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l!AepHblX peaKl]Hii HM. r.H. Cl>nepona O6'1,e,AHHe1111oro IIIICTHT}'Ta l!AepH~IX HCCJieA0Ba1111il 

(141980, r. )],y611a, MocKOBCKllJI o6nacTh). 

C AHCCepTal]Heii M0lKIIO 03HaK0MIIThCJI B 6u6JIHOTeKe O11J111. 

ABTOpetpepaT pa:10cna11 ·ti{ "fl/t.ftefJhoo2 r. 

Y'lelll,IH CCKpernpb AIICCepTal]H0HH0ro C0~A.f. noneKO 

L 

06man xapaKTepncTnKa pa6oTbl 
AKfll!'aJlbHOCfllb me,\lbl 

vkc.1enoea11ne e11yTpemrnx Mexa11n'leCKllX 11arrplllKe1111il a MaTepnarrax !fMeeT KaK 

(jl)'H,'\aMel!TaJlb!IOe 11ay'111oe, TaK If rrpHKlia,UHOe 3Ha'1e11ne. K qiyunaMeHTaJibHbIM rrpo6rreMaM 

O0bl'IHO OTHOCl!T ll3y'!e1111e ne<jiopM~llil ll MllKponeqlOpMal]Hil B KpHCTaJIJiax, B03HHKaJOJ.Ul!X 

rrpn CTpyKTypHbIX <pa30BblX rrepexonax, neqiopMal]Hil, o6pa3YIOJ.UllXCll B MHOfO<pa3HblX 

CIICTCMaX, BJllll!Hllll TCKCTYPbl MaTcp11arra 11a ero MexaHH'leCKlle CBOHCTBa, a TaKlKe 3a,Ua'ly 

orrpenenettllll pa3MepoB KpHCTaJIJIIITOB If ITJIOTIIOCTH AIICJJOKal]Hil II llX CBll3ll C BHyrpeHHllMll 

11arrpmKeHlll!Mll. TTpllKJia)]Jlble 11ccnenoea1111l! uarrpaerreHbl ua H3y'leH!fe BHyTpe111111x 

11arrplllKe1Illil B rrpOMblllJJleHHb!X ll3nerrllllX n1rn OITTHM113al]llll COOTBeTCTBYIOJ.UIIX 

TeXHOJJOfH'leCKIIX rrpoueccoB. K HIIM, 11arrp11Mep, OTHOCl!TCll 3KCrrepllMeHTaJibHOe orrpenerre1111e 

UCTaTO'IHblX 11a11pl!lKe1111il, B03HHKa!Oll\lfX rrocne pa3Jill'lllb]X TeXHOJIOfll'leCKllX orrepau11ii 

(ceapKH, rrpoKaTa, 0T)l(llra, 3aKaJIKll II T,A,), 11eqiopMal]11il, B031111KaIOll]IIX IT0A B03,[leHCTBl!eM 

l]IIKJ!ll'leCKIIX Harpy30K (Mexa1111'leCKIIX II repMH'leCKIIX), PaAHal]l!OHHOro o6rryYeH!fll 

(11arrp11Mep, B03Aeilcrn11H ueil:rpou11oro o6rry'leHHll Ha MapTeHCllTHbie rrpeapall]eu11J1), 

rH/lporeu113al]Hll H np. bb!CTpO pa3B11Ba!OJ.UHMCJI uarrpaBJieH!feM JIBJIJleTCJI TaKJKe !ICCJieAOBaHHe 

Mexa11w1ecKHX CBOHCTB IIOBbIX rrepcrreKTIIBHb!X MaTepHaJIOB (KOMI103HTOB, rpa,UHeHTHbIX 

MaTep11arroB, apMHpoeaHHblX CHCTeM, MeTaJIJIOKepaM!fK, crrrraBOB C rraMJITb!O qiopMbl If T,A,) C 

ueJiblO BblllBJJeHHll HX rrpl!rOAHOCT!I ,[\Jill rrpHMeHeHHll B Tex IIJIH l!HbIX rrpOMbllllJieHHblX 

H3nerrHllX. KpoMe Toro, rrpcncTaBJIJleT llHTepec 3KCrrepHMeHTaJibHall rrpoeepKa pa3Jill'IHbIX 

Teopen1'1eCKIIX MeTOAOB pac'JeTa narrplllKeHHil. 

}.l,nll IICCJie)lOBaHl!ll BilyTpeHHIIX narrplllKeH11il B MaTepllarrax yJKe MHOro rreT 

IICI10Jlb3YIOTCll pa3Jill'lllb!e MeTon11K11 nepa3pylllaIOmero KOHTpOJill'. AH<ppaKl]llll peHTreHOBCKIIX 

,1y'leil, ynbTpa3BYKOBOe CKa11npoea1111e, pa3JllI'IHbie MafHIITHb!e MeTO,[IIIKll (H3Mepemrn 

MafHHTHOil IIHAYKIJIIII, rrpOHH[jaeMOCTII, aIIH30TpOI111H, 3<p<peKTa EapKxay3eHa, 

Marn11roaKyCTl!'leCKIIX 3<p<peKTOB). O1111aKO Bee 3TH MeTO,[lbl HMeIOT orrpe11erreHHbie 

orpa1111'1e1Illll. Harrp11Mep, C IT0MOJ.Ub!O paccel!Hllll pemTeHOBCKHX JlyYeii If MarH!ITHb!X MeT0,[10B 

MOlKIIO IICCJie,[IOBaTb uarrplllKeHHJI TOJibKO B6JIH311 rroeepxuocnI MaTep11arra BCJle,[ICTBlle HX 

Ma.,'loil rny6HHbl rrpOHHKHOBeHHll; KpoMe Toro, rrpHMeneHHe MaTHHTHbIX MeTonoe orpaH!I'!eHO 

qieppoMarHIITHb!MII MaTepHarraMH. TaKJKe Ha MarnHTHb!e H YJibTpa3BYKOBble MeT0nb1 CIIJibHOe 

BJJHllHHC OKa:JbIBaeT HaJill'IHC TeKCTypbl e o6pa31]e. 

Cpcn11 BCex 3TIIX Mernn11K ll3Y'leHl!e HaliplllKC!IIIH rrp11 ITOMOll]H nuqipaKUHH HCHTpOHOB 

CTOHT ua oco6oM MCCTC, TaK K3K 3T0T MeTon, no cpaeueHHIO C OCTaJibllblMH, rrpaKTH'ICCKH He 

HMCCT orpaHH'leHnil. )],aHHbiil Meron lIOJIBHJICJI OICOJJO 15 JICT Ha3a,U n IT0Jl)"IHJI IIIllpOKOe 

pacnpoc-rpa11e1rne ll3-3a pHna cymecTBel!HbIX rrpeHMYJ.UCCTB ·rro cpaBHeHHIO C -rpaAHII;l!OHHb!Mll 

MeTOAHK3MH. 8 OTJlll'IHe OT Tpa,UHIIHOHHb!X MeTOAOB, HeilTpOHbl MOr}'T rrpOHHK3Tb B Marep!!arr 

ua rny611Hy no 2-3 CM nrrll CTaJieil n no 10 CM nrrll aJIIOMHHllll. )],ocTOHHCTBa Mernna nu<ppaKUHH 

ueilrpOHOB HaCTOJibKO cymecTBeHHbl, '!TO e Te'!eHlle rrocrrennnx 15 rreT rrpaKTHqeCKH BO BCCX 

COBpCMeHHbIX HeHTpOHllbIX UCHTpax C03nattbl crre1111arrll3HpOBaIIHble nuqipaKTOMeTpbl ,UJIJI 

H3y'leHHll BHy-rpeHHHX HarrplllKeHHii. OHH co3nattbl KaK Ha peaKTOpax ITOCTOJIHHOil MOJ.UHOCTH -

na116orree H3BeCTHhle B Chalk River (Kauana), ILL (Cl>pa111111J1), HMI (fepMaHllll), TaK If ua 

nMrryrrbCHhIX llCT0'IHHKax Heii-rpo11oe - a Los Alamos (CWA), RAL (BerrnKo6pllTaIIHll). 

B flHcI> O11Jll1 c cepeAHHbl 90-x ronoe Ha'Jarracb CHCTCMaTH'leCKall pa6orn ITO 

onpenerreHHIO BH}'TpCHHllX HarrplllKeHHil B 061,eMHb!X ll3,[leJIHllX l! HOBb!X rrepcrreKTHBllbIX 

MaTCpHaJiaX Ha HeiiTpOHHOM <pypbe-nu<jipaKTOMeTpe Bb!COK0fO pa:ipellleHllll <l>)],BP, 

ycTaHOBJieHHOM Ha 5-M Kauarre peaKTopa HEP-2. BurrorrHeHHb!C 3KCrrepllMeHTbl IIOKa3aJIH 

3<p<pCKTHBHOCTb qiyp1,e-n11qipaKTOMe-rpa nrrll pellleHHJI ITOCTaBJieHHbIX 3a,Ua'I. 3a HeCKOJibKO JICT 

pa60Tb1 ua nnqipaKrnMeTpe <!>)],BP rrpoeeneu plln :-iKcrrepnMeurne, xapaKTep1nymm11x 

OCHOBHbie uarrpaerreHHll B 3TOil o6rraCTH 11ccrrenoeaunil: ll3Y'lemie MexaHH'leCKHX CBOllCTB ----- -...-...... ........ -.,.~ 
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MaTepmlJI0B 11pH PaJJill'!Hb!X pelKHMax Harpy3KH, PaJJill'!HbIX CBapHbIX coe,UHHeHHH, 

CTPYKTYPHbIX K0MII0HeHT paJJIHqHblX rrp0MbllllJieHHblX H3,lleJIHH, H0BbIX rrepc11eKTHBHbIX 

MaTepHaJI0B, rpa,utteHTHblX CTPYKTYP H K0Mll03HT0B. Pe3yJihTaTbl HeHTpOHIIblX JKCrrepHMeHT0B 

HCII0Jib3)'IOTCll ,llJill 0IITHMH3a11HH llp0Mblll!JieHHhIX TeXHOJIOrHH. 

0Cll06Hb/e qe.nu u 3QOQ'IU pa6ombl 

~eJib!O pa60Thl l!BJil!JiaCb pa:ipa6oTKa H0B0ro MeTo,ua aHaJIH3a BHyrpemmx 

MexaHHqecKHX HarrplllKeHHH B MaTepnanax C HCIIOJib30BaHHeM HeHTpOHHOH K0ppeJil!UHOHHOH 

qiypbe-,umppaKTOMeTpHH Ha HMIIYJibCH0M HCTQqHnKe 11eiiTpOHOB l1EP-2, pa3pa6oTKa II 

C03,llaHHe Heo6XO,llHMOro o6opy,uoaaHHll, 11poae,ueHHe JKCllepHMeHT0B 110 HCCJie,ll0BaHHIO 

BHyrpemmx MexaHHqecKHX 11a11pl!lKeHHH B K0HKpeTHbIX MaTepuanax c 11eJib!O a11po6upoBaHHll 

pa:ipa60TaHHOH MeT0,llHKH H orrpe,ueJieHHll II0TeHUHaJibH0ro Kpyra 3a,uaq_ 

HaV'lHQR H06U3/lll ll OCH06Hble pe3V,1blnlllnbl, 6b/HOCIIMble HQ 3a11,umv 

Co3,uaHHe HCHTpOHHOro qiypbe-,uttqipaKTOMerpa BbIC0K0ro pa3pell!el!Hll (LJ.d/d"' 1 XI o-3) 

<ll.[(BP Ha BbIC0KOITQTOqHQM HMIIYJibCH0M peaKrnpe l1EP-2 1103B0JIHJI0 llpHCTYIIHTb K 

peaJIH3aUHH rrporpaMMbl 110 HCCJIC,llOBaHHIO BHyTpeHHHX Mexa11nqecKHX 11a11pl!lKe1IHH B 

MaTepttanax tt H3,lleJIHllX MeTO,U0M ,llHqJpaKI1HH HeHTpOHOB. C )TOH ueJib!O Ha 6a:ie <ll.[(BP 6bIJia 

C03,llaHa ycTaH0BKa ,llJill H3MepeHHll BHyTpeHHHX MexaHHqecKHX 11a11pl!lKeHHH . .[(aHHal! pa6orn 

11p0B0,llHJiaCh a JIH<ll 0115!11 Bllepaue, Hl!Tepec K JTOH TeMe Bbl3Ball 0TCYTCTBHeM a PocCHH 

aHanoruqHb!X ycTaHOB0K H ocrpott 110Tpe6HOCTb!O B OCB0e1mu H BHe,upeHHH H0B0ro 

11epa:ipyllla10ruero MeT0,lla K0HTP0Jill m1yTpe1111ux HallplllKeHHH B 11p0MbllllJie1111bIX H3,lleJIHllX H 

o6pa:iuax, aTTeCTaIIHH H0BblX 11epcrreKTHBHbIX MaTepHaJI0B, HCCJie,U0BaHHll K0ppeJillIIHH HX 

MHKp0CTPYKTYPbl C qJH3HqecKHMH CBOHCTB3MH, qTo BeCbMa aKTYaJibH0 ,llJill qJH3HqecKoro 

MaTepuanoae,uemrn H pa:iBHTHll H0BblX TeXHOJIOrHH. B ,llHCCepTaUHH 11pHBe,ueHbl 11puMepb1 

JKcrrepuMeHTOB, HJIJIIOCTpHp)'IOIUHX o6JiaCTH 11puMeHeHHll p:nqipaKTOMeTpa <ll.[(BP ,llJill 

HCCJie,ll0BaHHll BHyrpeHHHX HarrplllKel!HH MeTO,U0M ;!\HqJpaKUHH neiirpOHOB. 

