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Abstract

The dissertation thesis consists of an introduction, three chapters and
conclusions. It contains abstract, content, 26 drawings, 59 pictures, 11 tables,
citation literature with 89 sources. The dissertation is presented on 151 sheets of A4
format.

Significance of the dissertation topic. In the modern world, the production of
goods from economically rational and ecologically safe materials is becoming more
and more important. Aluminum and copper are widely used in this respect. Their
field of application will be significantly increased by applying functional coatings of
refractory metals, that will create completely new products, solve previously
unresolved engineering problems, improve the functionality of existing products
(engineering or decorative), provide opportunities to save scarce material, reduce
energy costs from an environmental perspective, etc.

Refractory metals - tantalum and niobium are highly promising metals in
modern technology due to the combination of physical, mechanical and
technological properties, especially in aerospace, rocket and nuclear engineering,
energy, electronics, medicine.

There are different coating methods. However, electron-beam technology
has a number of advantages in forming coatings from refractory metals. The most
notable advantages are: heating the material to given melting-evaporation
temperatures at high speed; Ability to deposite the condensate to any material (even
incompatible pair) with the best adhesion and adjustable structure and properties;
Coating thickness variation from nanosize to millimeter ranges; Ecological safety of
technology, as the emission of any harmful substance in the environment is
excluded during the work process.

According to ,Allied Market Research,” the global market for the EB-PVD
coatings, valued at $ 1.8 billion in 2019 USD, is expected to grow up to 2.8 billion
USD by 2027.

It is very interesting to form multilayer coatings (“sandwiches®) and study
their properties, where along with the ferromagnetic metal layer (layers) there will
be a superconducting, paramagnetic layer.

The present thesis is dedicated to the issues above mentioned.

The aim of the work is to develop the technology for forming functional
coatings on a special substrate by electron-beam technology.

The following tasks are solved in the dissertation:

» Development of the technology for forming the niobium and tantalum
condensates on copper and aluminum substrates with good adhesion by electron
beam evaporation and subsequent condensation of vapour (by determining the
optimum temperature range of condensation);

» Metallographic, electron-microscopic, X-ray and phase analyses of the
surface and transitional zones of the obtained samples;

» Investigation of the nature and fine structure of the “substrate-coating”
transitional zone;

ix



» Study of the influence of structural-geometric factors of the substrate and the
coating on the degree of adhesion of the “substrate-coating” pair;

» Forming all-round coatings of niobium and tantalum on technological
samples of complex geometric shapes with the developed technology;

> Investigation of the possibility of forming Ni/Fe/Nb and Ni/ZrO:/Fe/Ta
multilayer coatings on copper and aluminum substrates, metallographic and
electron-microscopic research, phase analysis.

The author defends:

» Scientific background of the development of technology for forming of
single-layer coatings of niobium and tantalum on copper and aluminum substrates;

» The results of the study of the optimum condensation temperature range for
the best adhesion with the substrates; for the aluminum substrates above these
ranges, the surfaces of the samples obtained in the reactive zones and the macro-
and microstructures of the cross-section, the phase composition, the temperature
dependence;

» Scientific background of the influence of structural-geometric factors of the
substrate and coating on the degree of adhesion between the substrate-coating pair;

> Reasoning the possibility for forming Ni/Fe/Nb and Ni/ZrO2/Fe/Ta
multilayer coatings on copper and aluminum substrates;

» The results of the study of the obtained multilayer specimens’ surface and
cross-sectional macro- and microstructures, phase composition, distribution of
chemical elements and magnetic properties.

Scientific novelty:

The optimum condensation temperature ranges for refractory metals,
niobium and tantalum, on aluminum and copper substrates ensuring the best
adhesion between the substrate and the condensed coating. According to the results,
the optimum temperature ranges of niobium and tantalum condensation on the
copper substrate are 300-500°C and 600-750°C, respectively, as regards to
aluminum substrate they equal to 200-390°C and 200-320°C, respectively;

Based on the analysis of structural-geometric factors of the substrates and
niobium and tantalum coatings, it is established that the degree of satisfactory
adhesion between the copper substrates and niobium and tantalum coatings is
achieved by a coherent link. It is supposed that the link in the aluminum substrate
and niobium/tantalum coating phase merging zone is semi-coherent;

The substrate temperature impact on the surface morphology and phase
composition of coatings is studied. The fact of condensation-stimulated reactive
diffusion is established above the upper limit of the optimum temperature range, as
well as the nature of the formed products and the phase composition;

The fact of synthesis of copper niobates and tantalates is established in the
“substrate-condensate” transitional zone. Determining conditions for their
formation are explained;

All-round niobium and tantalum coatings are formed on the aluminum and
copper complex configuration technological specimens by the developed
technology, which fully meets all the technical requirements;



The possibility for formation the Cu-Ni/Fe/Nb, Cu-Ni/ZrO>/Fe/Ta and Al-
Ni/Fe/Nb multilayer coatings with satisfactory adhesive properties between the
layers is stated applying the developed technology. Zones of mutual diffusion of
elements in the merging areas of the layers are detected, as well as the fact of
synthesising the compound Fe:Nb in the transition zone Fe-Nb;

The study of magnetic properties has shown that Cu-Ni/Fe/Nb and Cu-Ni/
ZrO»/Fe/Ta multilayer composites are characterized by ferromagnetic properties,
Ni/Fe/Nb coating on aluminum substrate is superparamagnetic.

Practical value of the dissertation:

Single-layer and multi-layer coatings with good adhesion to copper and
aluminum substrates have been developed. Examination of the magnetic properties
of multilayer coatings revealed samples with ferromangnetic and superparamagnetic
properties.
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90360mb3M3me0 33930L5 s MBEGHRIbML3gIBHMIMEO sBsobol dggygdo.
13994 GO MMO 5b5E0BO BoBHIMGOME0s BJodBH0Mwo Dmbol bymo dozmm-
mdbol 22 Fod@GHowdo. 27-9 Lm@ombg Loownld®msgome bsB3z9bgdos 26-9
LGBy Homdmygboen 3030:mds6d0 Bo@o®mgdwwo sbsgroBol meo fgcm@Eo-
ol B39dGHOmasds, bmwm 89-9 zbGowdo — 943b039 GO GOl sbsgroBol
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b)$.26. se0vdobol gdgdhgbg 3mbgbloMgdwyeo bomdomdol
©3658M0L 9engd@Hmbryeo 9036HMBMEMYMBOS

390920. O~™amO3 b3gdBHMo 1-0b s B3gdG®o 2-ol IMbs398900sb QsdmMAO-

Bo6gmdl, 53 9O 2odm33ww g F9MG0wTo 56 sGOL 4o8Mm3gbowo senv-
dobols dsgbodmdo, Moz 005%g B0MPOMYGOL, MM 53 d03MMwYd6d0 IBIBRIGO
00005605 @5 96 MO ©IHYJIMWOo  M95dE0I-EORYBMOHO  3OHMEILYdO
03999695 5 6IGIOL FMEOU.

