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UccnepoBaHue NpoBOAUIIOCh HA BbICOKOSPLUTUBHBIX aHU3OTPOMHBIX MOPOLLKAX U3 CrJIaBOB CUCTEMbI
Nd-Fe-B, KkoTopble 6buUIM MOJy4eHbl MEeTOAOM BbICOKOTEMIMEpPaTypHOM BOAOpoAHON 06paboTku
(HDDR-npouecc). B npouecce paboTbl C Le/ibl0 YMEHbLIEHUS FpagueHTa TemrnepaTypbl, CO34aHHOro
B pe3y/ibTaTe NMpOTeKaHWUsl 3K30TEPMUYECKOW peakuuu FMApupoBaHMs U SHAOTEPMUYECKOWN peakuuun
AernapupoBaHuss B 60/blIOM o6beMe nopouwka, 6bila MpUMeHeHa 3arpyska MopolKa TOHKUM
cJ10eM Ha Tape/kax, KOTopble yCTaHaB/AMBa/IM OJHY Ha APYrylo B M30TEPMUYECKOM 30He annaparta.
[okasaHa BO3MOXHOCTb npoBegeHMs HDDR-mpouecca B ONTUMAaJbHbIX YCIO0BUSIX B 60JbLIOM
o6beme 06pabaTbiBAEMOro MarHMTHOro Mopollka. M3rotoeneHa onbiTHas naptus nopoiwka Nd-Fe-B.
OnpepeneHbl MarHUTHbIE XapaKTePUCTUKM MOJIy4aeMoro nopoLuka: Ko3puuTMBHas cuna o 840 KA/M,
ocTaToyHas nHAyKuma go 1,2 Tn, aHepreTuyeckoe npovssegeHue Ao 218 kIx/m3.

The study was carried out on highly coercive anisotropic powders of the Nd-Fe-B alloy system,
which were prepared by hydrogen decomposition desorption recombination (HDDR process). In
order to reduce the temperature gradient created by the exothermic hydrogenation reaction and
the endothermic dehydrogenation reaction in a large volume of powder, a thin layer of powder
was loaded on plates which were placed one onto other inside the isothermal zone of the plant.
The HDDR process has been proven to be possible under optimum conditions in a large volume
of magnetic powder to be processed. Experimental batch of Nd-Fe-B powder was produced. The
magnetic characteristics of the powder were determined: coercive force up to 840 kA/m, residual
induction up to 1.2 Tesla and magnetic product up to 218 kJ/m3.

BBEJEHUE

CraBbl CUCTEMBl "HeOAHM - kene3o - 6op" yHH-
KaJIbHBI — U3 HUX MOKHO I10J1y4aTh IIOCTOSIHHbIE Mar-
HUTHI C IPUMeHEeHHEeM MeTOJ0B IIOPOIIKOBOM MeTal-
JIYPruM U 6bICTPOM 3aKAIKU CIUTKOB. CyILIeCTByeT
HEeCKOJIBKO CII0COB0B IMPOM3BOACTBA MAaTHHUTHBIX

[IOPOLIKOB, OJHHUM M3 KOTOPBIX SIBJISIETCS METO[,
BBICOKOTEMIIEPAaTypPHOHN BOLOPOAHON 06paboTKuU
(manee - HDDR-mrpouecc). MeToz BogopogHOI obpa-
OOTKH - eJUHCTBEHHBII CII0COD ITOTydYeHUS KPyII-
HO3epHHUCTOrO IIOpoLIKa K3 crnaBa Nd-Fe-B, ume-
IONIero BBICOKHMe MAarHHUTHBIE XapaKTepPUCTHUKH
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Y aHU30TPONHI0O MarHUTHBIX CBOKMCTB. CTPYKTypa
MIOPOIIKA COCTOUT U3 KPYITHOPa3MepHBIX KPUCTa/IIH-
TOB C pa3mepoM YacTull 50-100 HM. JTa CTPyKTypa He
SIBJISIETCSI PABHOBECHOM, M ITPU OTKJIOHEHUH YCIIOBUU
BOZOPOAHOM 06pabOTKH OT OIITHMAJIBHBIX OHA MOXKET
JIerKo U3MEHUTHCSI, UTO IIPUBOAUT K CHHSKEHUIO Mar-
HUTHBIX CBOMCTB I10/Iy4aeMoro Imopouka. [IoaTomy
cobirofleHre OIITHMa/IbHOTO TeMIIepaTy PHO-BpeMeH-
HOTO pe>KMMa ITPOBefIeHH s ITpoliecca siBsieTcs obsi3a-
TeJIBHBIM YCJIOBHEM AOCTH KeHHU S BOCIIPOM3BOJHU MBIX
BBICOKHMX MAarHHUTHBIX CBOMCTB IIOPOIIKA, 3aTPy>KeH-
HOTO B aIlmnapar.