IlpaKlnU'leCKQR 3HQ'lll.llt0Clnb pa6ombl 

11onyqeHllbie B ;!1HCCeprn11Hol!HOH pa6oTe JKCllepHMeHTaJibHbie pe3yJibT3Tbl BalKHbl ;!1Jlll 

pa:iBHTHll neiiTpOHHOro MeTo,ua 011pe;11eJieHHll 0CTaTQqHb!X Hallpl!lKel!HH B o6beMHbIX H3,lleJIHllX 

H H0Bb!X K0MI103HIIH0Hl!b!X MaTepnanax. Ha C03;!1aHHOH ycTaH0BKe ylKe Be;!\yTCll HCCJie,uoBaHHll 

caapHh!X ll!B0B H CJIOlKH0;!1eqiopMHpOBaHHh!X H3;!1eJIHH, H3yqaeTCll IT0Be,Uel!He MaTepHaJI0B npH 

YCTaJI0CTl!h!X HCIThITaHHllX H ;11eqiopMHpOBaHHH BIIJI0Th ;!10 pa:ipylllel!Hll. 

Cmpv«mvpa ouccepmaquu 

.[(ucceprn11Hll C0CT0HT H3 BBe;!\eHHll, Ill!TH rnaa, 3aKJI!QqeHHll H CIIIICKa JIHTepaTyphl ( 68 
HaHMeHOBaHHH). Pa6orn co;11eplKHT I 02 CTpaHHUhl, 74 pncyHKa tt 7 Ta6JIHU. 

A11po6aquR pa6ombt 

OcHOBHh!e pe3yJihTaThl ,llHCCepTaUHOIIHOH pa60Thl ;!\0KJia,llh!BaJIHCh Ha I-ii Eapo11ettCKOH 

KOl!qJepe11uHH 110 paccel!HHIO HeHTpOHOB (l1HTepJiaKeH, Waeii11apHll, 1996), MelK;11y11apo,UHOH 

Ko11qiepeHUHH "Neutron Texture and Stress Analysis" (.[(y611a, 1997), Hau11011aJihHOH 

Ko11qiepe1111HH 110 11pHMeHeHHIO peHTreH0BCK0ro, CHHXporp0HH0ro H3J1yqe1mii, HeHTpOHOB H 

JJieKTp0H0B ,llJill HCCJie;!\0BaHHll MaTepHaJI0B (PCH3'97) (.[(y6Ha, 1997), 2-ii EaponeHCKOH 

KOHqJepe111111H 110 paccel!HHIO HeHTpOHOB (Ey,uarrell!T, BeHrpHll, 1999), CeMHHapax 

Jia6opaTOpHH HeHrpOHHOH qJH3HKH HM. 11.M. <llpaHKa. 

nv6J1u«aquu 
Oc110B1Ible MaTepHaJibl ,uuccepTaI_(HH 011y6JIHKOBallh1 B 8 pa6ornx. 
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Co[Jep;i;a1111c pa60T1,1 
Bo B«eoe111111 06oc11oaa11a aKTyaJihH0CTh TeMLI 11ccne,uosa111rn. cqiop~1ym1poaaHhI ueJIH 

II 1a,'1aq11 pa60Tbl. 0CH0BHb!C II0JI0lKC!lllll. Bh!H0CH~lble na 3aIUIITY, II ,uaH0 KpaTK0e co,ueplKam1e 

,1ttccepTaum1 no rnasaM. 

Jlep«aR .'JIQ6Q IT0CBllIUe!la 0CII0BHblM IT0Hl!TllllM Teopm1 y11pyrocn1. B3aJIM0CBll311 

MCll{,UY ,uecj>OpMaUmlMI! II uanplllKCHllllMII ,llJill pa3m1q11bIX TeopeTuqecKHX MO,lle.Tieii. 

KJiaccmpnKaUHII 0CTaTO'lllbIX Mexau11qecKHX nanpl!lKeHHH, a TaKlKe 11po6JieMe BJil!l!Hllll 

rCKCT)'pbl 11a 0CTaTO'lllbie 11a11pl!lKemrn B MaTep11anax. I1p11BO,'lllTCll KpaTKall cpaBHHTeJibllal! 

xapaKTepHCTHKa C0BpeMCllllbIX MCT0,'10B HCCJIC,'lQBal!Hll 0CTaTO'!HbIX Hallpl!lKel!IIH. 

BmopaR .'.7a6a II0CBllll(eml )KCIICpHMeHTaJibll0MY MCTO,'l)' HCCJie,'l0Balllll! HallplllKC!lllH C 

II0M0IUb!O nttqipaKUHH l!CHTpOI!OB. Tpa;11nu1101111al1 cxeMa neiiTpOHHOro JKCIICpllMCHTa 110 

H3)''1Cllll!O Bll)'Tpemmx 11anplllKCill!H C0CTOI!T B cpop~mposamm nanmoIUero H paccel!HH0ro 

IIY'IK0B HekrpOI!OB C fl0M0IUbI0 m1aqiparM Hl11J111 pa,llHaJibllbIX K0JIJimtaT0p0B Jl Bbl)lCJICHIIH B 

06pa111c MaJI0ro pacceIJsamIUero o6be~rn - gauge volume. I1p11 JTOM H3MeplleTCll ;.ieqiop~iau1rn 

B 1rnnpaBJICIIHII napa.JIJICJibII0M BeKTopy paccel!Hllll IICHTpOHOB Q. CKaH11posam1e l!CCJienye~toil 

06nacn1 B o6pa:iue C II0M0IUb!O gauge volume )lOCTIJraeTCll nepeMeIUCill!eM o6pa:iua B H)'lKllblX 

11aupaBJ1eHHllX. CyTb MeTO)la C0CT0HT B 113MCpC111111 0TIIOCl!TeJibllbIX CMCIUCllllll 

Jl11qJpaKU110HHbIX IIIIK0B OT IIOJIOlKCHHH, onpene.Til!eMbIX napaMeTpaMII :rneMCHTapHOH )lqCIIKII 

!IC;!\C(j>OpMHp0B3Hl!Oro MaTep11a.J1a. B11yTpe111me uanplllKCllllll, cy111ecrny10IUHe B MaTCplli.Lle. 

Bbl3bIBaJOT C0OTBeTCTBYIOIUYIO neqiopMaUIIIO KpHCTaJIJill'ICCKOH peweTKII, 'ITO. B CBOIO 0'1Cpe;ib. 

BbipalKaeTCll B C)lBHre 6p3rrOBCKIIX IIIIK0B Ha JlllqJpaKUHO!IIIOM CIICKrpe. 3To ,r1aeT npl!M)'IO 

1111tj>opMa1111m 06 H3MCIICIIIIII MCll(l]JI0CK0CTllblX pacCTOllllHH B Bbl,'ICJIC!IH0M o6beMe, K0T0pal! 

MO)KCT 6bITb JICrKO npeo6pa30Bana B )laHHbIC O BHYTPCIIHIIX 11anplllKCIIIlllX HCnOJib3Yll 

113BCCTHb!C ynpyrne K0HCTaHTbl MaTepttana. PerncTpa1111ll Jlll(ppaK!IIIO!Illb!X cneKTp0B 

JICTCKTOpaMH np11 yrnax paccel!Hllll 20=±90° 1103B0JilleT 0,':(H0BpeMeHHO onpe,'leJil!Tb 

11a1Ipllll{Cllllll B JlBYX B3a!IM!I0 11ep11eH)lHKYJillpllblX uanpaBHCIIllllX. flp1111u1111 011pe,1enemrn 

11eqiopMau1111 KpHCTaJIJIH'leCKOH peweTKH 0CII0BaH ua npHMeHeHIIII 33K0!la bp:Jrra: 

2d,,11 sin 0 = A • (I) 

l")lC A - nmma BOJillbl HeilTpolla. d1,k/ - MC)KllJI0CK0CTH0e pacCTOlllllle. 0 - yron bp:Jrra. 

flp11 JTOM ncqiopMaUHll KpHCTaJIHH'ICCKOH pemeTKH onpe,llCHllCTCll KaK: 

s,," = (d,,AI -di'.',i)I di'.'AI = -!!.O-ctg0 IIJIH &1,u = (d,,AI - d,~AI) I d,~u = !!.t I I (1) 

rJ\C d,,AI II d::kl - MClKllJIOCKOCTHb!e paCCT0llllllll )lJlll necpopM!lpOBa1111oi1 II HC)lecj>opM!!pOBaJIIIOII 

pewcT0K, C00TBCTCTBCHl!O, / - BpCMll 11ponern 11ei\Tpo1Ia. flpu IICI10JIL30BaHHII JlByxoc11oro 

JIIHj>paKTOMeTpa Ha IICTO'IHIIKC C nenpcpbIBHbIM II0T0K0M neqiopMaLUlll 0IIpCl\CJlllCTCll no 

IBMCHCIHIIO B yrne pacCClllHlll -!10. ctg0. B CJIY'IaC npllMCIICIIHll MCT0)la BpCMCIIJI np0.ijeTa 

(TOF-MeTOJl) Ha HMilYJibCH0M HCTO'!HIJKe ,uecpopMaI(llll onpe11eJil1CTCll II0 OTHOCJITCJII,II0~IY 

IIJMCIICHHIO BpCMCHH nponern 11eiiTpOHOB /!,//I. flpH )TOM B 33BIICIIMOCTII OT J\JIIIHbl B0JI!lbl 

II0JIO)Ke1me IIHK0B na WKaJie BpCMCIIII onpe)lCJilleTCll )'CJ!OBHCM 

I= LI v = ,l,mL/ h = 2111Ld,,11 si110 I h, (3) 

rne L - nomwe 11poneTHOe paCCTOllllllC OT HCTO'IHHK3 11e1npo110B )l0 )lCTCKTopa. 1' - CK0p0CTb 

neiiTpOIIa, A, - )lJIHHa BOJIHbl 11ei\Tpo11a, 111 - Macca m:iiTpO!Ia. h - TIOCT0llllllall IlJ1a11Ka. d,,ll -
MC)KIIJI0CK0CTH0C pacCT0Jllllle, 0 - yroJI bp:Jrra. 

YHHKaJibllOCTb HeilTpOHHOfO MCT0)la HCCJIC)l0B31111ll Bll)Tpe111111x 11anplllKCllllii 

o6ycJIOBJICHa CJICAYIOIUHMH BalKHeHUlllMH oco6CHIIOCTllMH: 

coxpa11e1rne IICJIOCTHOCTII HCCJIC)lYCMOro o6beKTa (11epa3pymaio111Hil KOIITpOJib); 

6oJibWall rny6ttna CKa1mpoBal1Hll HCCJie)lyeMOf"O MaTepHana (!10 3 CM )lJlll CTaJIII ); 
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BbICOKoe npocTpaHcrnernrne pa1pewe1me (.uo 1 M~I B mo6oM nanpaanemm) npn BbI,!leJ1e111rn 

gauge volume BHYTPII nccne.uyeMoro 06pa1ua; 

ncn0.1b30BaHHe TOF-MeTO,!la IIOJBOJJlleT ua6mo.uaTb necKOJlbKO 6p,rrOBCKHX pecpJJeKCOB 

O,!lHOBpeMeHHO ll, TaKllM o6pa30M, 011pe.ueJ1l!Tb .uecpopMa'--llrn ,!lJlll pa3HLIX na11paBJlCI11lH [hkl] 

B KpllCTa.1J1e ,!lJlll HJy'leH!lll aH!l30Tp0111lll HallplllKeH!lH MaTep!lana; 

,!lJlll MHOro<paJHOrO MaTep!lana HeHTpOHLJ J.(a!OT llll<pOpMaQ!l!O O pacnpc,1eneHHH 

HallplllKeH!lH ,!lJlll KalK,!lOH <paJbl OT,!leJlbHO; 

llCIIOJlb30BaHHe 11pO<pllJ1bHOro aHaJl!l3a 110 MeTO.!lY PnrneJJb,!la 1103B0JllleT CY.!lllTb 0 

.uecpopMaun11, ycpe.uHe1moii 110 aceMy gauge volume H 110 BCeM KpHCTaJ1J1orpacpH11ecKHM 

ua11paBJ1eHHllM [hkl], H COOTHOllleH!lll cpa3 .!lJlll MHOrocpa3HblX MaTep!laHOB; 

BeJIH'lHHLI .uecpopMaQ!lH 06bl'JHO HMe!OT IIOPll.!lOK 1',.d/d ~ 10·3 
.;. I o·4, IIOJTOMY .!lJlll 

HJMepeHHH ueo6xO,!lllMO BbICOKOe pa1peweH!le .!lHcppaKTOMCTpa; 

xapaKTepHLie TO'lHOCT!l onpe.ueneHHll OCTaTO'lHLIX l!allplllKeHHH COCTaBJlll!OT 20 + 40 MI1a; 

HaH6onee OIIT!lMaJlbHal! (Kaa.uparnall B ce11eHHH) cpopMa gauge volume .uocrnraeTCll npH 

yrne paccel!Hllll 20 = 90°; 

ana.1H3 cpopMLI ll lllllpHHLI .!lll<ppaKQ!lOHHblX nllKOB 1103B0JllleT OQeHHTb MllKpoHallplllKeH!lll, 

pa3Mep KpllCTaJlJIHTOB, nJJOTHOCTL ,!lHCJIOKa'--IHH H TO'le'!Hb!X .uecpeKTOB B MaTepuane; 

C!lCTeMaT!l'leCKHe OTKJIOHeHHll llHTeHCHBHOCTeii 6p3rrOBCK!lX nllKOB HCCJJe,!lyeMoro 

MaTepHana OT HHTeHCHBHOCTeii nHKOB ,!lJlll ll30Tponnoro 11opOWKOBOfO o6pa3Qa ,!la!OT 

llH<pOpMaQHIO O TeKcType B o6pa3'--IC ,!lJlll KaJK,!lOH cpa3bI OT,!lCJILHO. 