695dBHoM  Bmbsdo  godmgzmgbowos obgmo Mdbgdois, MMIddo;
30600Jom, 56 343b30905 Bomdomdol dodlodwdo serdobols bozdome
Jo@oero 9993339cmdol gmbby (bme. 28, 29, gbM. 10, L3gd@®o 13). slgmo
Bmbgdol fomdmddbs Mbws ©935353800Mmm 56 BsRIMT0 2obgboer dBsMIGOM6
(Lme. 30), 6 MgodBHoMo ©oRHBool FJodEobsMgmdsbmsb, s OMLYE
900056500 bgds Imdoxbs39 BMmbosb 6omdoMdol 5EHmIgdol mbogs Mgod-
Gowo  @oxbHBoolb  30dobstgmdol  3Mmagldo.  31-9  LyGsmby
Do60my9gboo  J03OMBMEMAMSB0JO0 39O  dbobogl  MgodEHomwo
OoRHBool Dmbgdol ImORMEMY0sL [67].

©5656MR96 M195JBoME Bmbgddo 3:33mbgbEJOOL M9bsBIMMBdS 1is3doMm©
RO 0535HMbTo 033wds: 5edobols — 0,39%-wsb 77,72%-0g, bogom
Bomdomdols — 14,18%-sb 89,77%-3wy.
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b®.27. G930 ©0bs8o 3mbrgbliomgdrewo
©36585MoL 1s3ggBHOMa™s9gd0
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3gbGowo 9.

1399BM3MM0 B3oBol Fg9sx 539090 9900

99920l | {mbo
&030 %
139dBHMoL| b3gdBH®o | L3gdB®o | bL3gddH®o | L3gdBHGo | b3gddH®o | L3gdGHeo
608560 6 1 2 3 4 5
C 18.53 19.46 4.12 12.74 18.23 14.34
O 8.06 7.86 9.55 10.65 8.97 13.53
Mg 0.27 0.94 0.53
Br 0.45 0.43
Nb 73.41 72.23 85.63 75.67 72.80 71.60
b 100.00 100.00 100.00 100.00 100.00 100.00
C O Mg Br Nb
<N dodu. 19.46 13.53 0.94 0.45 85.63
,% dob. 4.12 7.86 0.27 0.43 71.60
g Lodwoeom 14.57 9.77 75.22
~ LBObIMEG 5.76 2.11 5.29

L. 28. sgmBobols gdgdmgby 3bgblioMmgdmemo Bomdordols sbsgsmols

9099 BH®Mbvyemo FozMHMmuMEMYMGg0s
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736 29. Ggg0nEo BebsBo seoggBobols grIdgyy JnbrgBlotgdrmo
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gbMowo 10.
1399dBMsermeo 565¢roBols 9gdsx53909¢0 G90ga9d0

d9920UL fmbo

&030 %
139JdBG®obL | L39gd@®o |b3gdBH®o | L3gdBHGo | L3gdG®o | L3gdBHMo | L3gdBHMo
603560 18 13 14 15 16 17
C 10.57 3.61 4.16 5.31

O 9.07 2.68 9.92 8.80 12.16 9.76
Mg 1.00 0.49

Al 10.27 77.72 418 26.30 2.11 5.14
S 0.42

Fe 1.44 3.81 0.87 251 5.60
Cu 6.07 0.94

Nb 79.21 78.48 58.43 77.91 79.50
Ag 1.54

L 100.00 | 100.00 100.00 100.00 100.00 100.00
UEodoLd. | C o Mg Al S Fe Cu Nb Ag
dodu. 1057 | 12.16 | 1.00 | 77.72 | 042 | 560 6.07 | 7950 | 154
dob. 361 | 268 049 211 | 042 087| 094 5843 | 154
LTS 8.73 20.95
LBobo. 3.19 29.16
239Q05bMS

099 539993990, OHMA LGOI BHYOMEO BMbJOOL Fotyergddo g3w)dgdMol
B95300DY MmOmNJwob 65350000 dofirrgdmeo 300d3mbabEol 06@gblomGHmds
390030305, MgodBHome  Mobgddo  gegdgbBgdol  goboffocrgdols  sligmo
3M5056505M0 BoLOSMO MBS W3539300MMM MMIMOF $)dgAMOL (3H9)I3geo-
GO BWMJEHYISE090Mb, 0l MOMNJOL BB 3MOLEHIWODBIGOOLS s
135Dmd Fo®mdmdadbol 139305303290, SOIHMBILHMOWE 306HMDJdMb.
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L. 30. sgomBobols gmdgdmg by 3mbgbliomgdwmo
Bomdowdols sbogs®ols gergd@mmbayeo
30360MmBMEMYMB0S. B95dE0Eo Dmbs x 2700

MmONJol 6535008 30mbgblsgool 3MMmi3glbdo ,13dgdMg—mOmJol
6535000 BoBoms 39dgmg LEBOZIODY Mo MO0 BEYMTIMYMBS BY3MO MBOM
Mo 990dgds  50dmBbgl, Mosb Lo@MsEos 39035 033G
39dbmemyomMo 356599EHMGO0LS s 3mbgbloMgdso FoMol Lolidol 33wo-
@900L FgbsdsdoLO. OO F5S303900B5 s 3MOLEAEHIWODBIFOOL SGSHMbsl-
0O M@o 306Md900L 499m d90dgds Fo6dmodadbsls 565 gm0, sMdgE Mrod-

Al S
WD15mm  $S60

SEI iaw

Uy, 31. sermdobols gmdgdeols s bomdomdols sbsgsmols
69543090 Dmbols FnMBMEMYos 9) x 95; B) x 1000
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©96039 5653MMABMB0MYOs©O  FYGILEGHNVOWMMO RDs, MMIgdoz JMbG-
Ol 56 9939000905090, BoDBoMS J9TYMa3 LyBM39MDY 9OHPNTBYNMB 96 Lbgs
9539639096 MBM0gOHNJIggdol F9ggae Fomo  Fo0dmgdbo—aodMmdol
360390 300093 MBOM SOMIEXIOL Mo E dEYMTIMYMBIL, Molicsbsl dgod-
©90s ©539353000Mm MgodEH0E BMbsdo 9e9dgbEHadol sBYMO SMMIBIBGO
3oboffoegds. 53 FmLoBOYOL 9@ILEGHWMOL B39l doge Bo@oMgdMwo M9bE)-
396M 335D sbseobo (bob. 11).