CrenyeT OTMETUTD, UTO HONBIIHMHCTBO OIy6IHKO-
BaHHBIX paboT, B KOTOPBIX HCCIeyeTcs 3TOT IpoLiecc,
BBITIOTTHSIJIOCH B 1a6OPaTOPHBIX YCIOBUSIX, M BEC MaTe-
pHaia COCTABISII, KaK IIPABUJIO, HECKOJIBKO TPAMM.
JIJ1s1 TAKUX KOJIMYeCTB MaTepHaJsia BOIIPOC AIlapaTyp-
Horo opopMIeHHUs IIpolecca MpobaeM He BBI3BIBAII.
OpHaKo IIpH YBeJIMUYeHHU 3arpy3KHu 1o 1,0 KT u 6osee
BO3HUKAIOT TPYAHOCTH, CBSI3aHHBIe C IIpobieMaMu
Terionepegaydu. M3-3a HU3KOM TeIlJIONPOBOLHOCTH
IIOPOIIKA C YBeJMYeHHeM obbeMa 3arpy3KkH 3aTpya-
HSIeTCS OTBOJ, TeIlJIa PeaKLHU IIPU TUAPHUPOBAHUU
IOPOIIKa U IOABOJ, TeIllJa P JeTUJPUPOBAHUH.
9TO NIPUBOAUT K CO3[AHHUIO IPafiieHTa TeMIIepaTyphl
B 06beMe 06pabaTeIBaeMOro IOpPoIIKa U, KaK CIef-
CTBHe, K OTKJIOHEHHSIM OT ONTHMaJbHOTO PeXHUMa
M CHHXKeHHIO ero MaTHHUTHBIX XapaKTepPUCTHK.

[103TOMy MarHHUTHBIe XapaKT€PUCTHUKH IIPOMBIII-
JIEHHO BBITTYCKaeMBbIX ITIOPOIIKOB Xy3Ke, UeM XapaKTe-
PUCTHUKH IIOPOIIKOB, I10Jy4YaeMbIX B IaBOPaTOPHBIX
ycnoBusx [1].

[l yMeHbIIeHUS BIUSHUS 06beMHOro paKkTOpa
Ha IPOLeCC BOAOPOAHOM 06paboTKHU U IOBBIIIEHHUS
MarHUTHBIX CBOMCTB IIOPOIIKOB "HEOLHUM - KeJIe30 -
bop" mpeAIaraauch pa3TUYHbIE KOHCTPYKLIHU peaK-
LIMOHHBIX aIlIIapPaTOB, B KOTOPBIX Y/IyYIleH TeIlJIOBOK
KOHTAKT ITIOPOIIKa C OTBOASIIEH U ITOABO/ASIIEE TEeII0
IIOBEPXHOCTBIO KOPIIyca ammnaparta (Bpamaruecs
Ie4ylr, MHOTOIIOAOBbIE ITe4YH (peaKIJMOHHBIE aIllla-
ParThl), IHEKOBbIe peaKTOPhI U AP.).

Crnenuanucramu AO "BHUHMHM" Ha yKpyIHeH-
HOY OITBITHOK YCTaHOBKE JIJIsl BOLOPOAHOM 06paboTKu
IOPOIIKA CIZIaBa IIPUMEHHUIH CAefyollee TeXHHU-
yecKoe pelleHHe: [/ CO3/laHUS OLMHAKOBBIX YC/I0-
BUI II0/IBOJIA M OTBOJA TeIlsla B o6beMe 3arpys3Ku
obpabaTbiBaeMBbIH IOPOLIOK HAChIIIAe€TCS TOHKUM
C/I0eM Ha TapeJIKH, KOTOpble YCTaHAB/IHBAIOTCS OfAHA
Ha APYTyIO0 B M30TePMHUUYECKOH 30He ammapara. [Ipu
TaKOM 3arpy3Ke B CJIO€ [TOPOIIKA He CO3MAI0TCS HeXKe-
JaTesbHBIe TPAAHUEHTH TeMIIepaTyp, a TaKXKe eCTh
BO3MOKHOCTb yBeJIHUYHBATh Pa30BYyIo0 3arpysky 6e3
YXYAIIeHUsS MarHUTHBIX XapaKTepPUCTUK IIoIy4dae-
MOTO IIOPOLIKA.

