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O.1. Cmisa

Boaenns B MeTaJti Ik 0030HHA pianMHA

Inemumym enexmposzeaprosanus im. €.0. [lamona,
eyn. Boowcenxa, 11, m. Kuis, 03150, men/gpaxc 227-23-66

Ha mizcraBi BCTAHOBJIGHOTO B MPSIMOMY SKCIIEpPHUMEHTI (haKkTy OIHOYACHOTO iCHYBaHHS B CTaisix KBasifoHiB H+
Ta H-, ekcriepuMeHTabHUX TaHUX MPO TOBEAIHKY B METaJIl WX KBa31HOHIB, a TAKOXK aHANI3y BiIOMHUX JITEPaTypPHUX
JaHUX 3 JIOKAJIPHOTO BMICTY Ta MAacOINCPEHECEHHS BOJHIO, 3pO0JEHO BHCHOBOK IPO Di3HY IPHPONY BKa3aHHX
KBa3ilOHIB. BOHU BiJpi3HSIOTHCS MK COOO0IO MOBEAIHKOIO B TBEPJOMY TiJli, XapaKTepoM B3aeMOJII 3 HUM, peaKIlieio
Ha JIiI0 30BHIIIHIX YMHHUKIB, MICIIEM PO3TAIIyBaHHs B KPUCTAJIIYHIH IpaTHUII 3aii3a Tomo. [TokazaHo, mo kBa3iiioH
H- mae BnactuBocTi 6030HY, a H+ € depmionom. H- Mae HamBHCOKY pyXNMBICTH B TBEpAOMY Tili K y Meramax
¢ikcyerbes sk mudysidiaui (audysiitHo-pyxnuBuit) BogeHb. H+ MeHm pyxnmBuii 1 y Metani QikcyeTbes sk
3aJIMIIKOBUI BOJeHb. EKCIEPHMEHTANIBHO BU3HAYEHO TeMIepaTypy (a3oBOTrO Iepexojy BOAEHb-0030H — BOAEHb-
¢depmion ms craini Cr.3. [TinkpecieHo, 110 BOASHB-0030H iCHYE JIMIIE B MeXaX TBEPAOro Tina i nuue y dopmi H-.

KurouoBi ci1oBa: BozieHb, 3apsiiHicTh, 6030H, GepMioH, METal, MaCOIIEPEHECCHHS.

Cmammsa nocmynuna oo pedakyii 15.08.2003; npuiinama 0o opyky 07.06.2004.

I. Beryn

Bigomo, 110 XiMi4HI €JIeMEHTH, SIKI CTOSTh HOPS Y
nepioguyHid  TabaMIi, MalTh HHU3KY  CHUIBHHX
BiaactuBocTeil. OTKe, MOXXHA OYIKYBaTH BiJ CYyCiIiB
reNio-BOHIO Ta  Oopy SIKUXOCh  OCOOJIMBHX
BJIACTUBOCTEH HA KIITAIT HAIIUTMHHOCTI PiKOTO Teio,
[0 3HAXOJWUTHCS B CTaHI KBAHTOBOI OO30HHOI piTUHH
[1,2]. B pamiii cTarTi pO3TIAAOTBECA OCOOIMBOCTI
MTOBENIIHKK BOIHIO SIK CYCija relnio; momo 0opy, To Ie —
TEeMa HACTYIHOTO JAOCIIIKCHHSL.

II. AnomaJii BoaHIo

Bopnens Mae GaraTto aHOMalii, SKi BiIPI3HAIOTH HOTO
BiJl IHIIMX Ta3iB Ta ra3oBHX CyMimIeld. BimpmmicTs 3 HUX
JOCUTh TIOBHO BUICBITIICHO B IiTepaTypi [3], ToMy TyT
HA3BEMO IIUIIE KiJIbKa 3 HUX, HAHOUTHII HEOpIUHAPHHUX,
B TOMY YHUCJII i BUSIBJICHUX HAMU:

1. Bomens MoOXe yTBOPIOBAaTH CTiliKi Ta HECTiHKi
rigpuay, abo 30BCIM HE YTBOPIOBATH iX 3 JCIKUMH
METaJlaMH, XO04Ya 3 TUMH X ME€TajlaMHU YTBOPIHO€ HNOCHUTH
CTiHKI TigpooKcuay (Harpukiaz, Hectiiikuid rigpua AlH;
Ta cTilikuii rizpookcun Al(OH); [4].

2. Bopens yTBOproe crnenuidHi BOJHEBI 3B’SI3KH,
ayie JIUIIE MOJICKYJaMH, B SIKUX BiH BHCTYIIA€ SK METa
(H") — HF, HCI, H,O Tomo, ae AKIO BiH BUCTYTA€E 5K
metanoin (H), To Taki 3B’13KH HE YTBOPIOIOTHCS [5].

3. TermoBuit  edekr, SAKUA BHHUKAE IIiJ] dYac
PO3YMHEHHS BOJHIO B METaJIaX, BIIPI3HAETHCS HE TIIBKU
3a BEJIMYMHOIO, aJie i 3a 3HAKOM (€K30- Ta CHIOTEPMIYHi
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OKKJIfofiepH). B Marepianax 3 OJHAaKOBHUM TEIUIOBUM
e(peKTOM MOXKEe CIIOCTepiraTuch sK CcopOLis, Tak i
ngecopOuiss  BomHIo.  HasBHICTE  4M  BiACYTHICTB
wracTHyHOi  gedopmariii  Moxke 3MIHIOBaTH  3HaK
TEIUIOBOTO eEeKTy pO3UNHEHHS [6].

4. Hu3ka meTalliB Ta CIUIaBiB Ha iX OCHOBIi (aje He
BCl) Mae€ 3HaTHICTH IICJIS TEPMIYHOTO OOPOOJICHHS
CIIOHTaHHO BHUALTATH BOJCHb 32 KIMHATHUX TEMIIEpaTyp
NpOTArOM IMEBHOTO 4acy (Tak 3BaHuil nudysiiiHuit abo
nudysiitHo-pyxnuBuii Bonenb — JIPB), yactuHa BoaHIO
MOKHMIAE MeETal Wi Yac HOro HarpiBaHHs, 4YacTHHA
3QTUINAETHCS B METaJIl MOCTIHHO (3aJUIIKOBHI BOJICHb —
3B), neBHa k HOro 4acTWHA MOKHIAE METAJl JIUIIC i
yac pyHHYBaHHS KPHCTAJIIYHOI TpaTHHULI (rpardacThid
BOJICHB) [7].