Al(2,0,0)

8000 Al(4,2,0)
7000 Y

Nb(L,1,0); Al(1,1,1)

AlNb,(2,0,0)

AlNb,(100)

Al(2,2,0)

b,(22.2)

8
|
<—AINb (2,
-<—AINb,(2,1,
~—Nb2,1,1)
~—Nb(2,2,0)
<—Nb(3,1,0)
<—A|( .0,
—

g gIntegns%y

,(2.1,1)

~—Nb(2,0,0)
Al(3,3,1)

b,(2.10)
4,0,0)
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e

20 40 60 80
2 theta (deg)

S
S

Bob. 11. s5grmdobols gmdgdmgbg bomdowydols sbsgsmols
963396mBBMBO oM (BomdormBols 3mbgblisgools
G9939Mo¢m®s 250-320°C)

32-9 LMDy 0mEgdmwos  sedobol  13mdgdmgbg  Bomdowmdol
565935008 IMORBMEMQ05 (teond=250-320°C). 50606 BMbsdo g4serodgds
15305Mm  GOMYZMOMZ960 BIFIMO. 3mbIBLOMGdME TMgTo  50MTMeg-
6900 3030:mMdBsMGdOL Jombgogs Bodmdo «dwgdl 12-14 60dsbigero®

29OWB3SL.
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by, 32. s¢rmdobol 3mdgdhgBg 3mbgblo®Mgdwmo bomdomdol bgosdomols
AmORMEMA0s. 3bgbLsEooL G9d3gMs@w®s 250-320°C
(5) x100; (3) x500; (3)x1000; () x2000; (9)x5000

39005609000 Vs $ga3gMoGMME HBMmbsd0 (teoni=250-320°C) godma-

00369005 OHMYMO3 BdgdMols s ©bsRs®ol doduodmdgdo, olg Lob-
390580 36md0oo AINb2-0l s AINbz—ol dsgdlodmdgdo (bob. 11).
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L. 33. sgmBobols gdgdmgby 3mbgblioMmgdmemo bomdosmdols
©9053060l InOHRMY05. 3nbEgblogools ¢gddgMs@m®s 390-440°C
(5) x500; (d) x1000; (2)x2000; () x5000; (9)x100; 3) x200; B) X500

33-9 LGBy FoMdmyqbowos sermdobols i3mdqgdhgby 3mbgblo-
690990 HoMdOMIOL IBIRIMIOOL Bgo30Mmol SEM 8030mBMmEHMaM330900L
190, HMIGEOE FOWIVGINM0S 13d)de0oL 390-440°C ©0535BMbBT0.

6954300 ogYbool Bmbsdo LEHMIBHMOS 5MgOMNYIoMM35600.
3MLgdMBL a3 BYEs30MHMIb FosbErMmgdmeEo MBbYdo S Jomby STMbBOYY-
@0 bbgosbbgs Bmdols s BmMIoL 3mbaemdges@gdo (L. 33).

951356069090 99dBHOMbMo 030OMB3M300L JodowEmo bs5E0Bol
0mbs393900L dobgzom (b®. 11), awwmg Bgs3omBg 490mIxwsgbgdmwos
6omd0mdol s 5em3oboll MmOl MsbsdIMO MoMmEgbmds, bmerm 3mbywm-
d96oBdo, MmIgos ©95JGHoMwo  @oxMHBool 3OHMmEIBL  d0939m3690.,
Bomd0mdol Howo 360d369crmzbo dg@0s. g 0dol dsbgz969d9e0s, ™I yerv)3
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3bMoo 11. sgmdobols w9398y by 3mbgbliomgdremo Bomdowdols
Bgs306HBY Jodomeo gergdgbdgdols 3GmEgb@ero 890339 mds

3063 mdgMs@o dLI30
996G o 50. % 9wgd9bGo 5¢). %
Al 7,54 Al 48,24
Nb 89,61 Nb 48,69
Mg 2,85 Mg 3,06
b 100 beyen 100

B9093060Dg 30090 ©IBIGIMOL bobdg d60dzbgwmgbs bs3egdo 0dbgds
L539)oEMbmLb FgsMId0m. J)30 HDYE30MOL F03OMLEHMWIEHMOOL boloo-
0056 35930656, 3mbIBLoEO ME0gRMMO bolinsmolsvs s FoMgdME0s
0936039900 3oL [o®mdmbsddbgdo (LE. 33. B, 2). MYBOM OO JSO-
©900Lsl 8906006935 93M9M39 LRBIOMOEMEO RBMOTOL Q5639w 393909wO
§o63mbogddbgdo (L. 33. ©, 9).

®963H396mLEHOIEHMOMo  9BswobBo  SILEHMMIOL  3mbabLsgoom
L3H0IMNEXOMHYIYWO ©75dEH00 PORYHBMDBoOl 3OHMEILYdOL B0dObsMgMdol
239dAHL - OR300 bLOHsNDY (Bob. 12) 958mBz003690eos NbAL-ol,
NbAIz-—ol o 39@sLGHod0m®o Nb2Als—ob bylEo dsduodmdgdo dgbodsdolo
20=40,358, 20=39,161 s 20=20,75 3x90bgqdDY.