I[IpesMeTOM JAHHOTO HCCIIeIOBAHMUS SIBISIETCSI IKC-
IepuMeHTa IbHas IPOBepKa alIapara BelOpaHHOM

INTRODUCTION

Neodymium - iron - boron alloys
are unique. They can be used to
produce permanent magnets
using powder metallurgy and
rapid ingot hardening techniques.
There are several ways to produce
magnetic powders, one of which
is the high-temperature hydro-
gen processing method (herein-
after HDDR-process). The hydro-
gen treatment method is the only
way to produce a coarse-grained
powder of Nd-Fe-B alloy which
has high magnetic characteris-
tics and anisotropy of magnetic
properties. The powder structure
consists of large crystallites with
a particle size of 50-100 nm. This
structure is not an equilibrium
one, and if hydrogen processing

conditions deviate from the opti-
mum, it can easily change, result-
ing in reduced magnetic proper-
ties of the resulting powder. This
is why maintaining the optimum
process temperature and time
regime is a prerequisite for achiev-
ing reproducible high magnetic
properties of powder loaded into
the plant.

It should be noted that the
majority of the published papers
examined this process performed
under laboratory conditions, and
the weight of the material was
usually a few grams. For such
quantities of material, the hard-
ware design of production was
not a problem. However, when
the charge is increased to 1.0 kg
or more, difficulties arise due

to heat transfer problems. Due
to the low thermal conductivity
of the powder, removal of reac-
tion heat during hydrogena-
tion of the powder and the sup-
ply of heat during dehydroge-
nation become more difficult as
the loading volume increases.
This creates a temperature gradi-
ent in the volume of the powder
to be treated and, consequently,
leads to deviations from the opti-
mum mode and reduction of
the magnetic characteristics.
Therefore, the magnetic charac-
teristics of industrially produced
powders are worse than the pow-
ders produced under laboratory
conditions [1].

To reduce the influence of the
volume factor on the hydrogen
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Tabauuya 1. Vicxo0HbIl cocmas cnnasos
Table1. Initial composition of alloys

Copep>XaHne KOMIMOHEHTOB, Mac. %
Components content, w/w %

(et Nb
1 29,50 OCT. 1,07 047 0,36 0,06 = =
2 30,00 oCT. 1,08 0,40 = 0,05 8,60 0,12

KOHOQUTYpalUH A5l IPOBeleHHU s BOAOPOLHOL 06pa-
OOTKM MarHUTHBIX IIOPOLIKOB C Pa30BOM 3arpys-
KoM 10 kr 1 6os1ee, a TaK>Ke U3ydeHHe ITpoliecca Momy-
YeHHsI MAaTHUTHBIX [IOPOIIKOB, UMEIOI X CBOKCTBA
He Xy>Ke, UeM Y IIOPOIIKOB, II0Jy4eHHHIX B 1abopa-
TOPHBIX YCIOBHUSIX.

NcxoaHble MaTepuanbl U METOAMKA UCCNEA0BAHMS
VccrnemoBaHUS IPOBOAU/IMCH Ha CIIJIaBaX, COCTAaBBI
KOTOPHBIX ITPeCTaBIEHEI B Tabn.1.

B KauecTBe HCXOLHBX MAaTepHAJNOB
IJIsl BBIIIJIABKU CIIJIABOB HCIIO/NIH30BAJIUChH: HEO-
OIUM MeTaanudeckui, TY 48-4-205-70 [2]; deppo-
6op ®B-17, TOCT 14848-69 [3]; cTanp HU3KOYIIEepo-
JHUCTas 37eKTpoTexHUYeckasa 108953, TOCT 11036~
75 [4]; ranaIuy MeTa/lIMYeCKUH TeXHHYeCKui, I-1,
T'OCT 12797-77 [5].