5. XiMiuHUH CcKIamg MeTany Ta CIUIaBy CYTTEBO
BIUTMBa€E Ha criBBimHOmeHHs Mik JIPB Ta 3B 3a Tux
came ymoB [8] (tabm. 1, 2).

6. IcHye kpuTHuyHa Temmeparypa, Bume sikoi /[PB
nepexoauts B 3B. Ilpu 3MeHImIeHHI TeMIiepaTypu HIDKYE
KPUTUYHOT MOKJIMBA 3BOPOTHA KapTuHa [9].

7. BogeHs B MeTail Mae pi3Hy 3apsHICTh 1 MOXe B
HbOMY ICHYBAaTH OJIHOYAaCHO B 000X 3apsJOBUX CTaHax
[9,10] (Tabm. 2, 3).

8. IlIBuakicte udy3ii BOOHIO B PI3HHX MeTanax
3HA4HO (Ha KiJIbKa MOPS/IKIB) BiPI3HAETHCS 32 THX CaMme
TEeMIIEPAaTYPHHUX YMOB, B TOI e yac JUIsl IHIINX JOMIILIOK
NPOHUKHEHHS 1 PI3HHI He IepeBHILye 1-2 MmopsiaKis
(Tabm. 4).

9. llIBuAKICTh pyXy BOJHIO B PI3HOMY 3apsIOBOMY
CTaHI MOJKe BiJJPI3HSTHUCH 32 THX XKE caMe YMOB Ha KiJIbKa
MOPS/IKIB, MMPUYOMY, ISl PI3HUII ICTOTHO 3aJIC)KUTH Bij
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Taoauns 1
BruuB ckitagy nokpurTsl, sike HarmwieHo Ha apit 0912C, Ha BMicT qudysiiHo-pyxnuBoro (JAPB) Ta 3anumkoBoro
(3B) BomHIO B MeTauti HamaBku ctani 14X2I'MP Ta Ha criBBiTHOIICHHS H/H'

Ne BwMicT BogHIO B MeTajl HaIUIaBKH, 107%% CriBBiIHO
3/m . Po3ainbHe BU3HAYEHHS 3arajabHAN BMICT wenns J[PB
CkJai TOKPUTTS HA IPOTi (H) z0 3B
JPB,meton 3B, meTox Cyma Busnauenus (H+). H/H
XA JIMA JIPB+3B merongoM BIT
1 Buxigauii (0CHOBHHI) 5,5 3,1 8,6 8 1,77
MeTall
2 OM + 1,5% Ni 3,85 5,2 9,05 9 0,74
3 OM + 1,6%Ni+0,44% P3M, 1,9 7,2 9,1 8,5 0,26
B T.4. 0,017%Ce
4 OM+0,45%Y+1,8%Ni 4.6 472 8,8 9,5 1,09
5 OM+2%Ni+0,6%P3M, B 2.3 6,6 8,9 8,9 0,35
1.4.0,26%Ce
6 OM+0,3%Y 5,2 3,9 9,1 10 1,33

Iosnauenns: OM — ocHOBHU# MeTair; XA — xpomarorpadiunmii aHaiiz; JIMA — ToKaIbHHE Mac-CIICKTPaIbHUN aHaI3;
BII — merox Bakyym-1uiaBiienHsi; P3M — pigxicHo3eMenbHI MeTaiu (CyMirin)
Ta6mauus 2
B mudysiiino-pyxiausoro (JIPB) ta 3anumnikoBoro (3B) BogHIO Ha OKPUXYEHHS HAIUIABJICHOTO METAy THITY
10XH2M ((0923/ 823 — 3,60/C)

Tes K T,roJ1- The, K Bwict [H],107% Prnax, Asrp, App., Bwmict
CepelloBHUIla | TPUBAI poXKa- JPB 3B H Jox Jlx/em’ BOJIOKHA
BHTIPOOO- BIJICKYB | PIOBaH. y 31mami,
BYBaHb 11/3BapioB | en-IiB %
373 2 b/np 7.4 0 15,6 2,9 14,8 40-60
BOJA, SIKa 623 3,7 0 16,0 4,1 17,5 80-90
KHUITUTh 120 b/mp 0 1,4 17,6 12,3 36,2 100
623 0 0,6 18,5 12,4 36,6 100
298 1 b/np 8,3 0 14,2 1,8 11,2 10-20
Ha HOBITpi 623 4,5 0 15,1 2,5 15,7 50-70
773 1,3 0 16,5 9.5 32,6 75-90
120 b/np 0 1,5 18,5 16,0 37,3 95-100
623 0 0,6 18,1 16,5 38,5 95-100
773 0 04 18,7 15,6 35,9 95-100

Ipumimxu ma nosnavenns:. T — TeMIepaTypa NpOKaPIOBAHHS SIEKTPOIIB. T — TPHUBATICTh BUJICKYBAHHS MICIIS
3aKiHUEHHS 3BapIOBaHHA. P, — MaKCHMalbHE HABAHTAXKEHHs PYyHHYBaHHA. .A, 1, Ta A, — BiANOBiIHO poboTa o
3apOJKEHHIO Ta POCTy (MTOJOBKEHHIO) TpimuHu. b/mp — 6e3 mpokaproBaHHS
Tabauus 3
Bwict 3amumkosoro (H") ta audysiitnoro (H') BoaHIO B IPUIOBEPXHEBOMY HIAPi Pi3HUX cTanei MeTany Tpy6
napoBoasisoro rpakty TEC o 1a B pe3yJbTati eKciuryarai