SBYDO 3M5gGOMAZ5MM3560 LA BHOOL BIFMYSEP00gdS Fg0dEgds MO
035 LOBOOLOM 3035M9MEMM: BoJBH0S, MM 3mdgIeol 3H9d39Mo@wIes 0bo-
3G069OL 390090l J0doWOO Mgg309d0L LObMIBOL 3OHMEIULL. BB Bodmys-
00905 d0dE0bsMYMdL dm39d9e LolEBgdsdo (3bmdoero LEgdomdg@mowmwo,
565G 9JomIgBHOO0O s 5MB3OHMYPBMBOMYOSO B5BGdOL Fotdmddbs-godcm-
ool abom. IMm(3999w  3H9939M9GHMOME 3060HMdJOdo  1gMHIMObIT0IMEMS©
UGHOBOEMMO  BOBOL  BTMYSE0dgd0L  3OMi3gldo bs B0d8obstmgmdgls
©IBOEOGHO0 30m33mbgbGom dg3Lgds sJGoMMo Bmbol 0dgdsMg dbgdO-
©5b. 999bs, BITIMYSE0dgdMo  3Mmbyrmdgmedol  d0dEadstg bmbgdo
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2905600905 306bLOMGOMWO BoMdOMAOL sGHMIgPOm, M3 IbI3oMMBYOL
3130 HBIOIS0MOL BMOHI0MHGISL.

dgmmg bGMOZ, 56 GOV godmMosbmeo, OH™A Fomdmygbowo 3mbawrm-
39633900 LObMYBL 296339990 bsHOLbom A560E3OEIL Ydmsm© MOT-
ol 65350080 s 3mbgbloMIdM©IL Bw9dgdMol Bgs3omBY. s0bodbmwro
36 39L0, Mo30L FBOOZ HMMZ93L MOICJOl Bs3oOL MBIBIG QsBsFogdsls
1d9dOHol Bgs30M0L 808IdsMg BMbgddo, o3 obsdom™MddL SEM-om
3900350536900 LEHWYJEHMOOL Lofigol gBo3L (L. 33. 3, D).

120[)':!- § *
1 % * - AI
10000 4 NbAlL{112) i £ Nb
NbAIR02)Y, T,
8000 Nk
Py ,
E 6000 MBAIR0D) \ g
2 | oAt E
£ 4000{ & A *
‘ i i g" % o
2000 4 = Ql = z,
| 15 e
0 Joo
1 T T r I . I i : l |
20 40 60 80 100 120

2 theta (deg)

Bob. 12. sgrmdobols gmdgdmgbg bomdowydols sbsgsmols
963396MmBSBMM0 ©O0saMs3s (6omdOMTol 3MbgbLsEoOL BYd3gModMs
390-440°C)

30bgbLsEo0L 3gd3gcmo@EwMOL oHBMEOM (teond = 480-500°C) 8906086905
3600369wm3s60  330wads  9odBHoIo  @ogBMYDBool  3GM©IEgdoL
AmORM™05d0.  [omdmbsddbgdols dg@glmds ©0gdMMdL  LRgOMOEYI
RMOSL, MMIES BMY0gMHo J03MMMd6d0 dg0b0dbgds Bsmo 4990056905, MHOb
09095053  §o03m0ddbgds  BgdoldogMo  FmGIol MO0 MHMIgBOHOWO
3MbgaermdgMo@gdo (bme 34. 9, 3).
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si=t= i e - B g > Zakl %14 EEe e -Raaa" 28 27 1R

ZERy HE.BEa 18mm BBEHA _ZFA. Z7 1 ZakL XS, BE8 Shr BEODYEZD =0 1R

Hiae o6 .m 8008 Z8 Z7

3

L@, 34. sgomBobols gmAdgdmgbg 3mbgblio®gdaymo bomdomdols
B9306M0L InMBMEMY0ds. 31mbgblsgool Bgddgesdmes 480-500°C
(5) x500; (3) x1000; ()%2000; () x5000; (9)x100; 3) x200

3obbomw 39839 Bmbsdo d90bodbgds BsHBWGmO (33C0g-
0990 3bgbLoMGOM oMTo (bsb. 13). 39GIm, JMgds NbAlL-ol dsglodwdo,

Bbgds NbsAl UB@odowmmo xgsBol dsdbodmdgdo  3mmbggddyg: 20=38,00;
20=93,100; 20=98,600 s> doghmhgds NbAIz LEsdoww&mo gsbol dsgjlodmdo
20=52,00 3m9ombgby.
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Bob. 13. sgodobols 3dgdigBg bomdodols sbsgsmols
963396MmBsBMM0 ©O0saMs3s (bomdoMTol 3mbgblsgools
39939MsEHy®s 480-500°C)

50939650, ©95dGH0wo Bmbgdol M96EHAI6MLEHOIEHMOMEo sBsobo
Log3mAdzgerl 0dergzs 3513365, MM sE)dobols BwAdgIMOL FH9Jd3geoEMES
39653063908 H95d3H0wo ©oxMHBool d0dobsMgMdOLs s BoBoms ot~
dmddbols 3GmEglbol bobosmb. 39MHdm, 5¢ydobol gdgdmhgbg Bomdomdol
MONJEol 65350008 36 bLs300L M3EGH0TsMH0O 39d3gMoG Mol DL3sML
B90mm 0639 30005603 3mbIbLSEG00m BEBHO0TMWOMGOMWO BgSd-
GoMo oxgM)Hool 30MMm39930, MoE A9BI30MMBIOL RBIBWEO oMJIBIdOL
90900656 9Md5L  LobiEgdsdo w3bmdo  FgEHILEHIOOWMMO BIHBIOOL  Fo3w0.
3MbqgbLsEgool 3H9a39M5@MOOL 5@ 9000 bgds d9EsLEH00WMMHO BsDYdOL
G®9bLRMOI0M0S [bslfimememo LoliEgdolomzol sdsbslosmgdger LEsdo-
WO B5HYOS.