[I1aBKy CAIUTKOB NPOBOAMIN B BaKyyMHOH
UHAYKOUOHHOU Ieuun YIIII®-3M B MHepTHOH
atrMocdepe. ITociie BEIIIIABKU CIUTKOB COflep>KaHUe

KHMCJI0pPOJia KOHTPOJIMPOBAJIM METOJOM XpOMaTorpa-
éumu. [I1s maHHOM CHCTeMBI OHO cocTaBiasieT 0,01~
0,02%, nns azora - 0,06-0,007%.

KOMIOHEHTHBIH COCTAaB CIIJIaBOB OB ompe-
JejleH SMUCCHOHHO-CIeKTPaJibHBIM METOLOM.
KOHTpO/Ib OCYIIECTB/IS/IN C IIOMOIIBIO CTAHLAPT-
Horo obpasma coctaBa MarHUTHOro crtaBa OCO-4-
49, paspaboransoro B I'Tl "CrienmarHutT" (MoCKBa).
ITorpenIHOCTh U3MEPEeHHUH He IIPeBhlllajia 2% OTH.

MeTonoM SI6pPHOro TaMMa-pe3oHaHCa Ha CIIeK-
TpoMeTpe Meccbayspa KOHTPOJIHUPOBaICST Gpa30BbIH
COCTaB CIIJIABOB B MICXOAHOM COCTOSIHUH.

IToce BBINJIABKU CIUTKH IIOJBEPrajavcCh BbICO-
KOTeMIIepaTypHOU BoLopongHOM obpaborke (HDDR-
06paboTKa). B mony4eHHBIX IIOPOIIKAX CIIJIaBOB
NdFeB KOHTPOJIHPOBATIH COeP>KaHMUEe KUCIOPOLA
MEeTO[OM XpOMaTorpadpuu.

J1s B3BeIIMBAHUS HaBeCOK IIOPOUIKOB MCIIOJIb-
30BaJIM aHa/IMTHU4YeCKHUe Bechl BJIA-200. 3arem
HaBeCKH IOMeIlaau B JIOLOYKH IIOJ TATY, Hajee

treatment process and to increase
the magnetic properties of neo-
dymium-iron-boron powders, var-
ious designs of reaction plants in
which the thermal contact of the
powder with the heat removal
and supply surfaces of the plant
casing were proposed (rotary fur-
naces, multiple-hearth furnaces
(reactors), screw-type reactors,
etc.).

Our specialists applied the fol-
lowing technical solution at the
enlarged pilot plant for hydro-
gen treatment of alloy pow-
der: in order to set up similar
conditions for heat supply and
removal in the loading volume,
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the processed powder is sifted as
in a thin layer on plates, which
are placed one on another in the
isothermal zone of the plant.
Such arrangement prevents
undesirable temperature gra-
dients in the powder layer and
makes it possible to increase the
single charge without affecting
the magnetic properties of the
powder.

This study deals with experi-
mental testing of a plant of the
chosen configuration for hydro-
gen treatment of magnetic pow-
ders with a single charge of 10 kg
or more, as well as studying the
process of obtaining magnetic

powders with properties not
worse than those of the pow-
ders obtained under laboratory
conditions.

Initial materials and research
methodology

The study was conducted on the
alloys whose compositions are
shown in Table 1.

The initial materials for alloy
melting were: metallic neodym-
ium, TU 48-4-205-70 [2], ferrobo-
ron FB-17, GOST 14848-69 [3], low-
carbon electrotechnical steel
10895E, GOST 11036-75 [4], and
technical metal gallium, Gl-1,
GOST 1279777 [5].
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JIOL0UYKY IlepeMellaald B OTKPHITYIO TUTEJbHYIO
IIe4yb U Harpesaau Ao TeMmIepaTypsl 100-200°C
C BBIAepKKOM 100-600 4. Byia>kHOCTb BO3AyXa
IIpU KOMHATHOM TeMIepaType (25-30°C) cocTas-
nsna 50-70%.

V3MepeHHe MaTHHUTHBIX XapaKTePUCTHUK (KO3P-
LHUTHUBHAS CHUJa, OCTAaTOYHAs MHAYKIHUSA (HUIHU
HaMarHU4YeHHOCTb) U 3HepreTHUYecKoe IPOHU3-
BelleHHe) BBHIIIOJIHSIN Ha BUOPOMarHUTOMeTpe
VSM LDJ-9600 c mpeaBapuTeIbHBIM HMIIYJIbCHBIM
HaMarHU4YMBaHHEM.