Innexc 3pa3ka Mapxka VonHuii cTpym, BitH.0x. | CriBBigHomI. [pumitka
craii H' H H/H'
Cranb 20 197 813 4,13 OM micns H3
385 2220 5,77 OM micns I't
346 15I'C 36 324 9 oM
264 158 3790 23,99 OM /e
172 6770 39,36 M3P
56 25X1MD 1550 3890 2,51 OM /e
b/ X18H12T 80 465 5,8 OM, T=323K
900 2600 2,89 OM /e
3200 90000 28,1 M3P n/e

THosnauenns: OM-ocHOBHMIA MeTaut; 11/e — micns ekciuioaraii; H3- nopmanizauis; ['t — raprysanss; M3P — mertan 30Hu
pyiHyBaHHs; 6/H — 3pa3ok 6e3 Homepa. Bumipu npoBomumick 3a T=273 K 1151 Beix 3pa3kiB, KpiM OKpEMO 3a3Hau€HOTO
Bunaaky; TEC — TemmoBa enekTpocTaHIis

PIBHS TIEPBICHOT HACHYCHOCTI MeTay BogHEM (Ta0uI. 5). 3a poO3MipaMH) KpPHUCTAIYHHAX TMOpax (MDKBY3JIIX),

10. [To3UTHBHI MIOOHH, SIK JIeTKi i30Tonu BoaHio H 30inbiyroud ~ B 10 pa3 IMUIBHICTH  EJIEKTPOHIB
(3a macoro Bonu MeHIni 3a npotoH) B OLIK rpathumi HPOBIJHOCTI; B OLIBIIMX )K€, OKTAEAPUYHUX IIOpaX, iX
Fe-o po3mimytoTbest Jinie B TeTpaeApHYHUX (MEHIIUX HeMmae [13].
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Taoauns 4

BB temneparypu Ha 3MiHy koediuieHTy audys3ii BOIHIO B Pi3HUX MeTallaX

Crainb T,K "D, em/c JIit. mxeperno
300 1,5-10°
ApMK0- 373 4,4-10° 11
3aJ1130
573 1,7-10"
300 2,1-10"
X18H9T 373 3,3-101° 11
573 1,8-107
300 3,2:-107
30XH3M 373 1,3-10° 11
573 6,7-107
28X3M 300 5,0-107 11
300 2,8:107
17X14M 11
373 3,2:-107
14X2I'MP
300 1,4:107
JJ1s1 OCHOBHOI'O MCTaJ'Iy 7
. 300 3,6:10 12
30HU TeleqH. BHJ‘II/IBy s
300 6,8-10
IBa JiHil CIUIaBICHHS .
300 1,810
Cr.3 300 1,5-10°° 12

Taoaunsa 5

3mina koedinienty audysii udysiitao-pyxmsoro soguio D (cm?/c) mix yac Bunexysanus mpu T = 300 K
MPOTATOM T CeK. (FOAMH) 4uepe3 27 ro/IvH MicIis 3BapIOBAHHS 1 MICIs [TONIEPEHBOTO MiAIrPIBY A0 TeMIepaTypu
Ty, K. Crans 14X2I'MP; ctpykrypa — mapteHcurt Ta 10-12% OeiinitTy. Y BUXiZHOMY MeTali BMICT
3aJIUIIKOBOI0 BoaHio — 0,8-1 10™% mac

BincTans Bij MOBEpXHi, CM

T, CeK 0,05 0,1 0,2 0,3 0,4 0,5 (JIC)
Ty, TiCTIst

K 27 AC, | D,10° | AC, | D,10° | AC, | D,10° | AC, | D,10° | AC, | D,10° | AC, D,

TOJVH em/e em’/c cm/e em’/c em’/c 107

em/c

300 | 4,68-10% | 4,57 | 195,22 53 113,2 | 6,21 66,3 1,45 | 10,33 0,5 2,67 2,3 9,83
(13 ron)

373 | 5410* | 12,3 | 4555 | 10,8 | 201,1 | 3.4 31,5 2,14 | 13,21 0,6 2,77 0,6 | 2,22
(15 ron)

423 | 6,12:10° | 3,15 | 102,9 | 0,84 13,7 | 1,23 10 1,67 9,09 0,84 3,43 0,67 | 2,19
(17 ronm)

483 | 54-10° 4 148,1 1,28 | 23,7 | 0,94 8,7 1,05 6,48 0,94 4,35 1,45 | 5,37
(15 ronm)

11.B pi3EExX 3a po3MipaMH Ta XapakTepoM HOro KOHIEHTpalil 3a HAJAHWU3BKHX TEMIepaTyp Mae

KPUCTATIYHUX MOpax (TeTpa- Ta OKTaCAPUYHHUX) B 3aiIi3i
PO3MIIIYIOTECS Pi3HI 32 3apsIHICTIO KBa3ifOHUW BOHIO:
H" B wmamux (teTpaeapuunnx), a H 'y Benumkux
(OKTaenpuUyuHMX), IPUIOMY B TETPAIIOPI MOXKE OyTH JInIe
OJIMH KBAa3ifOH BOJIHIO, a OKTAIOPi — BOJHOYAC JCKUIbKA
1 HE TUTBKH BOAHIO [9].

12. BoaeHb, sIKMil PO3UMHSAETHCS B METAJIaX, MOXKE 3
OJTHOTO OOKY MOro OKpHX4YyBaTH (BOJHEBA KPUXKICTb), &
3 apyroro — rmactudikysaru [6,14].

13. Iudy3ist BOIHIO B TBEpANX TiIaX MpW HE3HAUHIN
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KBaHTOBHH Xapakrep [15].