3b65¢omaomMo  LoEMeE0ss IROJLOMGIMWO  Sedobol BwdgdmgbY
A9BGHOol ©BsxsMdoL Jowgdols F9dmbggzsdos [66]. mEmdwol bs3sol
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0505¢0 969205 S LEMOMNJWYIO0EIL FodMUb03gdE0 MDD 0d¥)-
60 6535000 5¢0m3obol 39dgdMol 36033690 M356 goobLIMgASL 2obsdoMmdIBL,
bom  45303990L  36MMmEgLdo  BwdgdMHoLs O IBIGIMOL  goblibgsggdmwo
003M530HB0IMM0 Fobol0sMYOgdOL A5dm 04dbgds Bodwdols sdBsGZ0L bydod-
Mgds. S0 BOGHEE0S MBgOHMbg sMol B39l doge 9JudgMm0dgbE s
©5530JLoMYOWWO. NBOM Jg@oE, 00 MBbgddo, Loosbsl o™ bgds LOMdMUL
06@9bLomMo s6OHMB935, HMAMO G M50096E 0, 0lig OBMMYHIMEo 53dgdeg-
900l g59mygbgdol gdmbgazsdo B39gbl o9 odmdsws3bgd oy gw9dgdmol
999m©bmdol BogBo. 9939 Mbs 9500b0TBML, ™I 3MIZMBOGHOL EHdBIMZOL
9990093 BdgIMoL Hgs306MH0sb 3mbabLsGOlL 9693905 SOG 9o Tgdmb-
393590 56 56Ol IROJLOMYIMWO.

3050096 seydobols gdgdagbg 3mbgbloMYdMO FobEswol
©658M9d0 30D MOEMEs© J;gwr gddgMoG IO ©0s35BMbIo bo3dom
330 HBIOIZOMHIO 5390 gdol  J09d9F0Egdsl  GHm3q0L (bwE. 35),
0993 929 HOMbYWogOHMgM3 o 33wg300 dmdyragdydrirro Mywoy-
agmmo dmbgdo (Lwe. 36. 5), ModGH0MEo ORWYHBooL F0dEObIMYIMOSLMIb
990dgds  09353538060Mm™. 3o3gver dbgddo 933900605 BBl sbsgsGOl

350 370 415

G339 Mo, °C

by, 35. sgrmBobols yMo0gbdmer Bmdgdmgby
3bgbLoMgdmo GHIBEOl Fo3BMBEGOIGHIMS
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SEI 20KV WD16mm 5580

bE. 36. 5emBobol BmdgdHols s F9bEHIOL BIBIMOL MgsdEowmo
Bmbols dmGHBmEmy0s o) x 200; 3) x 2700

©0DsOMo 509900 (be. 36. B), o3 LEAHM®YIGHWOOL TV Mo~
69mdol 85396909 o0s.

A963H5ol ©sbsxzsM9gddo 13gdBHMo dglfogurowos MgsdEHowmwo Bmbol
330000 9060l 50 FgdEHowdo (Lwe. 37). 38-9 LoDy dogowomol Losboom
Pomdmygboos m®o HgMGHowol 13gd@EMmMm™msds. oblobowrgger 89dmbgyg-
353003 399Mm33w g LEAOWYIEHMOME DMbgddo AsTMIWoz3bgdMos FIBEGS-
ol 5 5edobol bbgoolbgs mobsgs®omdomo d99339wmdol modbgdo:

Spectrum 2

Spectrum

. Spectrum 6

! 100um

Uy, 37. s¢rmdobols gmdgdigbg 3mbgbloMmgdwrmo @sbEseols
©5658Mmol Jergd@Hmbmmo Jo3MHMBMEMYMOBOs
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L®. 38. G95dEH0emo Bmbsdo sermdobols gmAdgdmgbg 3mbogblotmgdymo
G36G5Eols sbsgsMOL L3gIGHHMMsdgd0

&9bGow0ol 8993390Mds 3g6ygqgmdl Dw3©m9ddo 6,37%-s6 94,56%—-0g, bmwm
5e9dobols — 0,42%-s6 79,19%-09 (fmboom 36:0m396¢3)90d0).

39-41 LwEsmgdby FoMmdmagbowos Mgod@omwo Bmbols bbgsslbgs
399396053 OM 06@gMH35¢9080 G9BEIol ©obsgsMgdol BgsdoMol dmm-
R3MMmQo0Ls s 256030 33900l Fol3sb0Mgdgo gengdEHMmbmwo dozmmbm-
3007 3009090 25dMBobyengdgdo.

£
=
£
E
=
©

Uy, 39. 5¢rmdobols 3Mo0gbd e mdgdngbg (teni=300-350°C) &obEsgrols
©3658M0l Bgs30M0l Fo3OHMLEMHYIGHMOS

> 356030 337070l 59cLsbrengds

39-9 bLYOONBY BsBgg69d0s, MMI y4z9wWwsHg B Bga3gMOGWEOIM
bmbsdo  (300°C-350°C) gm®IoMgdmeo  ©sbsxsM0  bobosmgds  Lofiyolo

0Do69d0L BoIMYse0d9000m. gl 5939 ILEWM©IdS 60dMTol 56030 339000L

102



2459mbobgdom, HmIgeoa 330639690L 3006096LOMGdIMO FHobESE oL ggbol
900056Md0L IMM3935L F9IMYd0m d306g MObgdTo.

3Mb09bLsE3ooL 3H9d3gGsd Mol 390°C-0g BOHLMB ghms dBsMgd0
oblbgds s 0MHM3935 HBYI30MHOL B 0s6MdS. 236030 339000l Fodmlobwyargds
330P39690L, 3 Ta sbsxsMOl MH3930L 5MJSE0 BoMIM30Yds (6. 40).

H9939605GHMOmHoL  dgdymdo  8mds@gdom  osbarmgdom  450°C-dqy
D900530600 IBIOME0 BIBEFHIOL LRIMMIO0. Fglsdsdols, 3obogz0 33900
2309mbobmgds 430639690L Ta I6IRBIMIOL FDE0sbMdOL MP3g30L sGgseol
23953500 gosL (L. 41).

aluminium
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99dGHOMbM-bbogmmo  BHadbmwmyom  bodolbmgzgsbo  8Mog5wdM0sbo
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©55304L0MFIMYPO MOMMYMYWo TOHOL Fo3MMLEAOMIGHMOS MEIZMP SLEGEY-
690L 360 96LsEOOL 3OM3gLT0 MOMMYMO FomYIBOL BTMYse0d9dDY.
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63060l 5EHM™MIgd0l »OH0gOHNORNYHBMOHO BMbOL Bsdmyswodgdol God@b.