.[(anee .uaHO KpaTKOe onucaHHC u OCHOBHLie xapaKTepHCT!lK!l o6panwro MeTO,!la 

BpeMeH!l nponern C HCnOJJb30BaHHeM 6bJCTporo cpypLe-npepbIBaTem:1 (RTOF-MCTO.!l) [ 1], 
KOTOpblH llCnOJJL3YCTCll Ha cpypbC-,!lllcppaKTOMCTpe cl>.[(BP ,!lJlll .IIOCT!llKCH!lll BbICOKOro 

pa3peweH!lll no MeJKnJJOCKOCTHOMY pacCTOl!Hll!O Ha HeiiTpOHHOM llCTO'lHHKe c 6oJJblllOH 

,!lJl!lTeJlbHOCTblO llMIIYJJbCa, KaK!lM llBJll!eTCll IIMnyJJbCHbIH peaKTOp 11EP-2. CpaBH!lTeJJbHbIH 

aHanll3 .11syxocHbIX, TOF- H RTOF-.11HcppaKTOMeTpOB noJBOJJlleT c.11enaTb BbIBO.!l o TOM, '!TO 

OCHOBHblM .IIOCTO!lHCTBOM .!lBYXOCHOro .llll<ppaKTOMeTpa llBJJl!eTCll ,!lOBOJlbHO 6oJJblllall CBeTOCHJJa 

ll, COOTBeTCTBeHHO, B03MOJKHOCTb CKatt!lpOBaH!lll 06pa3ua C xopOlllllM npocTpattCTBeHHbIM 

pa1pewe11HeM. I1o3TOMY .IIJ!ll 3a.11a11, Tpe6y101L1HX H3Mepettllll o.unoro onpe.11ene1111oro 

6p,rroBCKOro nHKa np11 3~aHHOH ,!lJl!lHe BOJ!Hbl, .IIBYXOCHbie .1111cppaKTOMeTpbl C 

Kp!!CTaJlJlll'lCCK!lM!l MOHOXpOMaTOpaMII 11a llCTO'lH!lKe C m;npepbIBHblM noTOKOM tta!l60JJee 

3cpcpeKTIIBI!bl. B OCTaJlbllbIX CJJY'lal!X, Kor.11a 11eo6xo.11HMO npOBO,!lllTb ll3Mepettllll B lllllpOKOM 

.llllallaJOHe no dhkl .IIJ!ll 0./IHOBpeMeHHOH pemcTpau,m HeCKOJlbKIIX .u11cppaKQIIOHHbIX llllKOB, a 

TaKl!(e Kor.11a Tpe6yeTCll <pllKCllpOBaHHal! reoMeTpllll paccel!Hllll, MeT0.11 BpeMe1111 nponeTa, 

HcnoJJbJyeMbIH Ha TOF- 11 RTOF-.u11cppaKTOMeTpax, llBJJlleTcll 6onee npe.1111011TIITeJ1bHbIM. 

Ha 6aJe neiiTpOHIIOro cpypbe-.11HcppaKTOMeTpa BbICOKOro pa3pewemrn cl>.[(BP C03,!laHO 

o6opy.uoaatt!le .IIJlll 11p0Be,!lettllll 3KCnepHMeHTOB 110 !lCCJ1e.110BaHHIO BHyipeHHIIX MexaH!l'leCKIIX 

11a11plllKeHHH. cI>ypbe-.1111cppaKTOMeTp cl>.[(BP (P11c. I) pacnonoJKeH 11a 5-M KaHane 

BbICOKOIIOTO'lHOro llMnyJJbCHOro peaKTopa 11EP-2 B J!Hcl> 0115!11 [2]. 11cTO'lH!lKOM HeHTpOHOB 

llBJJlleTCll peaKTOp 11EP-2 C B0./lllHblM rpe6eH'laTbIM 3aMe,!lJJ!lTeJJeM, npO!l3B0,!llll'--IIIH llMIIYJJbCbl 

TellJJOBblX HeHTpOHOB c 11aCTOTOH 5 ru ll .IIJIIITeJJbHOCTblO ~320 MKC. 3a 6HOJIOrH'leCKOH 

Jal'--IHTOH B KOJlb'--leBOM KOpll.llOpe 3aJla peaKTopa paCIIOJIOlKeH MexaHH'leCKHfl npepbIBaTeJJb

<pHJJbTp, 11pe.1111aJHa'leHHblH .IIJlll no.uaBJJeHllll cpoHa OT 6b1cTpblX HeiiTpOHOB H y-ny11eii MelK,!ly 

OCHOBHb!Mll BCllbllllKaMH peaKTopa, BCIIOMOraTeJJbHbIH MeTaJJJl!l'leCKIIH HeiiTpOHOB0.11 H Y'JaCTOK 

11pllMOro 3epKaHbHOro ueiiTpOHOBO./la. 3a BTOpoii CTCHOH 6uonom11eCKOH Jal'--IHTLI peaKTOpa 

pacnoJJOJKeH 6bICTpbIH cpypbe-11pepb!BaTeJ1b, 06ec11e'lHBal01'--1HH MO.IIYillllllllO IIHTeHCIIBHOCT!l 

tteHTpOHHOro ny11Ka. cl>ypbe-npepb!BaTeJlb COCTOHT ll3 Bpa1L1a101L1erocll .llllCKa poTOpa 

,!ll!aMeTpOM 540 MM ll HellO.IIBlllKHOH nJJaCTHHbl CTaTopa, KOTOpLie H3roTOBJJeHbl ll3 
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BbICOKOllpO'IIIOro aJllOMIIH!leBoro CnJJaBa. Ha nepHcpep1111 ,!lHCKa pOTOpa 11Me10TCli I 024 

pa;uianbHble llleJJH ,!lJlHIIOH 60 MM II lllllp!!HOH B cepemme 0.7 MM, 3anom1eHHbJe Gd203. 

AllaJIOrll'lllble 1L1em1 c.uenaHbl Ha IIJJacnrne CTaTOpa. Ha OCH .IIBHraTem1 ycTaHOBJJeH 

UfITH'leCKIIII ;iaT'lllK .!lJlll H3Mepe1111ll CKOpOCT!l ll ycKopeHHll .!lllCKa, a TaKJKe ,!lJlll cpopMHpOBaH!lll 

pick-up c11rnana, fJOCTyna10mero Ha RTOF-aHanll3aTOp. I1pll MaKCHMaJlbHO .!lOCTHlKHMOH 

CKOpOCT!l BpameHHll 9000 06/Mllll 'laCTOTa MO.!lYJlll'--lllH ny11Ka HeHTpOHOB COCTaBJJlleT 150 Kfll, a 

,cpcpeKTJIBJlall WHpmm HMIIYJJLCa neiiTpOHOB - 7 MKC, '!TO u onpe.!leJJlleT MaJlYIO wupnHy 

cjiy11KI~IIII pa3peweHHll. 

E](I 
FL:P 

<l>ypbe-A11<ppaKTOMeTp BblCOKoro pa3peweHl1H 

8.481 

~:cit 
npepb1sarenb 

f0.0Q0 

18AQ0. 

-~ 
I 

¢ypbe-npepblB8Teflb OCH08Hble AeTeKT0pbl 

nepeAa4a A8HHblX 

Puc. I. Cxe~rn cpypbe-.!lH<ppaKTOMeTpa cl>.[(BP Ha peaKTOpe 11EP-2. 

,nm, yBeJJH'leHHll CBeTOCIIJlbl .!lil<ppaKTOMerpa II yMeHbllleHllll ypoBHll cpotta OT 6b1crpb!X 

HCHrpOHOB II y-ny11eii ny110K TenJJOBLIX HCHTpOHOB Ha o6pa3'--le cpopM11pyeTCll C nOMOlllblO 

cjioKyrnpy!OI'--lero ll30rHyTOrO 3epKaHLHOro HeiiTpOHOBO.!la .!lJIIIIIOH 18.4 M H C PMHYCOM 

KpHB!l3Hbl 2000 M, noKpbITOfO ll30TOHOM 
58

Ni. ,[(eTeKTOpHal! CIICTeMa BbICOKOro pa3pemeHHll 

COCTOIIT II3 .!lByx .!lCTeKTOpOB npll cpe.llHllX yrnax paccellHilll 20=±152° II .!lBYX .!leTeKTOpOB npn 

cpe.!lHIIX yrnax paccellH!lll 20=±90°. ,[(eTeKTOpbl npe.!lCTaBJlll!OT co6oii attcaM6JJII Il3 

CUHIITHJJJJll'--lllOHHbIX 
6
Li-cTeKOJI, 11pocrpaHcrnennoe pacnoJJOJKenue KOTOpbIX COOTBeTCTByeT 

yCJJOBIIIO BpeMeHHOH <pOK)iCHpOBKH pacCellHllblX Ha o6pa3!\e HeHTpOHOB. ,[(Jill BLl.lleJlel!Hll gauge 

volume BHYTPII JICCJle.!lyeMoro o6pa3'--la IICIIOJIL3)'IOTCll .!lilacpparMLI C perynnpyeMLIMH lllCJlllMH 

113 HHTPH.!la 6opa, KOTOpbie ycraHaBJJIIBalOTCll na n~a!OmeM H paccellHIIOM 11y11KaX HeiirpoHOB 

H fl03B0Jllll0T BUpbHpOBaTL pa3Mepbl gauge volume OT ]xix! MM3 .!lO !0x!0x!00 MM3. 

3rreKTp011Hl<a HaKOnJJeH!lll cneKTpOB BblC0KOro pa3peweHHll (RTOF-attaJJll3aTOpbI), 

pa3pa6oTaHHal! 11a OCHOBe COBpeMeHHbIX '--IH<ppOBLIX CllrHaJlbHLIX 11poueccopoB, n03B0JllleT 

pemcTpnpoBaTb .!lH<ppaKQHOHHbie cneKTpbl .IIJIIIHOH .!lO 8000 KaHaJlOB. ,[(ml /JOKaJlbHOro HJIII 

.!lIICTaHQJIOHHOro ynpaBJJeHilll 3KCnepI1MeHTOM, HaKOnJJeHHll II nepBH'lllOH o6pa60TKH .11aHHbIX 

IICnOJJb3)ieTCll CIICTeMa aBTOMaTll3aQIIII Ha OCHOBe VME. ,[(Jill npoBe.!leHllll 3KCnepHMeHTOB Ha 

cl>.[(BP HCIIOJlb3YJOTCll 5-0CHb!H fOll!lOMeTp "Huber" .!lJlll TO'lHOrO no3HLIHOHHpOBaHHll o6paJQa, 

Harpy30'lHOe ycTpOHCTBO "TIRAtest" (MaKCIIMaJlbHal! ttarpy3Ka - 60 KH) H 3epKaHbHal! ne'lb 

"MF2000" Ha OCHOBe ranoreHHLIX JlaMII (MaKCIIMaJJbHall TeMrrepaTypa - .!lO 1000°C). 

I10JJHLIH fJOTOK TellJJOBLIX HeiirpOHOB Ha 06pa111e COCTaBJJlleT OKOJIO 107 
Heiirp./cM

2
/ceK. 

CneKTpaHbHOe pacnpe.!leJJettile HHTeHCHBHOCTH n~aIOmero nY'JKa HeiirpOHOB 1103B0JllleT 

3cpcpeKT!lBHO pa6oTaTL rrpH /\.~ 1.12 A, '!TO coorneTcrnyeT B IIIKaJle MeJKIIJIOCKOCTHbIX 

paccTOl!HHH dhkl ~ 0.58 A. I1pI1 nocTOllttHoii w11p11He Kanana RTOF-attanll3aTOpa 4 MKC u .IIJl!ltte 
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cneKTpa B 8000 KaHaJIOB ,!J.OCT)'IIHblll lll!TepBan B UIKaJie dhkl COCTaBJllleT 3.09 A, '!TO II03BOJJJleT 

pernCTpHpoBaTb .!J.ll(ppaKUIIOHHble cneKTpbl n lll!Tepnane dhkl = 0.58+3.67 A. XapaKTepHblH 

.!J.ll(ppaKUIIOHHblH cneKTP BblCOKOro pa3pellleHIIJI, 113MepeHHblll Ha CTaH.O.apTHOM o6paJue Ge 

np11 MaKCl!MaJlbHOH CKOpOCTII npamemrn <l>Ypbe-npepbrnaTeJJJI Vma,=4000 '06/MIIH, IIOKaJaH Ha 

P11c. 2. CoorneTCTB)'IOII.\al! JaBHCIIMOCTb <!>YHKI.\1111 pa3pellleHl!JI OT MelKllJJOCKOCTHOro 

paCCTOJIIIIIJI dhkl npe.n.crnnnena Ha P11c. 3. I1p11 MaKCl!MaJibllOH CKOpOCTII BpameHIIJI <!>ypbe

npepblBaTeJJJI Vmax=4000 06/MHII 3qJqJeKTl!Bllal! lllllpl!Ha IIMIIYJJbCa neiiTpOHOB COCTaBJJlleT 14.65 

MKC, 11, coorneTcrne11110, nomwe pa3pe111e1111e <I>)lBP pasno ~dld=l.67• I0-
3 

npH 20=152° 11 

~dld=4.20· 10-3 np11 20=90° (.!J.Jlll dhkt = 2 A). 3<l><!>eKrnB11aJ1 U111p1111a 11Mnynbca 11eiiTpo11on, a, 

cne,1osaTeJJbllO, II speMeHHOH BKJ!a,l B <l>YHKUHIO pa3pellleHHJI, yMeHblllaeTCJI KaK l!Vmax• 
0,111aKO npll 3TOM yMeHblllaeTCJI H aMIIJJIITYtla .O.HqJpaKUHOHllblX IIIIKOB BblCOKOro pa3pellleHHJI, 

'!TO oGycnoBJJCIIO llaJill'll!eM reoMeTpll'ICCKOro BKJJa,la B <!,yHKUHIO pa3pCUICJIHJI. TaKIIM 

o6pa30M, B03MOlKCII Bb16op OIITHMaJibllblX napaMeTpOB ,lllqJpaKTOMCTpa B XO,le 3KCIICpHMeHTa, 

HCXO,lll H3 11eo6xo,111Moro ypOBIIJI pa3pelllel!l!JI Ii lll!Tel!CHBl!OCTH ,!ll(ppaKUl!OllllblX IIIIKOB. 
---- - 0.0028 

<I>ABP 
Ge Ge, V=4000 oOIMMH. 