Le#t mepemik MOXHa IIe NPOJOBXKYBAaTH, IPOTE
MOSICHUTH TIE€PEeTiYeHi BHUIE aHOMaJii 3 TOYKH 30py
Cy4YacHOTO MaTepialio3HABCTBA Ta (DI3MKH METaiB — HE
BIAE€ThCS. PeTenbHUI aHami3 Ta CIHIBCTABJICHHS MK
cO0O0F0 TIepENIiYeHNX BUILE Ta HE BKA3aHUX TYT aHOMAii
BOJIHIO IT0KA3aB, IO MEPEBAKHY OUTBIIICTh 3 HUX MOXHA
3B’SI3aTH 3 PiI3HUM 3apsI0BUM CTaHOM BOIHIO B METAJi.
Ane mis cKOpodeHHS O0’e€My CTaTTi B IOJANBIIOMY
OyneMo po3TIIAJaTH JIAIIE CHUTYalilo, SKa BHHUKAE B
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3a;mizi Ta Horo criaBax. [loBemiHKY BOIHIO B pEIITi
CIUIaBiB (TWTaHy, AMIOMIHIIO, Mifi, HIKEJIIO TOIIO) TYT
posrisimatu He Oynemo, SIK 1 BIUIMB JIETYBaHHS CTalli,
PI3HHX TEXHOJOTIYHHUX OOpOOOK Ha mepedir 3ragaHux
MPOLECIB.

II1. 3apsimoBuii CTaH BOJAHIO B MeTAaJi

Bozenp B Meranax MoXke 3HAXOAUTHCh B PI3HUX
3apsAI0BMX CTaHAaX — y BUMIAL kBasitonis H™ (1poTomny),
H° ta H. TpuBanmii 9ac HaBKOJNO IILOTO MUTAHHS
TOYWINCH cynepeukd. [lepeBakHa OLIBIIICTh BYCHUX
BBa)XKa€, II0 BOJCHb B MeETajl MOXe OyTH TUIBKH Yy
BUIJIAI NPOTOHY (KaTiOHHA TeOopis) 1 M0 came 3aBISKU
[bOMY 3a0€e311e4y€eThCsI BUCOKA PYXJIMBICTD BOAHIO (Mai
posmipu H', TO6TO cTepuuHMii YMHHHK € TOJOBHHM).
IHIIa HEeBeNMKa rpyna BYCHUX BBAXAE, IO CHEPreTHYHO
BUTiHIIIE yTBOPIOBATH B MeTami kBasdiiioH H 3 nBoma
€JIeKTPOHAMH Ha BAJCHTHIA opOiTaii, HDK BigmaBaTH
€IMHANA eIEKTPOH (aHIOHHA Teopis). 3roI0M TEOPETUIHO
Oyno noBenmeHo, MmO “TOJNIOTO” TPOTOHY B MeTalli HE
icHye, TOOTO aToM BOJHIO TOBHICTIO “HE Bimmae” CBii
CJICKTPOH, a JIMIIC “MUIMThCS” HUM 3 aTOMaMH 3aJlia:
€JIEKTPOH 00epTaeThCsl HABKOJIO 1 siApa aroMy 3ajisa, 1
aapa aroMy BojHIO (mporoHy). Crin ckasatu, o He
3HalIUIOCh NPSAMHUX JIOKa3iB IPaBOTH JKOJXHOI 3i
3raJlaHuX TEOopid, Xo4a HempsiMi (eJIeKTpornepeHeceHH s,
HATNpUKJIaa) JOaNnd TMiACcTaBy Uil OUIBIIOCTI BU3HATH
MIPIOPUTETHOIO caMe KaTioHHY TEOpilo.

B 3BaproBaHHI, MeTamyprii, MeTag000po01i IHPOKO
BUKOPHUCTOBYIOTbCA ~ TMOHATTA  “‘mudysiiianit”  (abo
“muy3iiHO-pyXIMBUIA’) Ta  3AIMIIKOBUH  BOJCHB
(Bimnosimuo JIPB ta 3B). Ilepmmii — TO € BOAeHb, KU
3a KIMHAaTHHX TEMIIEpaTyp CIIOHTAaHHO BUAUISETHCS 3
METally Miciasl 3aKiHYCHHS TEXHOJIOTIYHOTO IIPOIECy.
KoHiieHTpaliiss Takoro BOJHIO B MeTaii Oe3mepepBHO
3MIHIOETBCS. BBaxkaeThcs, mo mporsaroM 3 mi0 1ei
MpoIleC 3aKiHIYETHCS 1 B METaJl 3alUIIaeThes e 3B,
KOHLICHTpAILLISl IKOTO 3 YaCOM HE 3MIHIOETHCS 32 TUX CaMe
TEeMIepaTypHux  ymoB. Ha  mpomosumiro  akaj.
LK. [ToxomHi aBTOpOM OyJI0 TIIOCTaBICHO CHEHialbHi
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Puc. 1. 3mina inTencuBHOCTI HoHHUX cTpymiB Fe' (1),
FeH' (2), H" (3), H (4) 3aneHo Bia rycTuHH HOHHOTO
CTpyMy MepBiCHUX HOHIB Ar'.

