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COOpHUK  COAEpXMT  TEe3MChl  AOKNANOB, TNpPEACTaBICHHbIX Ha  Tpersio
MEKAyHapoAHylo KoHbepeHuuio M Tpersio MexayHapoaHyioo Ilkomy Monoasix
YYEHBIX M CHEUMANUCTOB  «B3auMonelcTBME  M30TONOB  BOAOpOJA  C
KOHCTPYKUHMOHHBIMM Matepuanamu. IHISM-07». PaccmartpuBaercs AesTenbHOCTbH
POCCUHCKMX M 3apy0eXHBIX HAy4HBIX UEHTPOB, CBA3AHHBIX C HCIONB30BAHUEM
M30TONOB BOJOPOZa B DJHEpPreTHKe, HApOJHOM XO3siicTBE M (hyHIAMEHTaIbHBIX
uccnenoBanusx. Jloknaael NPEACTaBIEHbl IO CIEAYIOIIMM TeMaM: KHHETHKa U
TEepMOJIMHAMHKa B3aUMOJICHCTBHS U30TOMNOB BOJAOPOJa C TBEPABIMU TENaMH, BKJIKOYas
3¢dexThl HAKOMICHUSA PAJUOTEHHOTO TeNusl, THAPUABI M THAPUIHbLIC TPEBPALICHUS,
CTPYKTYPHBIC MNpPEBpAlEHHss M MEXaHMYECKHE CBOMCTBa, ammapaTtypa M METOJbI
HCCIICOBAHUS.

Book of abstracts of the 3™ International Conference and the 3™
International School for Young Scientists «Interaction of Hydrogen Isotopes with
Structural Materials, IHISM-07». Saint-Petersburg, July 02-07, 2007

The book involves abstracts of presentations at the 3 International Conference
and the 3" International School for young scientists «Interaction of Hydrogen Isotopes
with Structural Materials, IHISM-07».The activities of Russian and foreign scientific
centers associated with the use of hydrogen isotopes in power engineering, national
economy and basic research are considered.

The presentations cover the following areas: kinetics and interaction between
hydrogen isotopes and solids including effects of radiogenic helium accumulation,
hydrides and hydride transformations; structural transformations and mechanical
properties; equipment and research techniques.
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Anexcanap @. Bonkos, Cepreii b. Peibanka, Anacracus A. Boakosa

I'ocynapcTBeHHOE BhICIIEe yueOHOE 3aBeicHHUE
«JloHenKuit HallMOHAJIbHbIM TEXHUYECKUH YHUBEPCUTET»
afv@fizmet.dgtu.donetsk.ru

B COBpeMEHHOW TeXHHKE IIHPOKO HCIOJIB3YIOTCS MAarHUTHBIE Marepuaisl. Bo
MHOTHX ClIy4Yasx ropasJo BbIFOAHEE MCIOIb30BaTh HE 3EKTPOMArHUTHI IIOCTOSHHOIO
TOKA, @ TOCTOSHHBIC MAarHWTHI W3 MArHUTOTBEPABIX MATEPHUANOB C KO3PUMUTUBHOU
cunoit  H=5-10’+5-10A/M ® MakCHMAanbHBIM MATHHTHBIM NPOH3BEICHHEM
BHy=1.0+400 kJIx/M’.

B 1984 rony 6buin CHHTE3MpOBaHBI MOCTOSIHHBIE MarHUTHI THna Nd,Fe 4B,
KOTOpbI€ 3HAYUTEIbHO NPEBOCXOAMIM 110 CBOUM MAarHUTHBIM XapaKTepHUCTUKaM Sm-
Co MarHuTel. MakCHManbHOE DJHEPreTHYECKOE IIPOM3BEACHHE HA IOCTOSIHHBIX
marsuTax u3 cruiasos tuna Nd,Fe,,B nocturaer 400 xJDx/M°, 4To NpUOIH3UTENBHO B
ABa paza Oonbuie, uem ObUIO oNy4eHo paHee Ha Sm-Co MarguTax.