0.0024 - I 

! 
0.0020 

I 

.:ij ] ,- ............ ,-·,............ 0.0016 -f-T-,-~-,-,--,--,--,---r-,-,-,--,-, 

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
d,A 

P11c. '.!. Y•1aCTOK ,111<!,paKUHOIIHOro cneKTpa 

BbICOKOfO pa3pelllel!IIJI OT CT311,!3pTIIOfO o6paJUa 

Ge, H3Mcpc1111oro na <I>)lBP 11 06pa6orn1111oro no 

MCTOJlY PIITBCJlb,Ua. llhp11xaMII YKa33Ilbl 

IIOJIO)l<CIIIIJI ,Ull(ppaKUHOllllbIX IIIIKOB, 

0.6 0.8 1.0 1.2 1.4 1.8 1.8 2.0 
d,A 

P11c. 3. <l>yHKUllll pa3peU1e1mJ1 <I>,[(BP, 

11JMepe1111aJ1 11a o6paJue Ge npn 

MaKCHMaJlbllOH CKOpOCTH Bp311\Cllllll 

<j>ypLe-11pcpbIBaTeJ1ll Vmax=4000 06/MHII, 

C1mownoii nn11neii 11pe,ncTasne11a 

pac'!CTl!al! KpHBal!. 

B meTLeii mane paccMOTpCllbl pe3yJibT3Tbl 3KC11epHMCIITOB ITO ll3Y'ICIIHIO 

MexaH11'1eCKllX CBOHCTB aycTeHHTHOH CTaJlll X6CrNiTi 1810, HMelOII.\eH lllllpOKOe 

TeXHOJIOfll'!CCKOe npnMe11eH11e HJ-3a BblCOKOH npo'IHOCTll II ycTOH'IHBOCTH K Kopp03HH. 

Hccne,nyeMbiii MaTep11an nMen cne,11y1omnii xHMH'leCKHii cocrnn (06. %): C - 0.04, Si - 0.44, Mn 
- 1.14, P - 0.033, S - 0.004, Cr - 17.74, Ni - 9.30, Ti - 0.35. 

B nepnoli '!aCTH TpeTbeii rnaBLI npnne,11eHLI pe3yJILT3Tbl ITO nJy'leHHIO ynpyrnx CBOHCTB 

,11a11Horo MaTepnana npn O,!IIIOOCHOH BHelllHeii Harpy3Ke. TecTOBLIH o6pa3eU 110,!IBeprancJI 

paCTl1lKe111110 B cneunanbl!OM 11arpy30'IIIOM ycTpOHCTBe "TIRAtest" B 11eihpo11HOM nyqKe, npH 

noM per11cTp11poeannch .n.mjlpa1<u1101111b1e cneKTpbI npn onpe,11eneHHLIX 3Ha'!eHHllX n11e111Heii 

11arpy3KII. ,[(eqJOpM3UIIII ll3Mepl!JJHCL 11pn ,nnyx pa3.'lll'lllblX opneHTal\llllX o6pa3Ua B nyqKe: npn 

nanpaBJICIIHH BHCUIHeii 11arpy3Kll napanneJJbHOM ll nepnell,!IHKYJIJ1pHOM BeKTOPY pacceJIHllll Q 
(Pnc. 4). Benwurna ,11eijiopMal\HH n npO)J.OJILHOM u nepneH)J.llKYJJllpHOM HanpanneHllllX TaKlKC 

llC3aBIICHMO onpe,llCJlllJiaCb no OTIIOCHTCJILIIOMY H3MCllellHIO pa3MCpOB o6paJua C llOMOII.\blO 

,neyx lTII30MetpH'ICCKHX ,!13T'IIIKOB, ~e<I,opMaUHII ,!J.JJJI ncex pc<!,JICKCOB (hid) 011pe.n.eJIJ1JlllCb ll3 

OTIIOCHTCJibIILIX CMeme11nli !JHKOB, 3 T3K)Ke ll3 OTIIOCIITeJILHblX 113MCHe1mli napaMeTpa peweTKH 
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no peJyJibTaTaM o6pa60TKII Jlll(ppaKUIIOHllbIX cneKTpOB MeTO.UOM !lpOqJIIJJbHOfO a11an113a no 

PnrneJib;1y, 'ITO coorneTCTByeT ycpem1eHJIIO ,1ecj1opMa111m ITO BCeM KpHCTannorpa<!>11'leCKIIM 

11anpaB,1eHIIllM [hkl]. B 1uacrn•1ecKoii ofoacrn np11 Be,111'!11He np1rnolKeHHoli Harpy3KH ~250 

MI1a Ha6JJIO,laJIOCb OTKJJOHeHHe ITOKaJaHHH TeHJOMeTpH'leCKHX .uaT'IIIKOB OT JJHHeliHoro 

JaKOHa. I1pu 3TOM .ue<!>op~I3UHH, onpe.ue,,eHHbie 113 HeliTpOHIILIX cneKTpOB, TaKOfO JIBHOfO 

OTKJIOHeHHJI OT JIHHeHHOil 3as11cm10CTII He o6Hapj')KllBaIOT, HO npH )TOM npo11cxomn 

ywnpem1e ,lllcppaKUIIOIIIILIX nlIKOB (P11c. 5). )laHHOe lIOBe,'l.eH11e ,'I.HqJpaKUIIOHHblX lIHKOB 

llBJllICTCll xapaKTepHblM llJlll pelKIIMa nnaCTH'ICCKOli necpopM3UHII. 
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Pnc. 4. )lecpopM3!1HH, HJMepeHHble B HanpaBJJCHIIII 'napanJICJlhHOM (cJJeBa) 11 

nepneH,UIIK)'JillpHOM (cnpasa) npHJJOlKCIIHOii 11arpy3KC. TaKlKC TIOKa3311bl nccpop~!aIUIII. 

onpe,11enel1Hb!C TCH30MeTpII'leCKIIMH ,naT'IIIKaMII II no peJyJJh TaTaM np0<pHJJhl!Oro a11aJI113a. 
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P11c. 5. BnHllHHe BHewueli 11arpy3KH Ha CMe111e1111e 

II WHp1111y ,!1HqJp3KUHOHHOfO IIHKa (311 ). Ha 

BCTaBKe !JOKa33Hbl 33BHCHMOCTII IIOJIOlKCllllll d 11 

Wllpl!Hhl .1d ITH Ka (311) OT n11e111Heii 11arpy3KI!. 

BeKTop paccel!HHll Q 11epneHnHKYJ1llpe11 11arpy31<c. 
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B. ynpyroii o6JiaCTII 113 Jll!HeHHbIX 3aBHCHMOCTeii .uecpopMa[IIIH OT HallplllKelll!JI 6biilH 

Bbl'IHCJieHbI MO)lym1 IOura E),t, 11 £,;,, .UJJll .usyx uanpaBne1rnii. )lnll onpe.uenem!ll ynpyrnx 

KOHCTaHT S1 I, S12 ll S44 6bma BbI6paHa MO)leJJb Xunna [3], cornacHo KOTOpoii MO.llYJJII IOnra 

E),[, H £/;,, JJHHeiiHo 3as11cJ1T OT cpaKTopa aull30Tpon1111 r,,,t (Puc. 6). TaKHM o6pa30M • .ll,1ll 

11cCJ1e.uyeMoro MaTep11ana 6bm11 nony'leHbI c,1e.uy10m11e 3Ha'lemrn ynpyrnx KOHCTaHT: S11 = 6. 70 

X 10'6 
Mrra·

1
, S12 = - 2.24 X 10"6 

MITa"
1 

II S44 = I 2.43 X 10"6 
Mna·

1
. 

Bo BTopo11 'laCTII TpeTbel! rnaBbl pacC~!OTpeHbl pe1ynhTaTbl )KCilepHMC!ITOB no 

onpe,i1e,1eHHIO OCTaTO'lllbIX MexaHH'ICCKHX HallplllKCl!IIII ,ilJIJI .ilBYX cepHii o6pa:iuoB LCF H 1-ICF 

C pa:JJlll'IHOH CTeneHb!O UHKJlH'IeCKOII YCTaJIOCTH MaTep11ana, H3fOTOBJJCH!Ib[X 113 TOIi JKe CTaJIH. 

CepHll UHJJHH,ilpll'ICCKHX o6pa3[10B LCF no.usepranacb pa3JJH'l!IOMY 'IHCJJY UHKJJOB paCTJIJl(e!IHJI

ClKUTHJI c MaKCHMaJibHOH a~mmuy.uo11 ;:ie<popMa[IHH ±0.6% 11 'laCTOTOII 0. I ru. 

3KcnepHMeHTaJibHO onpe;:ieneHHOe 'IIICJIO UHKJJOB, COOTBCTCTBY!Olllee fIOJJHOH ycTaJIOCTH 

MaTepuana C fIOJIBJJeHHeM TpemuH H HU'laJIOM ycTa.110CTHOfO pa1pyweHHJI, OKa:ia.,10Cb paB!lbIM 

Nmax "" I 020. C poCTOM CTeneHH ycTaJIOCTH MaTep11ana N/Nmax ua6JJ!O)laJIOCb fIOJIBJJeHne 

MapTeHCHTHOH q>a:Jbl (PHC. 7), Bbl3BU!IHOe nnaCTH'leCKOII ;:iecpopMau11eii l!CX0,'1110f0 aycTeHHTa. 
25000 i ~ ~ I~ I )lnll cpa1&1 MapTeucurn 

- i'i 1- - Ha6JJI0,'1aJIJ!Cb ;:imppaKL(HOHHble 

20000 "' 
.. ... 
~ 15000 

c 
= 
~ 10000 = :: 

5000 

oi 
07 09 I I 

P11c. 7. l13MeHeHHC 

~ 
g 

100% 

60% 

45% 

'.'.,_Q.¾ 

N/Nmax"" 0 % 

1.3 1.5 1.7 
dhkl,A 

;:i11cppaKL(HOHHOro 

~~ 

1.9 

IIHKH, xapaKTepHb!e ,'1JJJI 

Ky6u'!eCK011 CTPYKTyp&I a-JKene1a 

(np. rp. Im3m), T.K. ;:inll 

113yqaeMoro MaTep11ana CTerreH& 

TeTparo!IaJiblIOCTH MapTeHCHTHOll 

q>a:Jbl He31IU'IHTeJibHa H3-3a 

HH3Koro co;:iepJKaHHll yrnepo;:ia B 

;:iaHHOll MapKe CTaJIH - 0.04%. ITp11 

yBeJJH'ICHHH CTeneHI! ycTaJIOCTII 

MaTep11ana N!Nmax Ha6n10;:iancJ1 

2.1 poCT o6bCMHOH ,'10JJH MapTeHCl!Ta 

(P11c. 8). OcrnTO'IH&Ie ;:iecpopMau1111 

;:inll 06e11x cpa:i 6bm11 H3Mepettu B CIICKTpa 

aycTeHHTHOll CTaJIH B 3UBHCHMOCTII OT CTerreHH 

ycTaJIOCTI! MaTepuana. Hu.ueKCbI M11nnepa ;:inll 

MapTeHCHTHOll q>a:Jbl YKa:JaHbl KYPCIIBOM. 

pa;:illaJibHOM H OCCBOM 

uarrpaBJJeHIIJIX B rrpe;:inoJJOlKCHIIII 

l\HJJHH,T1p11'1CCKOll CIIMMeTpHH 

pacnpe;:ieJieHHll HanpJ11KeH1Jii B 

;:iaHHblX o6pa:iuax. )lnll pac'!eTa HanplllKe!!Hll 113 ll3MepeHHblX OCTaTO'IHbIX .uecpopMal(Hll (P11c. 

9) B aycTeH!lTe JICIIOJJb30BaJIHCb ynpyrne KOHCTaHTbl, onpe;:ieneHHb!e B npe;:i&mymeM 

3KCnepHMeHTe C uarpy30'!Hb!M ycTpOllCTBOM, ,'1Jlll MapTeHCHTa HCIIOJJb30BaJil!Cb ;:iaHUbie 113 

JJHTepaTypbl (4]. Cne;:iyeT 3aMeTHTb, '!TO B aycTeHHTHOll cpa:ie rrpeo6na;:ia!OT rnaBHbIM o6pa:ioM 

ClKHMU!Oll\He uanplllKCHllll, B TO BpeMJI KUK B MapTeHCl!Te - paCTJlrIJBa!Oll\l!e. AllaJIH3 noBe;:ieHHJI 

wnpHH flllKOB YKa:JbJBaeT Ha 'IUCTH'IHY!O perraKCUl\HlO Ml!Kpo11arrplllKCHHll 11p11 yseJIH'leHIIH 

CTe11e1m ycTaJIOCTH MaTepnana. Han6orree BepOllTHO, '!TO ;:ia1111oe JIBJJeH!le CBJl3UHO C pOCTOM 

MHKpOTpem1rn B MUTepnane. 3TOT 3cpcpeKT CHJlbHee BbipalKell Mll 60,1ee xpynKoro MapTeHCHTa. 

06&1'1110 pOCT MapTeHCHTHOll q>a:Jbl HU'IHHaeTCJI Ha rpaunuax 3epeu B llCX0,'1HOll 

aycTeHHTHOll CTpyKType rrocne TCpM!!'!eCKOll o6pa60TKH HJIII nJiaCTH'!eCKOH .uecpopMUl\llll. 