excriepuMenTH [16], ski mokasamu, mo kBasitionn H' To
€ 3aJHUIIKOBHHA BoAeHb, a H- — mudysiitamii [17]. O1xe
OTpUMaHO npsiMe T ITBEPIKEHHS iCHyBaHHS
HETaTUBHOTO KBa3ilOHY BOAHIO B MeTai (puc. 1, 2).
3rifHO 3 ICHYIOUMMH YSIBIICHHSMH 3 TEOPETHYHOI
TOYKM 30pY MOXKHA pO3IIISAaTH TNPHHAMMHI  71Ba
MexaHi3Mu audy3ii BOIHIO B MeTajaxX — MIDKBY3€JbHI
NepecKOK! Ta TyHemoBaHHs. Ilepmmii MexaHi3M He B
3MO03i HOSICHUTH HaJIBUCOKI MIBUJIKOCTI
MacOIIepPEHECEHHsI BOJHIO, HANPUKIAM, 32 CIIOHTAHHOTO
HOro BHIUICHHS 3 METATy IiJ Yac BUJISKYBAaHHS, PO LI0
BXKe Hnurocs Bume. ToMmy OibII HMOBIPHUM BBa)Ka€ThCA
TYHEJIOBaHHA MPOTOHIB (3a Xenmepom Ta Anamcom) [18].
Jnga posrmsmy Ta po3paxyHKy LUX TIpomeciB  Oyio
BBEJICHO IIOHATTA XBHWIBOBHX IAKETIB SAK IPOAYKTY
B33a€EMOJIIi  ENIEKTPOHIB  MPOBiAHOCTI 3  (OHOHAMHU
KpPHUCTAIIYHOI rpaTHULl. PyX mmx makeTiB B TBepAoMy
TN pO3paxoByBaBCS 32  KBAaHTOBOMEXaHIYHHM
piBasHHsIM JlemxkeBena. [Ipu npomMy npuiimManu 10 yBaru
W BIUIMB TIEPIOANYHOTO TOTEHIady KPHCTAJIIUHOI
TpaTHUL Ta NOTEHILiaJbHOI MM Ha nedekrax (3yccMmad,
Baiiccman) [18]. Ame 3a 1muME  po3paXxyHKamu
XBHJIBOBHM ITaKeT INBHAKO pO3CIIOBABCS — BXKE B
cycimHpOMY MiXBY31i. Ha xaip, aBTOpu He BpaXOBYBaJIH
B3aEMOJII0  JOMIIOK 3  MaTPUYHUMH  aTOMaMH
KpUCTAIIYHOI TpaTHUINI Ta 3apsIOBUH CTaH IHX
noMimok. Ha choromdimHiii HeHh HEMAE IMOSICHEHD
M1/IBUIIEHOT PYXIIMBOCTI AN(Y31HHO-PYXIHMBOTO BOJHIO.
3 Hamoi TOYKM 30py ImiaBuIIeHa audysiiiHa
pyxiuBicTh KBa3iioHy H™ B Meranmi 3ymoBieHa Horo
CTPYKTYPOIO: PO3IMOMLT CICKTPOHHOI TYCTHHH B IIiH
CHUCTEMI Ma€ BUTISA “AHUCKY”, a B MEPETHUHI — raHTemi,
sKa JIETKO ‘“‘mepeTikae” HaBiTh Yepe3 BiIHOCHO BHCOKI
MOTEeHIIiHHI Oap’epu. HasgBHICTE B MeTaji eJIeKTPOHHOTO
ra3y 3a0e3mnedye OUTBIIYy TPHUBATICTH ICHYBaHHS ILHOTO
kBasifiony (H) y mopiBHSHHI 3 BiANOBIAHUM HOHOM
ra3oBoi IUIa3MH Ta CIPHSIE€ HOTO PYXJIHMBOCTI 3aBASKH
KYJIOHIBCBKOMY BiAmTOBXyBaHHIO. [lin 9ac mudy3iiHuX
aKTIB BOJICHb 3aXOILIIOE EJIEKTPOH, IEPETBOPIOIOYKCH B
kBasiioH H™ 3 eHepreTnyHo CTiIHKOIO OOOJIOHKOIO THUITY
rexito. [Ipore B MeTasi, BlIacHO KaKy4H, 111 000JIOHKA He
€ a Hi OJJHOEJIEKTPOHHOIO XMapoIo (SIK y BUIBHOTO aTOMy
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TpuBanicTe BUTPUMKMK,TOONH

Puc. 2. Brnue tpuBanocti BuiexxyBanHs 3a T =298 K
B Kamepi 3iTKHeHb mpriaagoBoro kombdaitHy LAS-2000
3paszkiB crami Cr.3cnm Ha IHTEHCHBHICTP HOHHHUX
crpymis H' (1) ta H™ (2).
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BOJIHIO B Ta3i), a Hi IBOENIEKTPOHHOIO XMapoIo (IK y HOoHa
H™ B rasosiii mnasmi). B metani HaBkoJiO siapa BOIHIO
YTBOPIOETHCS JIEsIKE 3TYIICHHS BAJIEHTHHX EJIEKTPOHIB
(CBigUeHHS MeTaJeBUX BIACTHBOCTEH BOAHIO), SIKE MOXKE
OyTH 3aXOIUIGHHMM SAPOM BOAHIO TiJ Yac Horo
nepeMilleHHss B rpartHumi. IIpy LbOMYy UEHTp Baru
3MmimteHo Bif siapa [19]. Omxe, nudysis kBasiiiony H B
MeTaJi Ha Hally AYMKY BiIOyBaeThCs 32 MEXaHi3MOM
TyHentoBanns. Kpasiiion xe H' (mpoton) smilicHroe
Mirpamito IO TBEpIOMY TUIy JHIIE 3a MEXaHi3MOM
MEPEeCKOKy, TOMY IO “BUTBHOMY” HOTO pyXy IO METaly
MEPEIIKO/PKAE B3aEMOMIS 3 HETaTHBHO 3aps/DKEHUM
eJIeKTPpOHHUM ra3oMm. Lle me ogHa 3 aHoManiit moBeaiHI
BOJHIO 3 PI3HUM 3apsiIOBUM CTaHOM B MeTaii. BoHa
MIOSICHIOE TIPUYMHY BHCOKOI PI3HHUII MIX IIBUAKOCTSIMH
ix MacomnepeHeceHHs B mertanax. [Ipore e icToTHa, ajie
HE €JIMHA PUYHHA.

Ilpu migxomi IO MiCIlb CTOKY 3 OOKY 30BHILIHBOI
YaCTHHHU IOBEPXHI po3mnoniry ¢a3, 3epeH, BHYTPIIIHIX
JIe(PEKTIB TOMO BOJCHh HAKOIMYYETHCS T4 BUIIYKYETHCS
B3JIOBXK IOBEPXHI B IMOTCHINIANBHIN sMi. YTBOPIOETHCS
map kpasiiionis H 3 ogsoro 6oky i Fe' — 3 mpyroro. B
yMOBaX, KOJHM BIICYTHIH BIATOK HOHIB 3 MICIh IX
CKyITYCHHS, WiABHIIYeTbcI THUCK 1ioHIB H™  Oimsa
nepemkoay. KiHenmp KiHIeM a0o KBa3idOHW BOIHIO
JIONIatoTh ii He 3MiHIOIOYM CBil 3apsgoBuid ctaH (s HY),
ab0 BTpayaroTh 3apsj Ta MONI3YIOTHCS Ha MMOBEPXHi, a00
YTBOPIOIOTH 3 3Jli30M YW IHIIMM €JIEMEHTOM XIMIiuHy
CIIOJIyKY, Hanpukiaja, rigpua 3amiza FeH, um Hikemto
NiH, Tomo. Ksasition Boguio H' Taxux mepemxon He
Ma€, TOMYy caMe BiH W CIIOCTEPIraeTbCs  MiJl dYac
JIECOPOIIIT MPAKTUIHO 3 YCIX METANIB, TOJI K AeCOpOLis
H' criocrepiraersest He 3aBxau (quB. Bute 1.4, 1.5)