B mocnennee BpeMs UIMPOKOE PacrpOCTpaHEHHE MOMYYH CIIEHaIbHbIII METOA
BOJIOPOJTHO-BaKyyMHOI1 00paboTku MarepuanoB, Tak HasbiBaeMelii HDDR-npomecc.
Cytp MeTOoma coctout B cieaymoneM. Beenenue Bomopozaa B criaB NdyFe 4B mpu
temneparypax 600+900°C uHayuupyeT npoTekaHue mpsaMoro ¢asoBoro mpesparie-
HH4, T.€. pacraj HCXOQHOTO CIUIaBa MO PEaKLHH:

Nd,Fe;4B + H, <> NdH; + a-Fe + Fe,B

IMocnenyrluee yaajieHre BOAOPOJa HHAYLHUPYET MPOTeKaHUue oOpaTHOro ¢aso-
BOT'0 TIIPEBPALICHHUS, T.€. PeKOMOHHALHMIO pacnaBuIMxcs ¢a3 B uCX0aHyIo ¢a3y. Takoro
poxa o6paboTka MO3BOJSAET MONYYHUTh CIUIAB ¢ CYOMHUKPOHHBIMH 3€pHAaMH OCHOBHOM
MarHuToTBepaoi (asel. Pazmeps! 3epeH O6IM3KH K pa3MepaM 3JEMEHTApHOIO MarHUT-
HOro nomeHa B 3tux marepuanax (~0.3 mxm) [1]. TlocTosiHHBIE MarHUTHI, U3rOTOB-
JICHHBIE M3 MOpOLIKOB cruiaBoB, mpoweaumx HDDR-o6pabotky, o61anaiT noBsbi-
LICHHBIMU 3HAYCHUSMHU KOIPUMTUBHOKH cunbl. Opuako, kak mnpasuno, HDDR-
00paboTKa MPOBOIUTCS IMITHPUYECKH, O€3 yyeTa KHHETHYECKUX 0coOeHHocTeH da3zo-
BBIX IPEBPAILEHUI TAaKOro poja. 3a4acTylo 3TO NPHBOAMT K IPOLECCaM YKPYIHCHHA
3epeH MarHUTOTBEpJOM (asel, YTO BEAET K CHHKCHUIO KOIPUHUTHBHOH CHIIBI MOPOLL-
KOBBIX ITOCTOSIHHBIX MarHUTOB.

B nanHoii paboTe Obia mocTaBlieHa 3a/1a4ya: UCCIEN0BAaTh KUHETHYECKHE 3aK0-
HOMEPHOCTH MHIYIMPOBaHHBIX BOJOPOAOM (a30BbIX NPEBPALICHUH B MarHUTOTBEp-
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aom cmnase NdoFe;sB. HccnenoBanus mnpoBOAWIM B JMana3’OHE TeMIEPaTyp
600-900°C npu paBnenuu Bogopona 0,1 MIla u B Bakyyme 1o 1 Ila.

Kuneruky pasButusi (asoBBIX NPEBPAILCHUI H3y4Yald MarHUTOMETPHYECKHM
metozoM. B uccneayemom remneparypuom unrepsane (610-760°C) ucxonusrii crnas
Nd,FesB napamarauren (T.=312°C), a ¢a3sr a-Fe u Fe,B (xene3o0-60p) sBusrorcs
(eppoMarHUTHBIMH. IMEHHO 3TO JaeT BO3MOXXHOCTh PErMCTPHPOBAaTh pa3BUTHE (a-
30BBIX NIPEBPALLEHUHN TaKOTO THIIAa MArHUTHBIM METOAOM [2].

O6pasup! cruaBa mMaccoit 0,99+1,2 r nomemanu B pabouyro KaMepy yCTaHOBKH
U HarpeBalu co cpenHed ckopocthio 50°C/MMH 10 HEOOXOOMMOH TeMImepaTrypbl
M30TEPMUYECKOH BBIICPKKH NPU HENMPEPHIBHOM BaKyyMHPOBaHMHU 10 JdaBieHus 1,3
ITa. TTocne ycraHoBineHHs B paboyell kaMmepe H30TEPMHYECKHX YCIIOBHH HamyCKaliu
Boaopoa. C 3TOro MOMEHTa HENPEPHIBHO OTCIEKUBANY Pa3BUTHE MpAMOro ¢a3oBoro
MPEBPAILCHUS N0 YBEIHYCHHUIO COAEP)KAHHMs KONHYECTBA (epPOMArHUTHBIX (a3 B
obpasue (o-Fe u Fe,B). Ilocne 3aBepiueHus npsMoro (a3oBoro mpeBpamieHus U3
KaMepbl HauyMHAIM 3BaKyMpOBaTh BOIOPOA M OTCICKHMBAIHM Pa3BHUTHE OOpPaTHOro
¢ha30Boro mpeBpallieHHs O YMEHBLICHHMIO COICpXKaHHA (eppOMarHUTHHIX (a3 B
obpasue.