06pa:iyIOlllHllCJI npH 3TOM MapTeUCHT cpopM11pyeT CTPYKTYPY B BH,'1e opneHTHpOBUHHhIX llrn 

HJJII IIJJUCTHH, '!TO MOJKeT npnBCCTH K IIOJIBJieHl!!O TeKCTYPbl B MaTepuane. B CUMOM ;:ieJie, 

113MepeHHb!e ;:i11cppaKL(HOHHble CIICKTpbl YKa:Jb!BaIOT na HaJill'!Jle TeKcTyp&I B 06pa1ue H ee 

113Menen1111 c pocTOM cTenen11 ycTanocm MaTepuana. Ha ;:incppaKTOMeTpe HCBP na peaKTope 
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l 

1 
) 
I 

HEP-2. 6b1Jlll 113Mepe!lbl HOJIIOC!Ible cpnrypbl Mll aycTeHHT!IOll H MapTeHCJITHOll cpa:i B 

3(1ll11CIIMOCTH OT CTerre!IH ycTaJIOCTH. ITocne o6pa6oTKH HOJIIOCHbIX cpHryp MeTO)lOM ByHre 

110;1y'le1Ibl 3aBl!CHMOCTH 1111;:ieKCOB TeKCTyp1,1 (Puc. 10) )lJlll 06e11x cpa3 B 3UBHCIIMOCTH OT 

CTene1111 ycrnJIOCTH, '!TO H03BOJIJleT KOJJll'leCTBeHHO oxapaKTepH30BUTb TCKCTYPY MaTepnana. 

rip11Me'!aTeJJbHO, '!TO C pocTOM ycTaJIOCTII OCTpOTa TeKcryp1,1 ,'1JJJI MapTeHCHTa cna;:iaeT, a )lJIJI 

aycTemua - B03pacrneT. CJie;:iyeT 3aMeTHTb, '!TO OCTpOTa TCKCTyp1,1 )lJIJI o6enx cpa:i ,'10B0JlhHO 

MaJia, 0 'ICM CBH,'1eTeJJbCTBY!OT a6comoTHbie BCJIH'IHHbl TeKCTYPHOro HH,'1CKCa. KaK H3BCCTHO, 

BJlll)[HHC TeKCTYPbl B 11a1160JJbllJCH CTerreHII CKa:JblBaCTCJI Ha pacnpe;:ieJICHllll HUilplllKCHllll B 

MaTepuanax C IIll3KOll CllMMeTpHell KpHCTaJIJlll'l~CKOll peweTKll ll B HUHMC!lbllJCll CTeneHH - Mll 

MaTepHaJIOB C Ky6H'ICCKOll CTPYKTypoii. TaKHM o6pa30M, B ,'1aHHOM CJiy'!ae BJ!llll!IHe 

TCKcTyp111,1x nonpaBOK 11a BCJJll'IHHY OCTaTO'lllbIX HanplllKCHHll JIBJIJICTCJI HC3HU'IIITCJibHblM, H 

IIMII MO)KIIO 11pc!!c6pc'Ib rrpll OllCIIKC 11a11plllKCIIllll. 

IUO r 600 ··1··~-~----· ■ AyCT8Hi'IT ·- 0 - AyCTCIIKT, ocea, - e -- Mnpi-cttCMT pllJt 

D MapreHCMT I 
500 

_ - ■ - Aycre11HT, P8Jl. - ♦ - Ayc-reHHT, :HK~ttanp. 

~o-- MapTCHCHT, ocea. - ♦ - Map-rcttCHT, MHICJ>OH8np. 
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Pnc. 8. 3aBHCHMOCTU o6beMHblX ,'10Jieii 

aycTeHHTHOll U MapTeHCIITHOll cpa3 OT CTene1111 

ycrnJIOCTH, nony'lellllble 113 pC3YJibTaTOB 

11po1!)llJlbllOfO UllaJill3U 110 MCTOJ:1Y PHTBCJ!b,'1a. 

400 .. f 

"" 1 ff·· I 
5 JOO 1 '! ·.t ! f .... :·t_• 
ti' 200 

100 ' I-K~-i"- ~ 
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20. 40 60 80 100 

N/Nmax1 % 

P11c. 9. OcTaTO'IHble MeXaHH'!eCKUe 

HanplllKeHl!ll ll MllKpoHanplllKCHllll B 

aycTCIIHTIIOII u MapTeHCUTHOH cpa:iax B 

3UBl!CHMOCTH OT CTCIICHll YCTaJIOCTll, 

CcpHll l\HJIHI!J:1pll'ICCKHX o6pa31..lOB HCF 6wm no;:iscprnyrn 60JibllleMy KOJIH'ICCTBY 

l\llKJIOIJ paCTJIJKCIIl!JI-C)KUTl!JI (Nmax = 2· l 06
) C MCiiblIICll MUKCl!MaJibHOll aMnJillTYJ.lOll 

)lCcjiopMa[IHII (±0.1%) B OTJlll'IIIC OT cepnn LCF. 4acTOTa l\llKJIOB paCTJIJKCHllll-CJKaTl!ll 61,ma 

Tal<OH )KC - 0.1 ru. B )laI!HOM 3KcnepnMCIITe ,'1Jlll o6pa3l\OB C 'lllCJIOM l\l!KJIOB Harpy3Kll N < I 0
6 

ua6mo,'1aJIIICh TOJlbKO ).lllcppaKl\l!OH!lblC IlllKll OT aycTCHllTHOll cpa3bl. )lmi o6pa3l\0B C N ?: 10
6 

IIOMIIMO aycTeHIITHOll cpa3bl TaKlKC na6mo;:iaJIHCb pecpneKCbl OT Ky6II'!CCKOll MapTeHCllTHOll 

CTPYKTyp1,1. ITpH'ICM cornacHO pe3yJibTaTaM npocpHJibIIOll no;:iroHKll cneKTpOB no MCTOJ:1Y 

PHTBeJ!b)la o6beMHM )lOJIJI MapTCHCHTa mmeii110 B03pacrneT npll yBeJil!'ICHIIII '!llCJia l\llKJIOB 

narpy3KII N, TCM He MeHee, a6coJIIOTHOe 3Ha'lenne o6beMHOro COJlepJKaHllll MapTeHCHTa B 

,'1aJIIIOII cep1111 o6pa:!l\OB HeBeJil!KO: OT 5% )lO 12%. AHaJIH3 IIHTeHCIIBHOCTell ;:i11cppaKl\HOHHblX 

fll!KOB IIOKa3aJI, '!TO B ayCTCHHTIIOll cpa:ie TCKCTypa OTCYTCTByeT. l!TO KacaeTCJI MapTeHCHTIIOll 

c~a3bl, TO ii B 3TOM cny'!ae 3aMeTIIOII npeHMyll\CCTBeHHOH opHeHTal\1111 He BblllBJICHO. 0;:iHaKO 

KOJill'ICCTBe!IIIO oue1111Tb TCKCTYPY B MapTeHCHTe J:10B0Jlb!IO 3aTpy;:iHl!TeJibHO BCJIC,'1CTBllC 

MaJIOro o6beMHOfO co;:iepJKaHHJI 3T0ll cpa:ibl. KaK ll B cepHH LCF, OCTaTO'lllbie HanplllKellllJI B 

aycTCIIIITe JIBJIJIIOTCJI rnaBHblM o6pa30M CJKHMaJOll\l!Mll ll UMeIOT BeJJll'IIIHY nopll).lKa I 00 Mfla. 

Ill11p1111bl ,T111CppaKL(IIOIIIlblX pe<prreKCOB aycTCIIHTa llMCIOT TCll).\Clll\ll!O K YBCJlll'ICHlllO C pOCTOM 

N, 'ITO CB!l,'1eTCJibCTBYCT O pocTe MHKpOHanplllKCHllH B MaTepHaJIC. Cpam1ett11e 3UBIICHMOCTCH 

1UI!p1111 ).lH<jlpUKl\llOllllblX IlllKO~ L'Jd OT MC)l(IIJIOCKOCTIIOfO pUCCTOllllllll d ).\JIJI llCCJIC.l.lYCMb!X 
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o6pa:ll..\OB C 3TaJI0HHbIM o6pa3l\OM 1103B0JlllJ10 onpe.11enI1Tb BeJlll'lllllbl MllKpo.11eq,opMa[_\HH B 

aycTeHHTe (PHC. 11), K0TOpbie 6bIJill HCII0Jlb30BaHbl .l\Jlll oueHKll IIJI0TH0CTll .1\IICJIOKa[_\llH, 

K0T0pa.!! yaenwmaaeTCll C poCT0M NOT 2-10
1° CM.

2 
.110 3-101° CM.2 .l\Jlll aycTeHllTa. 

1.8 ,-----------------, 1.6E-003 .---------------, 
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PHc. I 0. 3anHCllMOCTH llH,1\eKC0B TeKCTYPbI, 

orrpe.11ene11HbIX MeT0.1\0M 6y11re, ,1\Jill 

aycTeHHTIIOH ll MapTeHCllTHOH !pa3 B 

JaB!lCHM0CTH OT CTerreI!ll ycTaJI0CTll. 

4.0E-004 

O.OE+OOO TTTTT!lf-r-J '""I I 11 ""I I I llfl 'I I TI 

1 E+OOO 1 E+0011E+0021 E+OOJ 1E+0041E+OOS 1 E+0061E+007 

N 

Pile. 11. 3aB!lCHMOCTb MHKpo.11ecj,opMal\llH B 

aycTeHHTe, orrpe.11eneHHbIX HJ aHaJIHJa 

cj,yHKL\llll pruperueHllll, OT 'lllCJia l\llKJI0B 

paCTlll!(eHllll-ClKaT!lll N. 

l!eTBeprnll rnana Il0CBlll[_\eUa ll3y'lellll!O HarrplllKeH!lll B H0BblX rrepcrreKTllBHbIX 

KOMII03lll\llOilllblX ll rpa,1\llCHTllblX MaTep!laJiax, K0TOpble M0ryT llCII0Jib30BaTbCll B pa3Jill'lliblX 

rrp0MbllllJieHHblX ll3,1\eJillllX. B rrepBOH '!aCTll 3TOH rnaBbl aHaJill3llpy10TCll 0CTaT0'lllbie 

11anpll)l(Cllllll B K0MII0311TaX C KepaMH'leCKOH MaTp11ueii AliOJ/AI B JaB!lCllMOCTII OT 

C0.1\Cp)Kalll!ll MCTaJIJlll'leCKOH !pa3bl II MllKpoc-rpyKTypb!. PaJBHTHe TeXHOJIOrllll nony'leH!lll 

11cpc;-10BblX MaTepllaJI0B llpHBCJI0 I( II0B0MY cnoco6y 113fOTOBJiellllll K0Ml103llT0B, llpll l(0TOp0M 

MCTaJIJI llll(jillJibTpllpyeTCll B nopllCTYIO KepaMll'leCKYIO MaTp11uy rrp11 II0M0lllll faJ0B0ro 

)-laBJiellllll [5), q,opMHPYll rny6oKo npoHHKalOll.lYIO CCT'JaTYIO MHKp0CTpyKTypy. TTpll JTOM 

xpy111rnc KCpaMll'ICCKHe MaTepllaJlbl ynpo'llllll0TCll BKJII0'ICIIHCM JJiaCTll'll!Oll !pa3bl, o6bI'lllO 

MCTaJJJIOM, '!TO ll03B0JlllCT yny•1lllaTb MexaHll'ICCKHe xapaKTepHCTllKII TaKHX KOMl103llTOB. 

O6bl'lll0 MCTaJIJI lllHjiHJibTpllpyeTCll B MaTpHL\Y npH TeMnepa-rypax IICMH0ro npeBblllla!0ll.lllX 

TCM11cparypy llJJaBJICHllll MeTanna. T1111H'lllblMll MaTCpllaJJaMll TaKoro po.11a llBJllllOTCll 

K0MII0311Tbl Al2O3/Al, B K0TOpblX MCTaJIJlll'!CCKa.!1 Al q>rua HIICj>HJibTpHpoBana B nopllCTylo 

KepaMll'lCCKYIO u-Al2O3 Marplll\Y, Bcne,1\CTBHe cyll.leCTBeHHOH pa3H0CT!l B KOJ!p!plll\lleHTax 

TCIJJIOB0ro pacll1Hpen11l1 J-lBYX 1jiaJ (.llJill AliOJ - u=8.3· 10·6 0 C-\ ,1\Jlll Al - u=22.5· 10·6 0 C-1
) B 

K0MII03HTax AliO;/AI B0311Hl(a!OT 31Ja'lHTeJlbllble no BeJIH'lHHe 0CTaTO'lllbie 11anplllKeH!lll. 3TO 

JIBJieHHe IlCCJIC,1\0BaJI0Cb Il pauee B K0Mll03llTaX C MeTaJIJIH'!eCKOH MaTpHuel!: [6], B 

KepaMH'!eCKHX K0Mll03HTax Al2O;/ZrO2 [7] H T.Jl. OTMC'laJIOCb, '!TO 3aqacTy10 pacrnrnBaIOll.lHe 

OCTaT0'llible uanplllKeHHJI n 6onee MJlfKOH cj,rue a HeCK0JibK0 pa3 npeBbll!laIOT uanplllKenue 

IIJiaCTH'leCK0fO Te'!CHHll, '!TO 06bl1CHJ1eTCJI BblCOKOH CTeneHblO MexaHH'!eCKOH CTecue11nocTH B 

rnKoro pot1a MHKpocTpyKTYPax. 