B 1938p. II. Kamima BusBHB  iCHYBaHHS
nammmanocti B “He 3a T < 2,17 K. Tlizuiute, B8 1972 p-
. Omepodd, P. Puuapacon ta M. JIi 3HaWnuIM, mo 3a
T < 0,002 K anayioriuHi BIaCTHBOCTI KBAHTOBOI PiIUHH
3 ABNSAIOTECS W B 130TOIY *He [2]. Omxe, Ha CHOTOZHI
BIIOMO TpHM KBAaHTOBUX PIAMHH, SKI MAalTh CTaH
nagmmasocti — ‘He (omun) ta *He (1Ba — A Ta B).
Teopito mammimusocTi ‘He pospoGue Jlanmay, a
HagmmHHOCTI “He — 3rajani Bumie asropu. Jlammay
OKa3aB, IO 3a HAJHW3BKHX TeMmieparyp atomu ‘He
CTalOTh 0030HAMH Ta MAIOTh IUJIOYUCETBHHUN CIiH. 3a
Oxepoppom y °He 3a T<0,002K yTBOPIOIOTHCS
KYIepiBChKI Taph ENEKTPOHIB, OTXKE, TEK 3’ SIBIIETHCA
OTOYHMCENbHUN CmiH  (HyJlbOBHI), a piguHa CTae
6G030HHO0. [T B’SI3KiCTH B CTaHi HAAMUIMHHOCTI ~Ha 7
MOPSIIKIB HIDKYA 3a B’S3KICTh Takol JK pIAMHU 3a
HOpPMaJPHUX YMOB. [HmIMX pedoBWH, sKi Mamu ©O
aHAJOTi9HI  3MIHM  BJIACTHBOCTEH UM  TOTOXKHHA
KBAaHTOBUU CTaH, HE BUSIBJICHO.

B 1990p Oyno ompuintogneHo pob6oty [20], B sikiit

BUCYHYTO TilOT€3y TpO ICHyBaHHS B  MeTajax
CBOEPITHUX PYXOMHX YTBOPEHb 3 JIOMIIIKOBUX Ta
JIETYBaIBHUX  €JEMEHTIB, fAKi MalTh  BOAHOYAC

BJIACTUBOCTI XBHIII 1 YaCTKU — HOHHUX IUTa3MOHIB. VoHHI
IUIa3MOHH Y  «BUTBHOMY» CTaHI 3[aTHI IIOCTiHHO
YTBOPIOBATHCH, PYHHYBATHCh, (PIKCYBAaTHCH >KOPCTKO Ha
pi3HOTO pOAYy IUIONIMHHUX Ta 00 €MHHX JeQeKTax,
MOBEPXHAX  3€peH, (a3, CTPyKTyp, AHMCIOKAIil,

MikpormopoxkHHH —Tomo. Came 1e ¥ 3yMOBIIOE
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(opMyBaHHS  XIMIYHOI HEONHOPIAHOCTI B  OKULT
neperiyeHnx aedexrtis. 3 iHmoro 00Ky, 3 Ti€l rimores3n
BHOIrano, mo kBa3iiioH H™ 1moBuHHEH MaTH BJIaCTHBOCTI
6o30Hy, a kBasiion H' — ¢epmiony. IIpoton (H') —
JiicHO € (epMiOHOM, L0 € 3arajJbHOBM3HAHMM. A OT
0030HHY MMPHUPOJy HETATUBHOTO KBa3ilOHY BOJAHIO Tpeba
111€ JIOBECTH.

3a3HauyuMO, MO0 TOHATTS “KBAaHTOBAa piguHA”,
”KBAaHTOBI BIIACTUBOCTiI YacTok”, ~0030H”, “¢epmioH”
TOLIO 3a3BMYall BIMHOCATH /O CTPYKTYPHO-BIIBHUX
YacTOK, SKi MepeOyBaloTh B CTaHI ieanbHOro Tazy abo
1a3Mu, abo 32 HaIHU3BKUX TEMIepaTyp B TBEPIAOMY Tili
(mamnposimmicts) [21,22]. B maHomMy  BHIAAKY
PO3TIIAIAETBCS  TIOBEAIHKAa  KBa3illoHy BOAHIO  SIK
KOMIIOHEHTa TBEPIOTIIBHOI IUIa3MH. 3 1HIIOTO OOKY
MOXJIMBICTh 3aCTOCYBaHHS alapary KBaHTOBOI MEXaHIKU
Opy pO3MIIsiAl TEBHUX IIPOLECIB B TBEPAMX TUIaX 3a
MO3UTUBHUX  KIIMAaTHYHUX  TeMmmepaTyp  (30Kpema
TUIABJICHHSI MeTally) MoKaszaB y cBoili poOori Kopuarin
[23]. Ho Toro »x, 4YacTo-ryCTO BUIBHI EJICKTPOHU B
TBEpAMX METajlax PO3IIIAJAIOThCS SIK EJIEKTPOHHHWI ra3
abo ¢epMmioHHa pigHHA.