IIpencTaBneHs! pe3yabTaThl UCCIICAOBAHUSA BIMSIHHUS TEMIEPATYPhl HA KHHETHKY
HMHAYLHUPOBAHHOTO BOAOPOJOM mpsAMoro ¢a3oBoro npeppaitenus B cruiae Nd,Fe, B
[3]. Ilpu Temmepatypax 610°C, 640°C u 670°C mpsimoe ¢a3oBoe mpeBpaLICHUE HE
3aBEpILIACTCS MOJHOCTHIO 3a BPEMs JKCINEpPUMEHTa, U Jocturaet aumb 28%, 46% u
62% 3aBepIICHHOCTH COOTBETCTBEHHO. [Ipu Temmeparypax 690°C u 710°C
npeBpauieHue 3aBepmaercs 3a 345 u 175 muHYT cooTBeTcTBEeHHO. JlanpHeluiee
yBenuueHue temnepatypel Ao 730°C u 750°C npuMBOOUT K YCKOPEHHIO pa3BUTHA
NpeBpalIeHus, KoTopoe 3aBepuiaercs 3a 115 u 85 muHyT coorBercTBeHHO. Takum
obpasom, B uHrepBane temnepatryp 610°C <T<750°C, noBslileHHE TeMIepaTypbl
NPUBOAUT K YCKOPEHHUIO Pa3BUTHSA NPAMOTo (pa30BOro npeBpallCHuUs.

JlanpHeiiee yBeNWYEHWE TEMIEPATYphl BHI3BIBACT 3aMENICHUE pPa3BUTHUSA
npsamoro ¢aszoBoro npeBpauieHus. Tak mnpu Temmeparype 760°C mnpespalueHue
3aBepuIaercs 3a 67,5 munyTsl. Ho yxxe npu 800°C npeBpaienue 3aBepmaercs 3a 80
MUHYT. YBenuuyeHue temnepatypbl g0 830°C u 860°C BbI3bIBacT 3aMeJICHHE
¢a3oBoro npespailieHus, Koropoe 3aBepuaercs 3a 110 u 170 MUHYT, COOTBETCTBEHHO.

ITocne 3aBepuieHUst NpsMOro (azoBOro NpeBpaLCHHs B HCCICIYEMOM CILIaBe
U3 KaMepbl HauyMHANM 3BaKyHpOBaTh BOJOpPOZ. IIpM 3TOM OTCIEXHBAIHM pa3BUTHE
obpatHoro ($a30BOro nmpeBpaIieHUs M0 YMEHBIICHHIO COIEP)KaHUs (eppOMAarHUTHBIX
a3 B obpasue.

Ilpu Temmeparypax usorepmuueckoit Boiaepxku 610°C u 640°C oGpatHOe
¢da3oBoe mnpeBpalleHHE 3a BpeMs OKCIIEPUMEHTa HE pa3BHBAcTCsA. YBENIHYCHHE
temnepartypsl 10 670°C npHBOIUT K HEKOTOPOMY Pa3BHTHIO ()a30BOro MPEBPALICHHS,
3aBEPILUMBIIEMYCS 32 BpeMs SKCIIEPUMEHTA TOJIBKO Ha 62 %.

ITpu Temneparype 690°C ¢a3oBoe npeBpallleHHE YK€ 3aBEPLIACTCS 3a BpPeMs
JKCIepuMeHTa, T.6. 3a 220 MuHyt. JlanmpHeiiiee yBenMYEHHE TEMIIEPATYPhI
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n30TepMUYECKON BoiaepkKH 10 710°C u 730°C MHMUMHPYET YCKOPCHHE Pa3BHUTHA
¢azoBoro npeppaileHus, KoTropoe 3aBepuiaercs 3a 140 u 95 MUHYT, COOTBETCTBEHHO.
W, nakonen, npu 750°C u 760°C obpaTtHoe (azoBoe npeBpaleHue 3aBepuiaercs 3a 65
# 50 MUHYT, COOTBETCTBEHHO.