Ha <1>,[(BP 6brnH ucCJiet1oeaub1 JlBe cepHH KOMll0JHTOB AliO3/AI co cpe.11nuM pruMepoM 

MCTaJIJlll'ICCKHX BKJIIO'leHllll 0.1 MKM II I MKM. B Kall(JlOll HJ 3TllX cepuii nopHCTOCTb MaTpHL\bl 

H, C0OTBCTCTBCHH0, o6bCMlla.!I )-l0Jlll Al 6blJia 15%, 25% u 35%. no pe3yJibTaTaM o6pa6oTKH 

CIICKTp0B 110 MCTO.UY Pl!TBCJlb.Ua JlJIJI Marplll\bl 6bIJIII 011pC.UCJICHbl H3MCIIC!IHJI napaMeTpOB 

pclllCTl(ll £1 H C B JaBIICIIM0CTll OT co.ucpll<allHJI H cpCJlllCfO pa3MCpa MCTaJIJIH'lCCKHX 
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BKJIIO'!CIIIIH, a Tal(lKC COOTBCTCTBy1omue 0CTaT0'IHblC .11eq,op~1auuu, ycpeJlHCHHl,Je no BCeM 

,10CTyn11b1x peqrneKcaM (hkl). B 11ccne.11yeMbIX K0Mn03HTaX qirua A]iO3, e ocuoenoM, 

naX0,1\HJiaCh non J(eHCTBHeM nanplllKeHHH ClKaTHJI, a MeTa.JIJIH'ICCKa.!I qirua - rI0Jl .11eiiCTB!leM 

11anpJ1lKCIIHH paCTJllKCHIIJI (P11c. 12). C yeeJIH'lelll!CM o6beMHOH ,1\0Jlll Al-cj,aJhl BeJl!l'lllHa 

pacrnnrnaIOIUero nanpllll(ellllll B JTOH cj,aJe JIIIHCHHO yMeHblllaCTCJI. Ananorn'!noe yMellblllCHllC 

paCTJlfllB3IOlllCfO nanplllKeHIIJI B Al-(jJaJe 11a6n10.11aeTCJI Tal()l(C npH YBCJlll'lCHllll cpen11ero 

pa3Mepa MeTaJJJlll'ICCKIIX BKJIIO'ICIIHH. TTpu JTOM noee,'(eHne ClK!lMa!Oll.lero 11anplllKeH!lJI B 

MaTplll\C HOCIIT 6onee CJIOlKHblll xapaKTep ll cymecrnemlO 33BHCIIT OT MHKp0CTPYKTYPbl 

K0~lll031ITa. Al!aJill3 lllHplIH m1q,paKillJOHl!blX llllK0B ll03B0JIHJI oueHHTb ypoBCHb 

MHKpo11anplllKCIIHH ,1\JIJI 06e11x !pa3. ITpHMC'laTeJlbHO, '!TO B JT0M cny•iae BCJlll'IHHa 

MHKponanplllKel!HJI B Al-qia3e B03pacrneT C YBCJlll'lelmeM o6beMHOH ,1\0Jl!l )TOH !pa3bl B 

OTJlll'IHC OT 11anpll)l(CHHH, onpenenellllblX no CMerueHHllM JlllqJp3Kl\llOIIHblX llllK0B. ITpH 

yeenH'ICHllll cpet111ero pa3Mepa MCTaJIJIH'leCKllX BKJIIO'ICIIHH BCJlll'IIIHa MHKpo11anpJ1lKeHHJI B Al-

1pa3e YMCHblllaCTCJI, KaK H B CJlY'!aC MaKpo11anpJ1)1(CHHii. 
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PHc. 12. OcTaTO'!HblC 11anpJ1)1(CHllJI (cneaa) ll MHKpo11anplllKCIIHJI (cnpana) B K0Mll03HTe 

AliOJ!AI B 33BHCHM0CTH OT 06bCMHOll ,1\0Jlll ll cpe.11nero pa3Mepa BKJIIO'ICHllli Al. 

3Kcnep11MCHTbl, npoae)-lCIIHblC na TCKCTYPII0M )lHCppaKTOMCTpe CKA T 11a peaKTope 

l-16P-2. noKaJaJill HaJIH'IHC oCTpoii TeKCTYPbl B Al-qiaJe. B TO epeMJI KaK B AbOi-MaTpm1e 

TCKCTypa OTCYTCTB0BaJia. )];nll Al-cpa3bl 6unH H3MepeHbl ll0JIIOCHble 1jmrypbl .[IJIJI pecj,neKCOB 

(111 ), (200) H (220). hblJIO 0611apylKe110, '!TO TeKcTypa Al-qia3bl He IIMCeT K3KOro-m160 

onpet1eJICHllOfO pacnpet1ene11HJ1 ll npeJ(CTaBJIJieT co6oii 11a6op 0T,1\CJlbHblX 1\-cj,yHKL\llll paJHbIX 

HHTeHCHBHOCTeil. )];aHHblC pe3yJihTaTbl MoryT lllITCpnpeTnpoaaTbCJI KaK pacceJinm: OT 

He60JlblllOf0 'lllCJla M0II0KpHCTaJIJIH'ICCKIIX 3epeu pa3Jlll'Ill0f0 pa3Mepa. K0T0pblC He IIMCIOT 

K3KOH-JIH6o npe.11no'1THTCJlblIOH opnel!Tal\llll. TaKHM o6pa30M, 0Ka3aJJ0Cb HCB03M0)l(llblM 

npe.11crnBHTb TeKcTypy Al-qiaJbl B BHJle uenpepbIBHoii qiy11Kl\lHI ll npoa11amn11p0Barb cc 

CTaHJlapTHblMll MCT0,1\aM!l. 8 nplllll\Hlle, Y'IHTbIBaJI TCXIIOJI0rHIO ll3fOT0BJICHIIJI TaKIIX 

K0Mll031lT0B, B03M0lKH0 npe.1\ll0JI0lKllTb o6pa30BaH!lC CCT'JaTOH CTPYKTYPbl Al-cj,aJbl np11 ee 

KpHCTaJIJIH3a[_\!lll B BH,1\e 11e60J1bl!lOro 'll!CJia M0H0KpllCTaJlJlll'ICCKIIX KnacTepon ,1\0CTaTO'lll0 

60JlblllHX pa3MCpOB. AHaJJOrll'lllb!C peJyJihTaTbl 6un11 ll0JIY'lCllbl Ilpll ll3Mepe111m TCKCT)"pbl ,'(Jill 

.11annoro K0Mll0311Ta 11 11a pe11-rrcnoecK0M .11nqipaKTOMe-rpe Seifert XRD 3000 PTS no 

<l>paynroq,epOBCKOM llHCTHTyTe 11epa3pymmomHx MCTO)l0B K0IITP0JIJI (,[\pe3)-lCII, repM.lllllll). 

KaK 0KaJaJJ0Cb, TeKcTypa TaK0fO pot1a llBJIJleTCll xapaKTep11011 )lJIJI MaTepllaJJ0B, ll0JIY'ICllllblX C 

ll0M0ll.lblO Hll!pllJlbTpauuu lK!l,1\KOfO MeTanna ll0J-l [laBJICllllCM, '!TO ll0,T{TBCplK[laCTCll 11a 11p11Mepc 

MaTepuanoe W/Cu. 
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Bo BTOpoii '-!aCTH •1ernepTOH rnaBhl np1me,ueHbl pe3yJJbTaTbl HCCJIC).IOBaHHH 0CTaTO'lHh!X 

HanplliKel!HH B rpa,u11eHTHb!X MaTepHanax W/Cu. 8 C0BpeMCHl!b!X TCXH0JIOrlll!X 3a•mcTy10 

Tpe6yeTCll npm1eHeH11e ~iaTep11a..10B C YHIIKaflbHbl~I Ha6opoM CBOIJCTB. K0TOpb!Mll He 06rrana10T 

0T,'.le,lhH0 B3l!Thle XIIMH'leCKl!e 3,1eMeHTbl. PeweH11e namwii npo6rreMbl Jl0CTHraeTCll 

111roT0BJieH11eM K0Mn0311Ul!0!!HblX MaTep11anoB, C0CT0llll(IIX 113 K0Mno11e11T, K0T0pbte no 

0TJlC,lbH0CTII 06,1a,ua10T 11eo6XOJll!MblM Ha6opoM CBOHCTB. OmmM 113 TaKHX nepcncKTIIBHbJX 

MaTepHan0B llBJillJOTCll \V /Cu K0Mn0JIITbl. BorrbcppaM xapaKTepmyeTCll Bbl CO KOH TeMnepaTypoii 

n,1aBrremrn, npO'lHOCTbJO, HO, B TO iKe BpeMll, 11 Jl0B0Jibll0 Hll3KOH Tem1onpoBO/.IH0CTblO. Menb, 

B CB0!O 0'lepeJlh, 06,1a,uaeT Bb!COKOH Tenrro- 11 3JieKTponpoB0JlH0CTblO, HO m1eeT cpaBHl!TeJib!I0 

HH3Klle np0'lH0CTHb!e CBOHCTBa H HeBblCOKYJO Ter.rnepaTypoii nrraBrre!IHll. CoBMell(eH11e namtb!X 

CBOHCTB B emrnoM K0Mn0311Te W/Cu nerraeT ero BeCbMa nepcneKTIIBHblM JlJlll np11MeHeHl!ll B 

Ka'lecrne K0!ICTPYKUH0HH0ro MaTep11a..1a B peaKTOp0CTpOe!IHII, K0HTaKTH0ro MaTep11ana B 

Bb!C0K0B0JibT!lh!X nepeKJIIO'laTeJil!X, K0HTaKTH0ro MaTep11ana JlJill 0X,1aiK,'leHHll JJ0JlJI0)KeK B 

MHKpo:rneKTp0Hl!Ke H T.Jl. KpoMe Toro, JlJill pa3Jill'lHb!X TeXH0JI0rH'lCCKIIX HYll(Jl BeCbMa 

nepcneKTIIBH0 np11Mene1111e KOMn0311TOB \V /Cu C rpan11eHT0M o6beMHOro CO)-leplKaHl!ll cpa3 

B)-lOJib KaKoro-111160 HanpaBJieHllll B 06pa1ue - TaK Ha3bJBaeMb!X rpan11e11T!lb!X MaTepHan0B, 

Kornpue B nocrrenuee BpCMll 11axonJIT Bee 60,1bwee npHMe11e11He [8]. 

OJlHIIM H3 cnoco6oB 113rQTOBJiellllll rpanHeHTHbJX 06pa1u0B W/Cu llBJillCTCll MCTOJl 

ropl!'lCro 1110CTaTH'leCK0ro npeccoBaHl!ll nopoWK0B MCJlll II BOJibcppaMa co CTyneH'JaT0 

yBeJIH'lHBaJOll(IIMCll conepiKaHHeM BOJibcppaMa. ,[(rrll IICCJie,1.{0BaHHll 0CTaT0'IHblX HanplliKeHl!H B 

TexH!l'leCKOM ymrnepCIITeTe ,[(pe3,'leHa (fepMaHHll) 6bm HJroTOBJieH l.111JIHIIJlPll'leCKHH 06pa1e1.1 

co cTyneH<JaTbIM rpan11eHTOM 113 8-MH crroeB. 3Kcnep11MeHTanbHO onpenerre1111oe 

pacnpenerre1rne 0CTaT0'lHbIX Hanpl!iKeHHH B Mem, BJl0Jib rpan11eurn H0CIIT Jl0CTaTO'lH0 rna)lKHH 

xapaKTep, Beflll'll!Ha HanplliKeHIIH npeBbJlllaeT npenerr TeKy'leCTII )lflll Me,1.{11 60 MITa, 'JT0 

YKa3bJBaeT Ha nrracTH'leCKIIH xapaKTep necpopMaUHH. ITp11 )TOM 11anplll!(eHl!ll B Me,[{!! l!BJilllOTCll 

B 0CH0BII0M CiKHMalOll(HMII, 'lT0 np0Tl!Bope'll!T 0iKHJlal!HllM. B cpa1e BOJibcppa~rn pacnpenerrCHHe 

H0CHT 3HaKonepeMeHHb!H CTyneH'JaTbIH xapaKTep, np11 3T0M BeJIH'll!Ha Hanpl!iKeHHH He 

npeBbllllaeT npe,uerr TeKy'lecm JlJill BOJibcppaMa 550 MITa. AnanOrH'lHO Be,'leT ce6l! 11 

MaKpo11anpl!iKe1111e. ITp11 3T0M pacnpenerreH11e cjia10Boro cocrnBa BJl0Jib rpan11cnrn 11oc11T 

npaKTH'leCKII JIIIHeliHbJH xapaKTep. TaKoe JI0BCJleHl!e CBl!3aHo co CKa'lKa~m 11anplliKe1111ii Ha 

rpa11111.1ax crroeB II nrraCT!l'leCKIIM xapaKTepoM ,1.lecpopMaQIIII Me,UH. A11an113 IIHTeHCIIBIIOCTeii 

JlHcppaKQIIOllllblX llHK0B noKaJan 0TCyYCTBl!e TeKCTYPhl B 06e11x cpa1ax. Onm1M 113 11enocTaTK0B 

o6pa3UOB, 113roT0BJieHHbIX no naHHOH TeXH0JI0rHII, llBJilleTCll n0BbillleHHal! xpynK0CTb, 'JT0 He 

1103BOJIIIJI0 113Y'lHTb n0Bene1111e MaTep11ana np11 BHeWHeii 11arpy1Ke. ,[(rrll cpaBHel!Hll 6bIJIII 

HCCJieJl0BaHbl 0CTaT0'lHb!e HanplliKeHl!ll B rpa,u11eHTl!bIX 06pa11.1ax W/Cu, 113rQT0BJieHHbIX 

MeTOJl0M 1!Hcp1!JibTpa1.11111 pacnrraBJieHHOH MeJll! B nopHCTYJO BOJibcppaMOBYIO MaTpHI~y npH 

noMOll(II raJOBoro naBrreHHll [9] B TexHH'JeCKOM YHIIBepc11TeTe ,[(apMlllTa,QTa (fepMal!Hll). bh!JIO 

0611apyiKe110, 'JT0 HeiiTpOHHb!e naHHbJe HMelOT HeKOTopoe paCX0iK,UeHHe C TeopeTn'leCKIIMH 

pac<JeTaMI! 110 MeT0JlY K0He'lllblX 3JieMeHT0B, Bhln0JIHeHHblMII B rrpennorroiKeHHII T0JibKO 

yrrpyrnx ,uecpopMa1.111ii. ,[(aHHhIH cpaKT M0iKeT o6bl!CHl!TbCll rrrracmqecKHM xapaKTepoM 

necpopMa1.111ii MaTep11ana, 'lTO He Y'lHThIBanocb np11 pac'leTax. KpoMe rnro, KaK 6bmo 

06napyiKe110 B JlaflhlleHllll!X 3Kcnep11MeHTaX, Ha OKOH'JaTeJibHOe pacnpe,1.lerre1111e OCTaT0'lHbIX 

11anpl!iKeH11ii CIIJib!I0 BJil!l!IOT ycrrOBl!ll 0XJiaiK)leHl!ll ( CKOpOCTb II paBHOMepHOCTb) 06pa11.1a 

nocrre H3r0TOBJiell!lll. 

C QeJiblO BblllCHClll!ll BJI!lllllllll TepMoo6pa6oTKII Ha pacnpenerreH11e 11anpl!iKeHuii B 

rpa,u11eHTIIOM 06pa1ue W/Cu, 113rQTOBJieHHOM MeT0JlOM UHcpUJibTpa1.1u11, 6bm BblnOJIHeH 

JKcnep11MeHT Ha 11eiiTpOHHOM nucppaKTOMeTpe DIAB ILL (fpeHo6rrh, <DpaHQUJI). C nOMOll(bJO 

gauge volume lxlxlmm
3 

6bIJIO uccrrenoBaHO pacnpenerrem1e OCTaTO'lHb!X HaIIplliKeH!IH B cpa1e 

BOJibcppaMa B 3aBHCIIM0CTH OT paCCTOl!HUll JlO ueHTpa 06pa1ua JlO u IIOCJie TepMoo6pa6oTKU, 
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Puc. 13. OcTaTO'lHbie HanplliKeHHll B W cpa1e .no II nocrre 

TepMoo6pa60TKU B 3aBl!CIIMOCTU OT paccTOllHHll JlO 

ueHTpa 06pa1ua JlITll rpa.nueHrnoro 06pa11.1a W/Cu, 

113rQTOBJJeHHOrD MeTO,'lOM IIHcpUilbTpaQUU. 