MeTannorpaduyueckui aHa/lK3 IIOPOIIKOB [0 U
IoCjae MCIBITAHUM MIPOBOAMUJIH HAa ONTHUYECKOM
MHUKpOCKoIIe Leica.

AnnapatypHoe opopmaeHue npouecca

Ha puc.l mpeacrasieHa cxema amIliapaTa, M3ro-
TOBJIEHHOTO M3 HepXXaBelllel cTalu, obbe-
moM 0,05 m3 (2). B cocTtaB YCTAaHOBKHY BXOOHT alllla-
paT-a0ByLIKAa C MCTOYHUKOM YHUCTOrO BOLOPOAA,
KOTOPBIM 3aIO/HeH THAPUAOM TUTaHa. OTKadKa
OCyIIeCTB/ISAETCS POTALHMOHHBIM GOpPBaAKYyyM-
HBIM U 1UPPY3HOHHBIM HacocaMu 2HBP/-5AM
u HBJIM-250 CcOOTBETCTBEHHO.

[TopomuIoK 3arpyskajucs Ha 10-16 Tapesox (3), KoTo-
pble yCTaHaBJIKMBA/IKUCh OJHA Ha APYryI0 B U30Tep-
MHYeCKOU 30He alllapaTa. PeaKIIMOHHBIM alllapar
HarpeBajCsd TPeXCeKUMOHHOU MeYbl COIPOTHB-
JIeHH S, C MOIHOCTBIO KaKA0M CeKIKUHU 110 15 KBT.
PerynupoBaHHe TeMIIePaTyphl IIPOBOLAHIIIOCH aHA~
JIOTOBBIMHU peryasitTopaMu P133 ¢ THPHUCTOPHBIMU
YCHUIIUTEISIMHU.

||
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To the pump
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Puc.1. Cxema peakyuoHHoz0 annapama: 1 — 3neKmpuy4eckas
neyb, 2 — KOpnyc asmokaasd, 3 — mapeAnku, 4 — KpbllKa agmo-
KAasa, 5 — mepmonapel

Fig.1. Schematic diagram of the reaction plant: 1 - elec-
tric furnace, 2 - autoclave case, 3 - plates, 4 - autoclave cover,
5 -thermocouples

TonmuHA €108 MOPOIIKA Ha BCeX Tapejakax
6p1J1a OMMHAKOBOM M cOCTaB/sia 15-20 MM, Macca
IIOPOLIKA Ha KasKI0U TapenKe ~1000 r. Obmias macca
3arpys3kH B JaHHOM allllapaTe MOXeT JOCTHUIrATh
1o 30 KrT.

The ingots were melted in a
UPPF-3M vacuum induction fur-
nace in an inert atmosphere.
After ingot melting, the oxygen
content was monitored by chro-
matography. For this system it
is 0.01-0.02%, and for nitrogen
0.06-0.007%.

The component composi-
tion of these alloys was deter-
mined by the emission-spectral
method. Control was carried out
with the help of the standard
sample composition of magnetic
alloy 0SO-4-49, developed in SE
"Spetsmagnet”, Moscow. The
measurement error of the mea-
surements did not exceed 2%.

The phase composition of these
alloys in the initial state was
monitored by nuclear gamma res-
onance method by a Mdssbauer
spectrometer.

After melting the ingots
were subjected to high-tem-
perature hydrogen treatment
(HDDR-treatment). The oxygen
content in the obtained NdFeB
alloy powders was monitored by
chromatography.

Analytical VLA-200 scales
was used for weighing powders.
Then the powders were placed in
weighing boats under draught,
then the boat was moved into an
open crucible furnace and heated

to a temperature of 100-200 °C
with an exposure time of 100-
600 h. The humidity at room tem-
perature (25-30 °C) was 50-70%.

The magnetic characteristics
(coercive force, residual induction
(or magnetisation) and energy
product) were measured by a VSM
LDJ 9600 vibromagnetometer
with pre-pulse magnetisation.

Metallographic analysis of the
powders before and after testing
was carried out with a "Leica"
optical microscope.

