nony
l£eHa ,llHHaMHKa ynpyrHX Hanp5:1JKeHHif H TennonpOBO.llHOCTH. 06Hap)')KeHO, tJTO 
speMeHHIDI 3BOJHOUH51 repMOynpyrnx Hanp5DKCHHif npHBO.llHT K B03HHKHOBCHHID 
JIOKaJUHOBaHHOif ClpyKTypbl, KOTOpa51, B CBOIO 0'-ICpC.llb, MOJKeT 06D51CHHTb CTpy:K
TypHO-<f:>aJOBble H3MeHeHH5:1 06.TJyt~aeMOif flOBepXHOCTH, Ha6mo)laCMbJe 8 3KCnepH
MCHTC. 

Pa6ora BbinOJIHeHa B Jla6oparopmi BbiliHCJIHTeJibHOif TCXHHKH H asTOMaTH-
3aUHH 0115111. 

npenpHHT Qfu,e,JHHeHHOfO HHCTIH)Ta H,UepHb/X HCC.rte.aosaWHi. L{y6Ha, 1998 

0epeBO.U aBTOpOB 

Amirkhanov I.V. et al. P2-98-63 
Simulation of Thermoelastic Effects in the Ion Treatment of Metals 

J We mvestigate thermoelastic processes in metal materials exposed to high 
J intensity ions and electrons. The dynamics of the stress and heat-transport has been 
, obtmned numerically. We have observed that the temporary evolution of the stress 

leads to formation of a localized structure. This may, in turn, explain the structural
phase changes of the surface treated, which are observed from the experiments. 

The investigation has been performed at the Laboratory of Computing 
Techniques and Automation, JINR. 

Pn:prinl of th~ Joint Institute for Nucl~ar R~s~arch. Dubna, 1998 