Al-Ni/ZrO2/Fe/Ta 9653500300560 ©565535MH0L d00gdol 30m39do ©o9-

0000 890920 JMbowmEbgwo 56 ogm, Moysb, d0dobsrg 94u3dg@M0dgbE ol
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990003900056 250m30bstyg, 306030mb0mTol Mmdloolb 3mbgbloEos sds30s-

4mx30gd9wo 539Hool MBOHM6390gmR0m Fo0o GHgd3geed Mol dmoom-

L. 59. Al-Ni/ZrO:
3330mBo ol BgsdoMols FszBrmld®HedEag®s

bmgl, M3 9¢dobol 3wdgddol aodmygbgdols 9gdmbggzsdo 99mdergdgeos.
03 65dOmado [70] gbfogaroos  sendobol Bwdgdcmol  Bgodocmol
393965 30630600l omJlooL 36 bLsEHOL LEHMYIEHMOILS S BsBMO
990039600 Md5Dg. 3969060030 Bgs3o®mol dJmbg sermdobol gxdgdcmg (oyo
RO 0s MbgEo 5¢dobols mJuool BOBom) s 30M3Mmbowdol omd-
oo F9MMeg3LYdge 1430l J0933690s, oYL Bgdolidoge #H9d39MoEvY-
e 0639635080 oldmEo ZrO2-ol 30b6gblsdo 1530LmMe35 2oboEOL
58693905L 13dgdM0b. YOO FgIRO 39dMOPM sedobols Bwdgdeol
395JH0ME9053 — gOMLY s 08539 BYIbmmaom® 303wdo gmdgdmol d+96gd-
6030 D9gs3000 XIO oI0RIMS LBms serydoboom, 8909y 3o dmbs
306M3mboMdol omdlool slids. F9JOIRSI® 93GMOMs FogH FoMIGOME0s
3mbmEom®0 MmGHIMH0560 30033MBoG0.

5J9056 2odmB0bsty, 30BsBIgfmbows Bogmzswgm 9dudgModgb@«y-
5 9933990390065 Bozgeol 36906H030 Bgs30MoL 8Jmbyg J39dtgbg ZrOx—
ol 3mbgblsGol  slds  (380-400°C  3mbgbLsEgool  Bgddgeed Oy
©0535Dmbd0), 1935 0GOS ocYymBomo J9ga0 — 60dmTol o30900L
3Mm3gbdo  dmbs  3mbgbloMgdmo  30M3Mbomdol  mdlool GOl

3659d3H030s© LOWWOo 1530L0535000 59693905 bo3zgeol §399M0sb (L.
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59). 53 905G gdom  50bodbme  {iy300bg  B3z9bo  9JudgH0dgbEgOO
893093090, o6 gb 56O oy omzgaerolfiobgdrwo dmagdnwo 33wy3ol
59m 35690000 s 030 sT5EHYO0m dgLfogersls Imombmagl.

50235650, B396L doge 9Ju3gM0dgbEMMO® WIYYBOE0s JuErgdGHem-
Bm-bogmo ¢9gdbmermaoom M35 dM0s60 IBsBIMgdOl domqdol Tglsd-
@wgdemds Cu-Ni/Fe/Nb, Al-Ni-Fe/Nb 5 Cu-Ni/ZrO2/Fe/Ta 0s5000m90%y.
0l939, O®MAMOE MOIO0560 IBIRsGOL BoMgdol G9dmbgg3500, sdo3 semdobols

0d9dOol  godmygbgdols d9dmbggzsdo @gdbmemyomeo 3OHmaqgbo Y39 o
9210930 bmM (3090 YIM.

96153500 dM0560 ©65BMJdOL (B9dbmermaool sb3gfs s 3Md@03wwo
3990g9gbgdol LRgM™gdol obloBMzms 99dymdo 9du3gH0dgb@wmwo bsdmdsm-
900 BoGo6gdsll 8mombmgl. 58 8085MmMYIENgd0m JMm-9M0 59300 9d9E 30-
M5 d0356605 5¢0m3obob Bdgdhgbg dbgEbmdso wommbgdol MFyz9Ed
6950990 LAV 306OHMBYOOL 9d)F53905, HMIOL 25sFY393)93, P3gbo sBEMOm
d9Lodegdgos B}MdgIMHOL  QobMMYOOLS s 9303900L  M9s0d900L
MON0JOHFG0539d0L M HOMBIIWYMBOm. SOLBYIOOM0S HZMINZY MIODMIIO
939860l Lolidob 3mbGHMmmo s dobo go3wgbols dglfogars 3mA3MBoEOL
9994 GHOMB0D03ME JobolinsmgdegdHy.

Bgbl Boge BoBogdmeros 9998539890 GHadbmermyoom domqdeo
36535300560  ©6sRsMdOL  FoaboGMmo  M30L9d9gd0L 33935, GMIOL

39092900 4390 56H0bL Foedmygbowro.

3.6. 36535¢03M0560 65ROl FsgboB Mo mM30LgdgdoL 330930

b3orgbdols s sedobols BdgdMggdbBYy (MoMMgmMol Loldg 1 39)
00O bsBIMGOoL  FsaboGmo  m30L9dgd0lL 331 9g30Lm30L
3990yg9gbgdwo ogm 899ga0 6033900 (83dgdMgLMb GMMS):

> bodmdo Nel - BL3oergbdol ©dgdcg - Ldgero (sbsgs®ol dMggdol
Lobdggdo doeodgEHMgddo) Ni-0.41 89/Fe-0.49 90 ©sb6553560;
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» bodmdo N2 - L3oergbdol ©wmdgdcy - bdgwro (sbsxgs®ol dMggdol
Lobdggdo dowodgE©gddo) Ni-0.41 39/Fe-0.49 99/Nb-0,12 80 sb553560;
» b0odm8o Ne3 - L3owgbdob ®wdgdey - mbgwo (sbsgsGOl IGMggdols
Loldggdo do3MmdgEM9gddo) Ni-4,2 930/Fe-4,8 930/Nb-0,4 830 ©©56553560;
> bodmdo Ned - L3ogrgbdol g3mdgdhg - mbgwo (sbsgs®ol dGMggdols
boldggdo d03MmIgEHMqddo) Ni-16 930/ZrO»-48 939/Fe-40 939/Ta-0,4 930
6553560;
» bodm8o N5 - senmdobol g3mdgdeg - mbgro (sbsgs®ol I6ggdols
Loldggdo do3zMmdgEM9gddo) Ni-33 930/Fe-30 930/Nb-0,7 830 ©@sbs53560.
15330930 MbgEro M350 TM0B0 IBIFIMGOOL ToaboEIMHO M30L9dY-
ool dglobifogwrs godmoygbgdms MoomliobdotMmeo (ML) MHgHBMbIbLMwo
352693H™39EHO00bL M356¢ @™ dgomeo [88, 89].