IV.BaacTuBocTi kKBa3iiioHiB BOJIHIO
pisHux 3apsiaHocTeil. BogeHb-0030H
Ta BoJleHb-(epMioH

IT. FOxHoBchkuit Ta B. TkauoB [24] Ha mimcTaBsi
MIPOBEACHUX PO3paxyHKiB CTBEPIKYIOTh, 1o
HETaTUBHHUH KBa3iHOH BOJHIO — TO € TMEpeeKpaHOBaHUI
MpOTOH, sikomy Hanexutb 0,387 enextpoHa. Lo mymky
nozginse W K. Makkeii [5]. Takum umHOM, HMOBIpHICTH
ICHyBaHHS B METaJIl HETaTUBHOTO KBa3iiioHy BonHio H™ €
MO3UTHUBHOK BenuunHOW. OTke, 3rigHO [2] MOXHA
BBa)kaTH, 1m0 AK i B “He (B sxomy 3a T <0,0002 K
3’SBJIAIOTHCS KYIEPIBChKI MapH €JIEKTPOHIB), Y BUIAIKY
YTBOPEHHS B METaJli HEraTUBHIX KBa3iHOHIB BOJHIO TEX
MOXYTh (DOPMYBAaTUCh CTIHKM KyHEpiBCBKI Mapw, aje 3a
IHIIIX YMOB Ta I iHmWX iHTpanmieHTiB. Ksasition H
Ma€ CIIapeHuil eJIeKTPOH, OTXKe, BiH Mae OyTH 6030HOM, a
kBasition H'(B AKOMy €NIEeKTPOH € HecrlapeHHM) Ma€ OyTH
depmionom. B Takomy Bumanky ksasiifomn H' Tta H
MOBHHHI MAaTH 30BCIM Di3HI BJIACTHUBOCTI Ta MO-Pi3HOMY
BecT cebe B MeTanmi. Buine Bxke 3raayBajiock IIpo
TUQY3iiHUN Ta 3aJMIIKOBUH BOJCHB, MirpamiiiHa
AKTUBHICTh SKHX BIAPI3HAETHCSA HA KiTbKa mopsakis. Lle
OyJI0O BHSBIEHO MiJ 4Yac NMPSIMHUX BUMIPIB JIOKAIEHOTO
BMICTY Ta pO3MOUTYy BONHIO B CTaLIX METOIIOM
JIOKaJTbHOTO Mac-CHEeKTPAIBHOTO aHANi3y 3 eNeKTPOHHO-
MPOMEHEBUM  30HIOM HA  YCTaHOBII [HCTHUTYTY
enektposBaproBanHsa iM. €.0. [Tarona O6-768M [25] Ta
METOJIOM BTOPHUHHO-HOHHOI  Mac-CIIEKTpOMETpii Ha
MPHUIIAIOBOMY KoMOaitHi-maboparopii LAS-2000
(RIBER, ®panuisi) (puc. 3, 4), ne HaBeneHo po3moain H
ta H' Bia moBepxHi Tpitmuu B rauGuny Metany. PisHuis
MIDX XapaKTepoM LMX KpuBHX oueBunaHa. [lincymoByroun
HaBEJICHI JaHHI MOXKHA CTBEPJDKYBaTH, O KBa3ifionn H
ta H' nilicno BeayTs ceGe B MeTani mo-pisHOMy Ta IO-
pi3HOMY pearyroTh Ha JIif0 30BHIIIHUX YMHHHKIB.
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Puc. 4. Posmoxmin H (1) Ta H™ (2) B Meram Bim CTiHKH
TpilMHU B MIMOWHY (a) Ta Bij 1 BEpXiBKH B TJIMOMHY 30HU
nepenpyiinyBanus  (6). CTpiikM  BKa3ylOTh  HalpsMOK
CKaHyBaHHS Ta ITOCIIIOBHICTh PO3TALIYBaHHS 30H JIOKAIBHOTO
aHaii3y ckiany merairy. Crans 16I'HM.

Puc. 3. 3mina intencusHocTi fomnnx ctpymis H™ (1),
H (2), Fe" (3) Bin moBepxHi CTiHKM TpillMHU B
rnubuny metany. Crans 15T°C.
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Puc. 5. Brumms TeMnepaTypu Ha iHTeHCHBHiCTb Honnux ctpymis H' (1), H™ (2), FeH' (3), FeH  (4) nix yac pasiauiiinoro
HarpiBaHHs 3paska crani 20 B kamepi 3iTkHeHb npuiagy LAS-2000 B ynsTpaBucokoMy BakyyMi. CTpiTKM BKa3ylOTh Ha

TeMIepaTypH 3MiHH THITy KpHCTAlliuHOi rpataumi riapumy (~320 K) Ta dasosoro nepexony H«>H" (603 K).
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30kpema, KBa3iOHH H', sxi MiAKOPSIOTHCS CTATHCTHII
Oepwmi-/ipaka (pepmioHn) pearyoTh Ha: XapakTep
HaBaHTAXEHHS (PO3TSr, CTUCKAHHA); XapaKTep, CTYIiHb
Ta MBHAKICTH aedopmamii (IO MEBHOTO KPUTHYHOTO
PiBHSI) 1 HAKONMMUYYIOTHCS HABKOJO sAEp AMCIOKALiil B
nomimkoBux — arMmoctepax.  Kmasiiionn H',  ski
HiAKOpsIFOThes craTucTuill bose-EiiHmiTeliHa, Ha 1€ HE
pearyrotb. Kgazitionm H  3miliCHIOIOTH HacHUYCHHS
MeTaly 3 30BHIIIHBOIO CEPEeAOBHINA, pearyioTh Ha
CKYITYCHHS TUCIOKANid 3 JOMIIIKOBOK aTMOC(Eporo,
HelTpamizyloun ii (4uM ONOKYIOTB pPyX OHCIOKAIlii);
pearyioTh Ha yJapHi, aKyCTH4YHI Ta TEIUIOBI XBHII Ta
Oynp-ski 1HII 30YyIDKEHHS, SIKi 3MIHIOIOTH IIUTBHICTB
MeTally, 9acTOTy KOJHMBAHb aTOMIB HOTO KpPHUCTaIIdHOL
TPAaTHHUIIl HABKOJIO IIOJIOKEHHS piBHOBaru. TermuioBa
xBuns cnpuse Qasosomy nepexoay Bin H o H'.
HasBHicTh mepemkon Ha UOUIIXy pyxy mnmotoky H-
BUKJIMKAE JIOKAJIbHE MIABHUINCHHS X KOHIICHTpAIIil 1epes
Humu. lle Beme 1m0 mocnabneHHS MDK3EpEeHHUX Ta
MDKIUTONIMHHUX 3B’S3KiB B METali, OTXKE, CIPHUSIE HOTO
pyiiHyBaHHIO. Taki CKyI4eHHsS HEraTHMBHOI'O KBa3iHOHY
BOJHS 3[]aTHI MPU3BECTH JI0 JIOKAIHHOTO YTBOPEHHS Ha
MeXKax 3epeH Ta (a3 CTPYKTYp THITY TUTIBKOBUX TiIpHIIB
3aji3a, B SKHX BIJHOIIEHHS IUIONI O TOBIIMHHU
mepeBumrye 1000, a ToOBmMHA caMoOro TiAPUAY HE
nepeBurrye 30 HM [26].