Cnenyer oOpatuTh BHUMaHWEe Ha TOT (aKkT, 4T0 OOpaTHOE NpPEBpALICHUE
IIpOTeKaeT MpH JI0ObIX Temmepatrypax Bbiuie 640°C. D10 sBIsSETCA MNPSIMBIM
CIIEICTBHEM TOro, 4ro (as3oBas CMeCh, MOJydaeMas NpPH NPSIMOM IIpeBpallCHHH,
nocje AecopOouMH BOAOPOJA CTAHOBHTCSA TEPMOAMHAMHYECKH HECTaOMIIBHOH BO BCEM
MHTEpBaJle CyLIECTBOBAHMA CIUIaBa BIUIOTH O TeMIepaTypsl miapieHHsA. Iloatomy
ClelyeT OXHMAaTh, YTO IPH JAaJbHEHIUEM MOBBILICHUM TEMIIEPaTypbl pa3BHTHE
obpatHoro $azoBoro npespailicHus OyaeT yCKOPSTBCs.

Takum 00pa3oM, 3KCHEPHUMEHTANBHO YCTAHOBICHO, YTO TEMIEpaTypHBIi
MHTEpPBaJl MaKCHMAaJIbHO OBICTPOro pasBuTHs npespaiueHuii cocrasnser 700-800°C, a
pHU TOBBILICHUH TEMIIEPATYPBI H30TEPMHUYECKOH BbiepKKH 10 860°C u NOHWKEHUH
10 610-620°C npoHCXOAUT 3HAYMTENBHOE 3aMEJIEHHE Pa3sBUTHs HPAMOro (a3oBoro
NpeBpalCHHUsL.

JIMTEPATYPA

1. S.B. Rybalka, V.A. Goltsov, V.A. Didus, D. Fruchart. Fundamentals of the
treatment of Nd,Fe,4B type alloys / J. Alloys Comp. 356-357 (2003), p.390-394.

2. S.B. Rybalka, E.V. Dodonova, V.A. Didus. Some kinetic and microstructural
aspects during hydrogen-induced phase transformations in Nd,Fe 4B alloys / J. Alloys
Comp. 404-406 (2005), p.588-594.

3. V.A.Didus, S.B.Rybalka, E.V.Dodonova, V.A. Goltsov. The effect of
hydrogen pressure and temperature on kinetics of hydrogen-induced direct phase
transformation in hard magnetic alloys/ J. Alloys Comp. 404-406 (2005), p.351-354.




240

C13-19

KHHETHUKA ®A30BBIX [IPEBPALLEHHIA,
WHIYIUPOBAHBIX BOJIOPOIOM B CILTABE Nd,Fe,.B

Anexcanap @. Bonkos, Cepreii b. Peibanka, Anacracus A. Boakosa

I'ocynapcTBeHHOE BhICIIEe yueOHOE 3aBeicHHUE
«JloHenKuit HallMOHAJIbHbIM TEXHUYECKUH YHUBEPCUTET»
afv@fizmet.dgtu.donetsk.ru

B COBpeMEHHOW TeXHHKE IIHPOKO HCIOJIB3YIOTCS MAarHUTHBIE Marepuaisl. Bo
MHOTHX ClIy4Yasx ropasJo BbIFOAHEE MCIOIb30BaTh HE 3EKTPOMArHUTHI IIOCTOSHHOIO
TOKA, @ TOCTOSHHBIC MAarHWTHI W3 MArHUTOTBEPABIX MATEPHUANOB C KO3PUMUTUBHOU
cunoit  H=5-10’+5-10A/M ® MakCHMAanbHBIM MATHHTHBIM NPOH3BEICHHEM
BHy=1.0+400 kJIx/M’.

B 1984 rony 6buin CHHTE3MpOBaHBI MOCTOSIHHBIE MarHUTHI THna Nd,Fe 4B,
KOTOpbI€ 3HAYUTEIbHO NPEBOCXOAMIM 110 CBOUM MAarHUTHBIM XapaKTepHUCTUKaM Sm-
Co MarHuTel. MakCHManbHOE DJHEPreTHYECKOE IIPOM3BEACHHE HA IOCTOSIHHBIX
marsuTax u3 cruiasos tuna Nd,Fe,,B nocturaer 400 xJDx/M°, 4To NpUOIH3UTENBHO B
ABa paza Oonbuie, uem ObUIO oNy4eHo paHee Ha Sm-Co MarguTax.