50MmBObJoOMEOo (ML) HIBMBIBLYIEo F53693™TgEHOO F90353L 03569
X9356033000L  Lobgermdols  mMdoErolol  Lebgerdfonm  mbogg®lodgdoL
956MHM™b03530¢0l Lobgemdoll obBozol 0bLlEGHOEHWEOL 393609M9d0L o9
©3D5©YdM 3010653900 bgwlsfigmlb, M™IgeoE  BodMegdsls  0dwrggzs
d9Mbg3-603m8osbo dsgboBmdg@®ools VSM (Vibrating Sample Magnetometer)
bsbaMdeog 35HMmdz900m56 99sM000 MRBOHM FoMEH0350 © BHMOgS© Fqg3ol-
©9L 359mBs33wg30 603900l oabo@ o IAMIsMgMds (BgMMIsabo@m®o,
3565353600 MO0  ©s  5.0.). MYHBMbIBLYo  BsabgBHMdgBHOol  3mbEMGo
339005 3560330, MMAOol dsabo@meo 3gwos 0 + 1.1 T (Galbews).

2399M33900L BoESMJIOL EOHML 2om35¢0L[obgdwos ol og@o, GmI f
LobJoMOL (33¢0EGOOL OS35HBMbO ¥ 58MZ30LgdMBOL (330 GIOL O35~
Bmboli 3OHM3MOE0MW0s, 53 60dmTob dspbo@dmmo m30L98900L dglobgd
06335300l J0gdol FglodwrgdEMdLl 0deErg3s.

L30e9bdol BdgdMgBy 3mbEIBLOMYdMEO I35 M6 OBsGIEY-
dobL 3oabo@GmMmo ™30L90900L A5BLEBMZMOL F9gRJ00 IBbIFIGTo LobdoMob
330900l 93M3I0EIOIENGI0m 350 F5360GMO 390y 22-27 bsbsBgdbgs

Doedmepgbogro.
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Af kHz

Bob. 22. Cu (gv939869)/Ni/Fe
5658560 LobdoMol (33¢r0EgdoL
53300907905 3909
9536006 30wy

N3

L down Af=0.84kHz

| | | | | | |
0s8

| | |
10 11

H T

Bob. 24. Cu (3v9dgd69)/Ni/Fe/Nb
©36535M3do Lobdotmols (33¢omgdols
533009090 396
8536006 39wy

Af kHz

Af kHz

down Af-23kHz

B6sb. 23. Cu (v9dgd69)/Ni/Fe/Nb
©36535M3do Lobdomols (33¢omgdols
©5803000907)gds 39MY
353b0¢ 6 39wy

50
down  Af=7 kHz

1 1 1 1 1 1 1 1 1 |
10014

A

Bsb. 25. Cu (gv9dgdeg)
/Ni/ZrO:/Fe/Ta ©sb5@s6:d0
LobdoGmol 33omgdols
533009090 390
8536006 39wy

0 | |
0 01 02

0.8 10141
H, T

Bob. 26. Al (3v939869)/Ni/Fe/Nb
365535630 LoboMOL (33EP0EgdOls
590130Q907Jgdd 39MY
95360006 30wy

DomImagboeo dmbs3gdqdol s6serobBo Logdzgwl 0dwrgzs 39133~

Bom, M0 Cu/Ni/Fe 3083mbo@do (60dmdo 1) 3oLEgMhgbolo 56 560l godma-
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00536909 o. 5d9bs, Bodwdo Lw3gM3sMsdsabo@mMo mz0lLgdom boliosom-
@905 (bsb. 22).

35bLb35390w0 G9ga0s JoLgdYo d9-2, d9-3 s 39-4 603 d9ddo (bob.
23, 24, 25). 39600dme, Cu/Ni/Fe/Nb 065350036056 3mbogbls@do Af-ob
86093690 ™mds H=0 306:m30bsm30L 2.3 30rm3gmhal 89500990 (bsb. 23), bmerm
Cu/Ni/ZrO>/Fe/Ta 06535¢08605b60 3000300D0EH0Lsm30L - Af~7 3owm3gmgl (bob.
25). 58009bs0, 6039 603980 godmbsdmeos 3o0LEgMgHBoLo s oLbobo Bgem-
35260@M0 ®30L989000 boliosmds.

396L539PMHJI0» OO FoRBoBWMO QOXIOIOOL MBIMOM FodMOMBY3S
Cu/Ni/Fe/Nb 96535¢0860560 3mbogblbs@o - H=0 3JoGmdobosmzgol Af ~0.9
30™3gOH3L ©o 9saboGWMEMmo  goxgMgds MBOM bogwgdo ot dsabod®o
39¢0L  (H) 306039080 8000935, 653 dobo 8sabg@m®mdowo  dsboggdol
39%936000b5d0 30399336900l FglodErgdemdIl 0derggs (bsb. 24).

M3 899b9ds 5@dobol dqdmgby 3mbgbLloMgdme Ni/Fe/Nb d6o-
35 dM056 65x8MGOL (Bob 26), BBy o939 96 Fx053609ds 30LEgMgBOLO o
30330mB0E0 1I39MH3565058b0EH MO0 M301909000 2odmoMBg3s.