[lig gac HarpiBaHHS CTajli O BHUCOKHX TEMIIEPATyp
oe3mocepennHb0 B Kamepi 3itkHeHb LAS-2000 mpu
NOCTIHHOMY KOHTPOJI 32 3MIHOKO IHTEHCUBHOCTEH
iionnux crpymis H ta H' Gyno BcTaHOBJEHO, 1O 3a
T > 603 K 3MiHIO€TBCS XapakTep camol TepMorpaMu —
3HUKAIOTh MasleHbKi Tiuku Ha Ttepmorpami H = f(T)
(cBimueHHs mopiiHOCTI BumineHHs H 3 merany) i kpuBa
ctae rmagkoro (puc. 5). IIpore kBaziiion H™ dikcyerbes i
3a OUTBII BHUCOKHMX TEMIIEpaTyp, ajie e BXKe JIUIIe
yIaMKHd ~XIMIYHHX CIIONYK, SIKi yTBOPIOIOTBCA B
pe3ynbTaTi aucoriamii, emekTposizy Ttomro. Lo Te3y
MATBEPIKYE 1 CHHXPOHHICTH 3MIHHM I1HTEHCHBHOCTI
ifionnnx crpymis H ta FeH' 3a T>603 K (puc.5).

Orxe, mna manoi crami T=603 K — me temmeparypa
(hazoBOrO TEpexoAy HETATHBHOTO KBa3iliOHY BOAHIO B
MO3UTHBHUM, TOOTO BOJHIO-0030HY Yy BOJCHb-(PEPMiOH.
Amnanoriuny Temnepatypy nepexoay H no H', ane B
ajicopbOBaHOMY Ha IMOBEpXHI Merany (3amizi) mapi
Bu3HaunaK Pencom Ta ®ikanop [27].

V. BucHoBku

Ha mixcraBi anHamily eKCIIepUMEHTAJIbHHUX JaHUX,
BMICTy Ta pO3MOJiTy, Xapakrepy Mirpauii B Meraii
KBa31MOHIB  PI3HOI  3apsAAHOCTI, OCOOJMBOCTEH  IX
MOBEIIHKU B TBEPJIOMY TiJIi, 3p00JICHO TaKi BUCHOBKH.

1. HeratuBHuii kBa3iiioH BomgHr H — mudysiiiHO-
PYXJIMBHI BOJIEHb — € KBAaHTOBOIO OO30HHOIO PiIMHOIO B
MeTali 1 Ma€ aHOMaJIbHY BJIACTHBICTb — HaIPYXJIHUBICTh
(“magmmuHHICTE”) B TBepaoMy Timi 3a T < T,. Omxe, H —
TO € KBAaHTOBA PilMHA, SIKa ICHY€E TUTBKH B TBEPAOMY Tili
1 TUTBKK y BUTJISII HETATHBHOTO KBasiony H', skwuii €
0030HOM, Ma€ CHapeHWH KyNepiBCBKUN EJIEKTPOH Ta
Bucoky (T,=603 K) temneparypy ¢azoBoro nepexony.
Hoci Oyna Bimoma numie oxHa KBAaHTOBAa PEYOBHHA —
pizkuit rerii, sxuit yTBoproe Tpu 6030HHI pimman — ‘He
(T,= 2,17 K), *He-A Ta *He-B (T, = 0,0002 K). ITpore, €
ICTOTHA pI3HMI: TeJii, SK KBaHTOBa 0OO30HHA piguHA
iCHye sIK caMOCTiiiHa pe4yoBHMHa, TOJl SK BOJEHb-0030H
MOXe€ ICHyBaTH JIMIIE B MEXaxX TBEPAOTO METaIy i TUIBKU
Y BUIJIAIi HETATUBHOTO KBa3ii{OHY BOIHIO.

2. BUCYHYTO NpUITYLIEHHS, SKE IMOSICHIOE MPUYUHU
Ta MEXaHi3M pIi3HHUII B IIBHIKOCTI MAaCOIIEPCHECCHHS
(3okpema, audysii) BOAHIO PI3HHX 3apsAHOCTEH B
MeTajlax Ta CIulaBax: kBasifioH H™ wmirpye B Mmertami 3a
MeXaHi3MOM TyHeTIOBaHHsA, a KBasilion H' mepeckokom
no MibkBy3nax. Ilpore ocTaHHe TBepIKECHHS Iue
noTpedye TOATKOBHUX JIOCIHIPKEHb.
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Hydrogen in the Metal as Bose Liquid
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The fact, established during direct experiment, of simultaneous existence of H+ and H- quasi-ions in steels,
experimental data on the behaviour of these quasi-ions in the metal, as well as analysis of the published data on the
local content and mass transfer of hydrogen, led to the conclusion of the different nature of the above quasi-ions,
differing from each other by their behaviour inside the metal, nature of interaction with it, by the reaction to the
impact of external factors, location in the iron crystalline lattice, etc. It is shown that quasi-ion H+ is a Bose particle
and H- is a Fermi particle. H- has a superhigh mobility in the solid and is fixed as diffusion (diffusible) hydrogen in
the metals. H+ is less mobile and is registered as residual hydrogen in the metal. The temperature of phase transition
of hydrogen-Bose particle — hydrogen-Fermi particle was experimentally determined for steel 3. It is emphasized that
hydrogen as Bose particle exists only within the solid and only as H-.
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