B mocnennee BpeMs UIMPOKOE PacrpOCTpaHEHHE MOMYYH CIIEHaIbHbIII METOA
BOJIOPOJTHO-BaKyyMHOI1 00paboTku MarepuanoB, Tak HasbiBaeMelii HDDR-npomecc.
Cytp MeTOoma coctout B cieaymoneM. Beenenue Bomopozaa B criaB NdyFe 4B mpu
temneparypax 600+900°C uHayuupyeT npoTekaHue mpsaMoro ¢asoBoro mpesparie-
HH4, T.€. pacraj HCXOQHOTO CIUIaBa MO PEaKLHH:

Nd,Fe;4B + H, <> NdH; + a-Fe + Fe,B

IMocnenyrluee yaajieHre BOAOPOJa HHAYLHUPYET MPOTeKaHUue oOpaTHOro ¢aso-
BOT'0 TIIPEBPALICHHUS, T.€. PeKOMOHHALHMIO pacnaBuIMxcs ¢a3 B uCX0aHyIo ¢a3y. Takoro
poxa o6paboTka MO3BOJSAET MONYYHUTh CIUIAB ¢ CYOMHUKPOHHBIMH 3€pHAaMH OCHOBHOM
MarHuToTBepaoi (asel. Pazmeps! 3epeH O6IM3KH K pa3MepaM 3JEMEHTApHOIO MarHUT-
HOro nomeHa B 3tux marepuanax (~0.3 mxm) [1]. TlocTosiHHBIE MarHUTHI, U3rOTOB-
JICHHBIE M3 MOpOLIKOB cruiaBoB, mpoweaumx HDDR-o6pabotky, o61anaiT noBsbi-
LICHHBIMU 3HAYCHUSMHU KOIPUMTUBHOKH cunbl. Opuako, kak mnpasuno, HDDR-
00paboTKa MPOBOIUTCS IMITHPUYECKH, O€3 yyeTa KHHETHYECKUX 0coOeHHocTeH da3zo-
BBIX IPEBPAILEHUI TAaKOro poja. 3a4acTylo 3TO NPHBOAMT K IPOLECCaM YKPYIHCHHA
3epeH MarHUTOTBEpJOM (asel, YTO BEAET K CHHKCHUIO KOIPUHUTHBHOH CHIIBI MOPOLL-
KOBBIX ITOCTOSIHHBIX MarHUTOB.

B nanHoii paboTe Obia mocTaBlieHa 3a/1a4ya: UCCIEN0BAaTh KUHETHYECKHE 3aK0-
HOMEPHOCTH MHIYIMPOBaHHBIX BOJOPOAOM (a30BbIX NPEBPALICHUH B MarHUTOTBEp-




244

experiment and runs up to 28%, 46% and 62% accordingly. At the temperatures of
730°C and 750°C the transformation completes for 115 and 85 minutes accordingly.
Thus, in the temperature range 610°C<T<750°C the increasing of the temperature
leads to the acceleration of the direct phase transformation.

The following increasing of the temperature leads to the slowing down of the
direct phase transformation evolution. At the temperature of 760°C the transformation
completes for 67.5 minutes, at 800°C it completes for 80 minutes. Increasing the tem-
perature to 830°C and 860°C leads to the slowing down of the direct phase transfor-
mation which completes for 110 and 170 minutes accordingly.

After the direct phase transformation the hydrogen was evacuated from the
chamber and the reverse phase transformation was monitored by the decrease of fer-
romagnetic phases in the sample.

At the temperatures of 610°C and 640°C the reverse phase transformation does
not progress during the experiment. At the temperature of 690°C the reverse phase
transformation completes for 220 minutes. The following increasing of the tempera-
ture leads to the acceleration of the reverse phase transformation. Thus, at the tempera-
tures of 710°C and 730°C the reverse transformation completes for 140 and 95 min-
utes accordingly, at 750°C and 760°C it completes for 65 and 50 minutes accordingly.

The important fact is that the reverse phase transformation progresses only in
the temperature field above 640°C because NdH, hydride becomes thermodynamically
unstable below these temperatures.

Thus, the most convenient conditions for the direct hydrogen-inducted trans-
formations are 700-800°C. It is shown that transformations of this type are diffusive-
controlled by the mechanism of nucleation and growth.
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