KOTOpal! C0CTOl!Jia B 0TiKure B 

Te'leHue 8 qacoB 11p11 TeMnepaType 

700°C U nOCJie,1.{yioll(eM 

Me)lfleHH0M oxrraiK,'leHUII B 

Te<JeH11e 16 qacoB. bhlflO 

o6Hapy)l(eHO, 'JTO B UCX0JlHOM 

C0CTOllllUU B cpa1e BOJibcppaMa 

np11cyrcrny10T 0'leHh 6oJibllllle 

OCTaTO'lHble Hanpl!iKeHllll (/.10 2000 

MITa). ITocrre TepMoo6pa6oTKU 

ypoBeHb 0CTaTO'lllblX HanplliKeHl!H 

pe3K0 CHUiKaeTCll ,1.{0 500 MITa 

(Puc. 13). 3TOT pe1yrrhTaT 

1103BOJil!eT cnerraTb Bh!B0,1.{ 0 TOM, 

'lTO rrpocpnrrh rpa,uueHTa (T.e. 

pacnpenerreH11e K0HI.1eHTpa1.111u 

Menu B,1.{0Jib rpa,uueHTa) He 

0Ka3bIBaeT 6oJib!IIOro BJIUllHUll Ha 

ypoBeHb HaIIpl!iKeHUH. B 

OCHOBHOM 3T0 onpenerrl!eTCll 

TepMU'leCKUMU npo1.1eccaMH, npoUCX0,1.{llll(UMU B 06pa11.1e nocrre UHcpUJibTpa1.1u11 Me,n11. TaKHM 

o6pa30M, 11a6JI10,':(aeMbie 60JibIIIUe 3Ha'leHUJI OCTaTO'lHb!X Harrpl!iKeHHH B 113rDTOBJieHHbIX W/Cu 

06pa11.1ax Moryr 6b!Tb o6bl!CHeHbl He,1.{0CTaTO'lHO Me,'lfleHHhlM 11/11rrn HepaBH0BeCHb!M 

npo1.1ecc0M oxrraiK,'leHUll rrocrre 1!3roTOBJieHUll ,uaHHOr0 MaTepuana. ,[(aHHblH cpaKT cne,1.{yeT 

Y'lUTbIBaTb, Kor,ua He06XOJll!MO 1136eraTb HeiKeJiaTeJihHblX 6oJibIIIIIX OCTaT0'lHbIX 11anpJ1iKeHIIH B 

naHHOM MaTep11ane rrpu 3KCIIJiyarn1.1uu B ycrrOBUllX, rne npennorraraJOTCll HIIKJIH'leCKUe 

TepMU'leCKUe II MexaHII'leCKUe Harpy3KU. 
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HarpyJKa, Mna 

Puc. 14. MuKpo- 11 MaKpOHanpl!iKeHIIJI B roMoreHH0M 

06pa11.1e W/Cu (80 06. % W), U3roTOBJieHH0M MeT0,1.{0M 

11Hcpurrbrpau11u, 11p11 BHeIIIHeii OJlHOOCHOH Harpy3Ke. 

lfayqeHue 

roMoreHIIhIX (6e3 

06pa11.10B W/Cu (80 

113rQT0BJieHHb!X 

UHcpUJih TpaQUH, npH 

OJlHOOCHOH Harpy3Ke 

II0Be,neHUll 

rpa,u11eHrn) 

06. % W), 
MeT0Jl0M 

BHeIIIHeii 

(c)l(aTl!e) 

no3Borrurro nccrrenoBaTh 

pacnpenerreH11e HarrpJI)l(e1111ii Me)l(,1.{y 

cpa1aMu W u Cu. O6pa31.1hI 

nocrre,uoBaTerrhH0 HarpyiKan11cb /.I0 

pa1pyIIIeH11l! npu 520 MTia. Ha Puc. 

14 noKaJaHbl ,1.lecpopMaQHII B cpa1ax 

Cu II w II MaKponecpopMaQIIU B 

3aBIICHM0CTU OT rrpnrroiKeHHOH 

BHeIIIHeii 11arpy3KH. 8 HCX0,1'HOM 

C0CTOHIIIIII Me,1.{b HaxO,nHrracb B 

C0CTOllllllll CiKaTHll, BOJibcppaM - B 

paCTJiiKeH!IU. ,[(aHHh!H cpaKT 

np0TUB0pe'lUT TeopeTU'leCKUM 

01.1e11KaM TepM!l'leCKU UIIJlYI.1HpOBaHHhlX 11anpl!iKe1111ii, 'JT0 He0,1.{HOKpaTH0 Ha6JIIOJlafl0Ch II B 

MaTepuanax c rpa,uueHTOM. B HatJane QIIKJia HarpyiKeHUll Ha6rr10,1.{anacb qaCTll'lHaJI perraKcanuJI 

HanplliKeHUH B o6eux cpa1ax. ITpuqeM, Ha'JHHal! c 300 MITa, MaKpoHanpJiiKeHHll CTaHOBl!TCJI 
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11emrneiiHbIMII, a 11epepac11penerrem1e HaIIpl!lKeH11ii MelK)lY qia1aM11 H0CIIT )l0B0JJbll0 CJJOlKHbIH 

xapaKTep. 3To C0IIp0B0)l()laeTCJI yurnpeHlleM IIIIK0B B Me)lHOH qia1e, 'ff0 CBll)leTeJJbCTByeT 0 

11rracT11qecK0M xapaKTepe ne<jlopMau1111 B 3TOH qJa3e. B uerr0M HaIIplllKeHl!ll B BOJJb<jlpaMc pacTyT 

crra6o 113-3a JJ0KaJJbH0ro pacTpeCKIIBaHl!ll 3epeH II qaCTllqHOH perraKcau1111 HanplllKeHIIH B 3TOH 

<jla1e. I1p11 3TOM 0CH0BHYJO Harpy3KY 11eceT 11rracmqeCKII neqiopM11posa1rnall Me)lHall qia1a. 

KpoMe rnro, 6hrno 113yqeHo 11ose,11eH11e roMore,rnoro 06pa1ua W/Cu (80 06. % W), 

113rDT0BJJeHH0ro MeTO)l0M IIHqJIIJJbTpau1111, 11 cep1111 rDM0I'ellllblX o6pa3!\0B W/Cu C pa1rr11qlfbIM 

COCTaBOM, 113l'0T0BJJeHHbIX II0p0lllK0Bb!M MeT0)l0M, B )lllana10He TeMncpaTyp 80°C - 900°C. 

Db!JJO o6HapylKeHO, qT0 B o6rraCTII cpaBHIITeJJbH0 11113KIIX TeM11epaTyp K03qJqJIIIJlle!ITbl 

JJIIHeiiHoro TenrroBoro pacrn11pe1111H, 011pe.11erreHHb1e 110 113Me11eH1110 napaMeTpoB perneTKII, 

CIIJJbH0 113MeHJIIOTCll 110 cpaBHemno C paBH0BeCHblMII 3HaqeHlll!MII ,11Jlll q11cTOH Me)lll 11 

BOJJbqJpaMa. Oco6eHHO CIIJJbH0 3TOT 3qJ<jleKT Bb!palKeH B Me)lHOH qJa3e 06pa1ua, H3rDTOBJJelll!OrD 

MeT0)lOM !!HqJIIJJbTpau1111. .[(aHHOe JIBJJeHl!e o6bl!CJ!ileTCll HaJJl!ql!eM )l0CTaT0qH0 60JJbWIIX 

0CTaT0qHb!X Ha11pJ1lKe1mii B MaTep11arre, K0T0pble 0Ka3b!BaJOT cyJUeCTBeHIIOe BJJl!l!Hlle Ha 

TeIIJJ0Bbie CBOHCTBa. 

AHaJJll3 IIHTeHCIIBHOCTeii )lllqJpaKUIIOHHblX IIIIK0B Bbll!BIIJJ CIIJJbIIYIO TeKCTYPY B Me)lHOH 

<jla1e, xapaKTepHYJO )lJJll o6pa3UOB, 113rDTOBJJellllbIX MeT0)l0M IIHqJIIJJbTpau1111. TeKCTYPIIble 

3KC11ep11MeHTbl II0Ka3aJJII, qTo B <jla1e BOJJbqJpaMa TeKCTypa 11paKT11qecK11 OTCYTCTByeT. 

HanpOTIIB, qJa3a Me)ll! o6rranaeT CIIJJbHOH TeKCTypoii, K0TOpal! npenCTaBrrlleT co6oii Ha6op 

0T)leJJbHbIX 8-<jJyHKUIIH pa3Hb!X IIHTeHCIIBHOCTeii, KaK II B crryqae K0MII0311Ta A)iOJIAI. 

B Ill!TOH rnaBe 11pe)lCTaBJJeHbl pe3yJJbTaTbl 113MepeHl!H 0CTaTOqHbJX neqiopMaUIIH B 

X0JJO)lH0KaTaHbJX CTaJJbHbIX )lllCKaX, K0T0pbie IICII0JJb3yIOTCll )lJJJI 113rDT0BJJeHl!JI cocy)l0B 

BblC0K0ro )laBrremrn. Ha pe3yJJbTaTbl 11pouecca qJOpMOBKII rDT0B0rD 113)leJJl!ll 6oJJbllJOe BJJl!lllll!e 

OKa3b!BalOT 0CTaTOqHble BHyTpeHHl!e HaIIplllKCHl!ll, 803Hl!KaJOJUl!e B MaTep11arre II0CJJe 

pa1rr11qHbIX 3TaII0B o6pa60TKII. OcTaTQql[bJe HaIIplllKCHl!ll B )lllCKax llBJll!IOTCll pe3yJJbTaT0M 

11poKaTKII II Bbipe3aHl!JI !IX 113 CTaJJbH0ro JJIICTa. Harr11q11e OCTaToqllbIX HanplllKeH!IH B )lllCKax 

BblpalKaeTCll, B 11epByIO oqepe)lb, B 0TKJJ0Hemm OT IIJJOCKOH II0BepXH0CTII KpaeB )l!ICK0B . .[(rrll 

OUCHKII 11poqH0CTII !13)lemrn Heo6XO)l!IMO K0HTporr11poBaTb pac11penerreH11e 0CTaT0'IHbIX 

11anpm1<e1111ii 6b1CTpb!M II :i<jJ<jJeKTIIBHbIM 11epa3pyrnmoIU!IM MCTO)l0M. J.lrrll 3TOH uerr11 yc11elllHO 

IICilOJJb3YIOTCll MarHIITHble II YJJbTpa3BYKDBbie 11epa1pyrua10IUl!e MCTO)lbl K0IITP0JJJI (10, 11]. 

On11aKO, B 0TJJ!lq11e OT peHTreHOBCKOH II 11eihpmrnoii )lll<jlpaKUIIII MarHIITHblH II 

YJJbTpa3BYKOBOH MeT0)lbl He II03B0JJlllOT 113Mepl!Tb BCJJll'll!Hbl neqiopMau11ii ue11ocpencrne111IO. 

YposeHb Bllyrpemmx HaIIplllKeHl!lf 11p11 IICII0JJb30BaHl!ll B 3TIIX MeT0)l0B oue1111saeTCll 

K0CBCIIII0 !13 CK0p0CTII YJJbTpa3ByKa IIJJI! pa1rrnqHbIX xapaKTepHCTHK lllYMOB EapKxay3eHa. 

floJTOMY Heo6xo)ll!Ma KaJJ!16pOBKa 3TIIX MCTO)l0B C II0M0JUblO HCHTpOHHOH nnqipaKTOMeTpHII 

)lJJll Ha)lelKHOH 0UCHKII a6coJJIOTHblX BeJJ11q1111 na11pJ1lKCHIIH. J.laHHblC 3KCIIepnMeHTbl 6bIJJII 

BbIII0JJHellbl )lJJll Karrn6pOBKH MarHIITHblX II YJJbTpa3BYK0BbIX H3Mepe1111ii, IIp0BC)lCHHblX B 

<l>payHroqiepOBCKOM IIHCTIITYTC Hepa1pyruaIOJUHX MeT0)l0B K0HTp0JJll (J.lpe3)lCH/Caap6pIOKeH, 

repMaHIIJI). CTaJJbHblC )l!ICKII N2 I II N2 2 TOJIJUIIIIOH 2.5 MM II )lHaMeTp0M 0K0JIO 500 MM 6bm11 

H3fOTOBJJCllbl 113 CTaJJII crrenyIOIUero C0CTaBa: C (0. 127 %), Si (0.100 %), MII (0.760 %), p 

(0.01 I %), S (0.008 %), AIS (0.043 %); Monyrrh !Onra E=l80 rrra, KoJ<jJ<jJ11u11e11T ITyaccona 

µ=0.3, 11penerr TeKyqecm Rpo 2=276 Mfla. 

flpH 11p0Be)le111111 HeiiTpO!!HOfO 3KCIIepHMCIITa )llla<jlparMaMH 113 HHTpH)la 6opa 

qiopMHpOBaJJCll 11yqoK HeiiTpOHOB, COOTBCTCTBYIOIUHH gauge volume 20x20x2 MM
3
, qrn 

IIPHMepHo C0OTBCTCTByeT !13Mepl!CM0MY 06beMy IIpH MarHIITHblX II YJJbTpa3BYKOBbIX 

l!3MepeHllllX. .[(rrll 011penerreHHll TCll3Dpa neqiopMaUHH Eij 6hlJJll ll3MepeHbl CIIeKTpbl IIpll 

pa3JJHqHblX 0pHCHTaUHllX BCKT0pa paccel!HHll Q B 011penerreHHblX ToqKax )ll!CKOB Ha 

0KPYlKH0CTll pan11ycoM R=230 MM. B !136paHHOH reoMeTpHH 3KCIIepHMeHTa nopMaJJbHble 
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K0MII0!Iel!Tbl TCll30pa CJ B3aHMII0 KOMIIelICHp0BaJJHCb H3-3a ycpenneHHll 11a11plllKeHHll CJ no 

T0JJIUHHe 06pa111a. TaKIIM o6pa30M, onpenerreHne rnaBHbIX KOMII0HeHT Te1130pa CJ 6b1JJO 

CBei\CH0 K KBa311JlByMepHOH 3a)la•1e. 