50Ls60dbs305, MM IM53507396M396 bIBIMGOT0 BgHMTogbod Mo 56
139M3565053b0EMMH0 M30L98900 FMINPIINY0s M5 FOEHM (35WIJILO
56593500l 39b0BHMO  M30LgdsBY,  9Medg  dom  Loliggbyg, o6  dsmo
09950039690 3563309008 ©053gBHMHDY. TgLsdsdolo, 98 30O GO0
33193990 2MJdgergds. ,893D0gMgds 96 SMOL o SMEF SMILOOML 0gbgds

LOVgdMo Foabo. yzgws 3603369e0Mm356 [o®To@Egdsl sbowro 3ombgzgdo
9mog3l. ym3zgeo 29630050905 OM™s 96393 Mdsdo sboew @S MBIOH™M MTS

LOMMYEggOlL 53gbL“.
/5. 5063¢s060/
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D90 1336900

BoGo®gdmmo 1s3g3609MMm-33c0g30m0 bsdMdsm Bodmogdsl 0dgg3s
39399009 999920 oMM ©li3369d0:

> 30639 3530 s J03MMLAHOMIGMOMo  Imbsigdndols
3906BM500900L Lormd3zge DY IYRIH00s Sedobols s b3dowgbdols g3wmdg-
3609909 969w ©bMd500 omMMbgdoL - boMmdOMAoL S BHobEowol MmGmMJwrols
6535000l 3mbYbLOEOOL M3EGH0ToEMEO gddgMo@E IO 0s35BMbYdO, M-
d9wog MHMMB39ymal 13dgdMgls s EBIGIOL TGOl ©ods30594MzBonyg-
09 9930Ymodol bodolbl. bL3owgbdol 13mdgdmgbg bomdomdol 3mbgb-
Logool 990mbggzsdo 0go 9950396t 300-500°C, EobEool  3mbogblsgool
d9dobggzsdo - 600-750°C. sBMLEHJIMW0s 5¢mdobols 31dgdegbg bomdovy-
dobs s BobGHowol 3mb6gbLoEool MdEGH0TSEMEMO 39JI3IMIGHIOMEIO O3S~
B@b9dO, HMdgeos BgLsdsdols 895@g9bl 200-390°C s 200-320°C;

> 30639o dgbfagaroos i3v1dgdemol 3H9339Mo@E«ol do3egbs
Bomd0mdols s GHobEIOL IbIFIMGOOL BYEI30MOL FMORMEWMAOSLS O
9099963900L 2565(0gdol boliosmBy. 4sdmzwabowos 30bgblsgoom LEo-
30Mg0)0 M95JG0Io oRMHool 3080bsmgmdol Bsd@EHo serydobols
1d9dmH9Hg OMAMO3 6oMmdoMdol, obg GHobGowol 3mbwgblsgool Mm3EHodswvy-
60 $993905GHMOME0 0535HMBOL Bgs BZIOL Dgdmo.

> 05396005 5¢mdobol gmdgddgbg  3mbgblsgoom  LiEo-
3990MHx3o 954G EogBM)HBool 3OHMEYIEJd0l 396905 s BSBMMO
99029600Mds. Al-Nb 300030mB0E30 BoBMOHO 565¢00HB0m 30603905 SMOL yo-
dm3wgboro HMYME 3 LolEgdsdo 36mdowo AINbz2-ol s AINbs-0l, olg Nb2Als,
NbAL s NbAIz 35930l s®lgdmds. Al-Ta 30093mBoE0l 490sdsgse bmbsdo
3990396005 TazAl 06&9MgEHoOH0 BsHBol Lobmgbob Gog@o;

> »B30Qgbdol 3dgdMgHY - BomdoMol BB FoIEToZ35¢n
BMbsdo RsBMMHO 9650 Bom 306M39WsE ML Fodmzwgbowo MMM L3o-
qbdob 36mdowo, CuNbOs3 s CulNb20s, olig sGobEgdomdgE®moeo CusNb20s
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Bomds@gd0, bmem ,L30wgbdol §mdgdhgbyg - GH9BGHIOL obsgsM0” ot~
©03535¢ DMb5do - BHobEHws?3gd0 TazCuOs s CurTasOu. sblboos 50bodbvy-
@0 6596H3900L BLObMGBOL 2s6aL>DBYIMIEO 30OMdYdO;

> 0d936M9900Ls S 3mbYbLLEYIOL LEHM™MIEIOH—-4gmIgEHMO-
M0 B9JEHMOMIO0L godmmzerol F99ag00L 9b5¢roBol Loggwydzgw by o-
396005, H®™A L3owgbdol (8+9dgdeg), bomdOMTobs s EHobEowol (3mbegbls-
A9%0) 3O0LEIMMO FobmLgdoL Jgmbodsdmdol bosGobbo »dbodzbgarms, Mo
735DomM 259Yma3 Bgs30mHDY 3m39M9gbGE e 393806l s BdgIMYLS S IBS-
ROL MO0l ©353059MmBogdgE 99F0MEXMIOL bo®olbl 49bs306HMdYBUL.
3990 Jdmos 35090, MM sedobols Bwdgddgls s bomdomdobs o
A9BGHowol 3mbgbloMgde BsHYOL TGOl 30 LLlsbP3OM Bmbsdo 3538060
Bobg3M90 3396096 eos.

> 0908539005 OO0 3mbxgoymMsgool  b3owgbdols o
5¢dobol 603390y b0mdoMdobs s GIBGHIwOL ymzqwdb®oz0 ©bsgs-
6900L LIOL Fgdbmemyos 9O Ggdbmemaome 303edo. Jogdmws &9d-
Berermyom®o 60899900, HMIgdo@E oo JodsMm §oggbgd e yggws ¢gdbolzm®
dmmbM3zbsL 53059MmBOgOL.

> 05096005 9e9dEHOHMbM-bog®mo F9gdbmemyooom L3owgb-
ob gdgdhgbg Ni/Fe/Nb s Ni/ZrO2/Fe/Ta, beagom seomdobol 3w9dgdegbyg —
Ni/Fe/Nb 86535¢03610560 5655356900l 80000l dqLsdergdemds. dgbfagero-
05 256030 33900l 03OMBEHMMIEGHMIOS s 9e9dbGHIOL gobsforgdols bolio-
S0 99603 33900. ggbgdl ImEMOL LoLoBEzm™ »dBgddo sdmzwgbogos
9w99963900L  MOP0IONEORHBoOL Bmbgdo, bmeom Fe-Nb 206505350
Bmbsdo - FeaNb bog®omol LobmgBols god@o.

> 3653500560 6558356930l FsaboGMmo M30L9d9d0l 33930l
990093°©  ©sagbowos, MHmd  L3dowgbdolb  gmdgdmgbg Ni/Fe/Nb oo
Ni/ZrO:/Fe/Ta @5b65335090L 53900353603 wMH0 03090900 sbalosmgdl, bemenm
5endobol 399dgddgbg Ni/Fe/Nb ©sbsg3o0 s b3orgbdols 13wdgdcmgbg Ni/Fe
565335600 9396356535360 M0 M30L909d00 Q5TM0MRI3S.
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