OKa3aJJOCb, qTo II0Be)lelll!e )lJJll panHaJJbHOH H TaHreHUHaJJbHOH K0MII0HeHT 

:.tecj1op~1au1111 )lJJll )lllCK0B ,!l0BOJJbH0 CHJJbH0 KDppe,1upycT C 3aBHCIIM0CTblO 11epOBH0CTII .LIHCK0B 

OT II0JJ0)l(Cllllll 11cc,1c;.iyeMDii o6rracTH Ha 0KPYlKH0CTII )lHCKa, 0IIpenerrlleMoro yrnoM <p. 
l11secrno, qrn B o6rracm ynpyrnx )le<jJopMau11ii 3as11c11MoCTb ne<jlopMauu11 OT <jiaKTopa 

aHll30Tp011HH r111.1 IIMCCT JJlll!CHHbllf xapaKTep. ).lrrll IICCJJC,!l0BaHHblX )ll!CKOB 3aBIICIIMOCTb Ehkl OT 

rhkl IIC/IIIHCHHall, qTo YK33b!BaeT Ha nrraCTll'JCCK)'IO ne<jlopM3UIIIO MaTep11arra 11 6D,1blllJIC 

Beml'lllllbl MClK1CpCHIIblX 11anplD!(CHl!H. OnpeneJ!Cllllbie HJ Il3MepeHHb!X .11eqiopMau11ii 3HaqeHHll 

1rnnpllll(CHIIH ;.(OB0JJbll0 BCJl!IKII. Berr11q1111bl nanplllKeHllf! B)l0JJb nanpaB,1eHllll npoKaTKH 

C)'l!JCCTBCHH0 6oJJbl!le, 'ICM npe,cierr TeKy<JeCT!I Rpo 2 i!Hll )laHH0f0 MaTepnarra. 311aq1ueHbHble 

80 

"' C 
40 ~ 

~ 

:c 

"' ';-
c:[ 

"' a. 0 t, 
<l 

-40 

0 

P11c. 15. 

- -■- _ ~crR-T 

-+-- z•10+30, MM 

---Mmax 

----- ~\V 

100 200 300 
cp, 0 

Cpam1eH11e 3aBHCHMOCTett 

400 

pa3H0CTH 

ne<jJopMau1111 )lJlll pa3J]l!qHbIX IIJJOCKOCTefl 

KpllCTaJJJJll'ICCKOf! perneTKII, a TaKlKe 

11cm1Hettllal! 33BHCHM0CTb OT <jlaKTopa 

al!H30Tp011HII rhkl yKa3blB3IOT He T0.ijbKO 

Ha 11arr11q11e MaKp0CKOIII!'IeCKHX 

0CTaT0qllbIX 11anpl!lKeHHf! (OCTaT0qllbie 

11anpHlKe1111ll 1-ro po;ia), 110 H Ha Ha.nnq11e 

0CTaT0qHblX 11anplllKel!IIII 2-ro pona B 

3epHax. 

Ha P11c. 15 110Ka33H0 II0Be)leHHe 

pa1uocn1 pan11a.nhHoii II TaHreHu11arrbHOfl 

K0MII0HeHT Hanpl!lKeHllli t>CJR-T_ 

H'JMellCHllll CK0p0CTII YJJbTpa1ByKa t>v 
(•1aCTOTa 800 Kfu. paCCT0lllll!C HCTO'l!IIIK

npHeMHHK 30 MM) 11 aMIIJJHT)',r\bl lll)'M0B 

EapKxay3e11a M 111"', 113MCpeH11on ll 

nepeMe11HoM none (50 rn, 10 AlcM) B 

)lll311a30He '!aCT0T I 0.;-30 Kfu. 

pa)lllaJJbHOH ll TaHreHUllaJJbHOH K0MII0HeHT Ha6monarracb Kopperrl!Ullll Bb1q11cJJCllllblX 

HaIIplllKCl!IIH t>CJR-T, onpenerreHHblX )lJJll IIIIKa 3113'!CHllf! 11anpl!)l(CHllli C serrnq11HaMH t>v 

(211), ll3MCHeH!lll CK0p0CTll yrrbTpa1ByKa t>v, II Mmax• Eorree Toro, yrrroBall 33Bl!Cl!M0CTb 

aMIIJIIITYJlbl rnyM0B EapKxay3c11a Mmax 11 3TIIX BCJJJ!q1111 l!BH0 CBll3aHa C 

HCp0BH0CTll z )lllCKa N~ 2 OT yrrra <p. HepoBH0CTblO )lHCKa ::, qTo II03BOJJHJJO 

ocy1ueCTBl!Tb Kam16poBKY )TIIX MCT0)l0B C 

II0M0!UbIO pe3yJJbTaT0B Hef!TPOHHOH )lll<jlpaKUllll. CyiueCTBY!OlllllC IICKOT0pblC 0TK/l0IICllllll 

BCJJll'IIIH t>CJR-T' t>v II Mmax OT yrrroBOii 3aBIICl!M0CTH MoryT IIMCTb HeCK0/lbK0 np!PIIII!. 

Hau6orree BepollTHal! 113 HIIX 33KJJIO'!eHa B He0)llIOp0,ril!0CTH MHKpoc-rpyKTYPbl IICC/lC)l)"CMOro 

MaTepHarra, TaKlKe M0lKeT DKa3bIBaTb Brr11H1111e npouenypa ycpen11em!ll no pa1rr!l'111b1M 

113MeplleMblM o6beMaM, T.K. HanpuMep, rrry6i1Ha 11poHl!KH0BClll!ll Marmrrnoro II0JJll B o6pa·ien 

scero Jllllllb 0.3.,-0.5 MM. 
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OcHORHble peJV.'lbT3Tbl pa60Thl 

B ,'1HccepT3UHOHHOH pa6ore npnseneHbl pe3yJJbTaTbl HCCJle)lOBaHHH BHyrpemrnx 
MexaHH'feCKHX Hanpl!lKeHHI! B MaTepna1ax C noMOlllb!O }lH<ppaKUHH He!!TpOHOB II nony'feHLI 
c11eny10IUlle OCHOBHble pe3y11bTaTbl: 
I. Prupa6orn11 HOBbII! Meron a11amna s11yrpe111rnx Mexa11H'feCK11x 11anpHlKe1m11 B Marep11anax c 

HCnOJJb30B3HHeM Hel!TpOHIIOH KoppeJJHUHOIIIIOI! cpypbe-nmjipaKTOMeTpHII ua HMrIYJJbCIIOM 
HCT04HHKe 11ettTpo11os 116P-2, pa3pa6orn110 n co3na110 11eo6xo,'1HMoe o6opynosaime, 
nposeneHLI 3KCnepnMe11r1,1 no nccnenosa11mo s11yrpe111mx Mexa11nqecKHX 11anpHlKeHHH B 
KOHKpeTHblX MaTepnanax C ueJJb!O anpo6Hp0B3HHH pa3pa6orn11110I1 MCTO)lllKll ll 
onpene.1eH1lH fIOTeHUHaJJbHOro Kpyra 33/134. 

2. l1cc11enosaHbl MexaHH'feCKHC CBOllCTBa aycreHHTHOll CTMII X6CrNiTi 1810, HMe!OIUCll 
wnpoKOe TeXHOJJOrH'feCKOC npHMeHe1111e. 3KcnepHMeHTaJJbHO onpeneJJCHbl IICl!TpOHllblC 
ynpyrue KOHCTaHTbl CTaJJII npH on1100CHOM pacrn)KCHIIII. OnpeneJJCHbl OCTaT04Hbie 
11anpJ1lKeH11J1 /lJJJI cep11I1 LCF n HCF 06pa3uos c pa3JJH4110I1 crene11b10 u11K11w1ecKofi 
ycTaJJOCTH. Y CTallOBJ1e110, 4TO o61,eMH3JI noJJJI MapTCHCHTHOH <paJbl, B03HHKWCll B 
pe3yJJhTaTe fIJl3CTH4CCKOll necjiopMaUHH 11cxon11oro aycTCHHTa, B03paCTaer npH yseJJH'fCHHll 
creneHH ycTa10CTH. l--\JJJI cepHH LCF BblllBJleHa 43CTH4113JI peJJaKC3UHJI MHKpoHanplllKCl!llll B 
MapTCIICllTC npH yseJJll'fCHHH creneHll ycTaJJOCTll, 4TO 11an6011ee BepOlITHO CBJl33HO C pOCTOM 
MHKporperum1 B Marep11ane, a TaKlKe Ha6mone110 H3Me11e11He TeKcrypb1 s o6enx cjia3ax. 

3. BnepBblC Il3Y4Cllbl OCTaT04HblC 11anplllKCilllJI B KOMn031lTaX AliOi/Al, 113rQTOBJJCHHbIX C 
fIOMOIUb!O IIOBOH TeXHOJJOfllll HH<pHJJbTpar,nn MCTaJJJJa npn nOMOIUH faJOBOro naBJJCIIHJI. 
Ha6moneHbl JlllHCllHblC 33BllCHMOCTll OCT3T04Hb!X 11anplllKCHllll II MHKpo11anpJ1lKeHHll B 
o6enx cjiruax or coneplKaHHJI II cpenuero pruMepa Meran11nqecK11x BKJ110'Ie1111i1 Al. 
0611apylKe110 Hal]ll'fHC CIIJlbHOll TeKcrypbl B cpa3e Al, npenCTaBJJJIIOIUCH co6ott 11a6op 
OT/lCJlbllblX 8-cjiyHKUHH pa3Hb!X HIITCHCHBHOCTCll, 4TO JIBJJJICTCJI xapaKrep11ol1 oco6eHHOCTb!O 
MaTepHaJJOB, H3rQTOBJlCHHbIX MeronoM IIH<pllJJbTpaUHH. 

4. 11ccnenoBaHbl OCTaTO'fHb!C Hanpl!lKeHHJI B l!OBbIX rpanneHT!lblX MaTepHanax W/Cu. 
BbIJIBJJeHO, 4TO o6pa3Ubl, H3roTOBJleH!lhie nopOWKOBbIM MeronoM, neMOHCTpHpy!OT 
OTHOCHTCJlbHO HeBblCOKHll yposellb OCTaTO'fllblX uanplllKeHHll, HO HMCIOT 6oJJhlllYIO 
xpyrrKOCTb no cpaBHCHHIO C o6pa3U3Mll, H3roTOBJJeHHblMll MeronoM HH<pHJJbTpaunH, 4TO 
orpaHH'fHBaer rrepcneKTllBbl HX npHMCHellllJI. 06pa3Ubl, H3roTOBJieHHblC MeronoM 
HH<pHJibTpau11n, HMCIOT cymecrsemw 6oJibWHH yposeHh nanpl!lKCHHll, KOTOpb!e HOCJIT 
IIJI3CTH4CCK!lll xapaKTep. YcraHOBJICHO, 4TO orrpene11JIIOIUYIO pOJJb B pacrrpeneneHHH 
OCTaTO'!HblX 11arrpJ1lKel!Hll n11J1 3THX o6pruuos, HrpaIOT ycJIOBHJI OXJialKnem!JI IIOCJie 
Il3rQTOBJICHHJI, npH 3TOM npocjJHJJb rpannenrn JIBJJJICTCJI BTOpocrerreHHbIM cjiaKTOpOM. 

5. Tipn onHOOCHOM ClKaTHH B roMOfCHHbIX (6e3 rpanne11rn) o6pruuax W/Cu, H3rQTOBJICHl!blX 
MernnoM nucjinnLrpauun, Ha61110ne110 rrepepacrrpenenenne ocnoBHOH 11arpy3KH B 
l1Jl3CTH4CCKH necpopMHpOBaHHYIO Men11yJO cjiruy npH c11a60M pocre 11anpJ1JKeHHll B 
BOJib<ppaMe. B 0611acrn TeMrreparyp no 400°C K03cjicjiuuneHTbl JIHHCHHOfO TCIIJIOBOro 
pacw1-1pe11HH nJIJI nanHbIX 06pa1u0B CllJlb!IO ll3MCIIJIIOTCJI no cpaBHCHHIO C paBHOBCCHblMH 
1Ha4eHHJIMll nnJI 'fllCTOll MenH H BOJib<ppa~rn 1-13-33 3H3'1HTCJlbHblX OCTaTO'!HblX nanpHlKeIIIlH 
B Marep1-1ane, 4TO 11an6011ee BLipalKeno nnJI Mennol1 <paJLI. 

6. TiposeneHo 1-1ccneno0aHue ocraroq11L1x nanplllKeHHH B xononHoKaTaHhlX CTaJJLHbIX nncKax, 
KOTOpble HCl10Jlb3YIOTCJI n11J1 H3rQTOBJICHHJI ra30Bb!X 6aJJJIOHOB Bb!COKOfO nasJJeHHJI. 
11crroJib3yeMbIC rpanHUHOHHhie MCTOnbI 3KCI1pecc11oro KOHTpOJJJI HanpJilKeHHH - MarHHT!lblH 
ll aKyCTll'ICCKHll - JIBJJJIIOTCJI KOCBCHHblMH ll He naJOT a6coJIJOT!lblX 3Ha'leHHll necjiopM3UHH. 
HeI1TpOH-)lH<ppaKUHOHHbIC H3MepeHHJI Ha <l>l--(BP 1103BOJIHJlll ocymeCTBIITb KaJJH6pOBKY 3THX 
MeTonoB H narb peKOMCH/l3UHH no 011THMH33UHH TCXHOJJOfllll ll3rQTOBJJCIIHJI nncKOB. 
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