Process design hardware
Figure 1 shows a diagram of a
stainless steel unit with a volume
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OTpaboTka npoLeccoB BOAOPOAHOM 06paboTKN NOPOLLIKOB
cnnasa Nd-Fe—-B Ha yKpynHeHHO yCTaHOBKe

[Topomku crimaBoB Nd-Fe-B ITpy MOBBIIIEHU U TeM-
nepaTypm HAYHWHAIOT IIOTJIOIIATh I'da30Bble IIPpU-

Tabauua 2. MazHUmMHble xapakmepucmuku NopoLKa cnaasa
Ne 1 (cm. ma6a.1)
Table 2. Magnetic characteristics of alloy No. 1 powder (Table 1)

o Homep MecTto Hci, Br,Tn ((:13)]
MecH, IIOMNaBIIKe B allllapaT yepe3 'HEIJIOTHO- Tapenkm  oT6opanpobbi  KA/M T max,
CTHU" ¥ BBIJeNSIONINeCs U3 CTeHOK alliapara, To Plate No.  Locationofa kA/m K£I.>l<l|\;l3
ecTb mopomok paboTraeT, Kak rerrep. IloaTomy probe k)/m
IpoBe/leHHe TIIATeAbHOM OYUCTKHU OT 3arps3He- LleHTp 6721 115 178,9
HHUU BHYTPeHHHUX IIOBEPXHOCTeM almapaTa IpHu 1 Centre

. Mepudepus 650,3 1,17 187,7
IIOATOTOBKe U cOOpKe SIBIASIETCS OJHOM M3 OCHOB- Periphery
HbIX 33724 Iepes MpoBe/leHHeM IPOoLecca BOfo- LieHTp 628.0 115 177.0
ponHoi o6paboTku. [IokasaTeseM KauecTBa 10/~ 5 Centre
rOTOBKH K paboTe SBISeTCS COmepskaHUe KUCIIO- E:E;'ﬁeersm 572 LN

07la, a30Ta W yIiaepojia B [I0JlyUeHHOM IIOPOIIKe.

poA y POA y N P LleHTp 650,9 1,15 180,1

Pe>KMMBI IPOBeeHU s BOLOPOAHOM 06paboTKuU . Centre
BBIOpaHBl HA OCHOBAHUHU BBIBOJIOB K peKOMeH/1a- Mepudepns 670.0 117 182,3

. Periphery
Ly mo pabore [6, 7).

[IoCKONBKY TeIlJIOBas HMHEPLU M allapaTa E'-::tTrFé 674,2 1,16 185,9
Ha YKPyIHEeHHOM yCTaHOBKe 6ojblle, yeM 8 Mepndepns 726,0 114 183,2
Ha 1ab0paTopHOM, IPOJOIKUTENBHOCTh Harpesa Periphery
U OXJIZKAeHH s 6OJIBIIOTO anapaTa yBeJIUnYHBa- g.thTP 647,9 1,20 184.8

entre
eTcs. OLHAKO 3TO OTIHYHE He IIPUBOAUT K YXyA- 10 Nepudepns 682.2 124 | 1867
MeHWI0O MAarHUTHBIX CBOMNCTB IIOJIydaeMOIO Periphery
IIOpOIIKa. LleHTp 612,9 1,20 189,7
1 Centre
Mepugepunsa 713,2 1,20 201,5
PE3V/IbTATbI M OBCY)X/EHME Db
Ha pryHHeHHOfI YyCTaHOBKe O6BII0 1:[pOBe‘ LleHTp 683,0 1,23 196,5
IeHo 10 OnBITHBIX MIPOLIECCOB BOLOPOAHOM 06pa- 3 Centre
6oTku crinaBoB Nd-Fe-B BbIIIIaBI@HHOTO COCTABA E:ﬁp”&ers”” 719,6 151954
(rabn.1). . Cpenree 6n0 | 118 | 1878

Bein oTo6paHBl NPO6BL U3 LIeHTPAAbHOMN YaCcTHU Average

U nepudepuu KaxkJOH TapeKH II0 BCeH BBICOTe

of 0.05 m3 (2). The unit includes a
trap stand with a source of pure
hydrogen which is filled with
titanium hydride. Pumping is
carried out by rotary forevacuum
and diffusion pumps 2HVRD-
5AM and NVDM-250, respectively.

The powder was loaded onto
10-16 plates (3) which were placed
one on top of the other in the iso-
thermal zone of the unit. The
reaction stand was heated by a
three-section resistance furnace,
with a power output of 15 kW in
each section. Temperature con-
trol was carried out by P133 ana-
log regulators with thyristor
amplifiers.

The powder layer thickness
on all plates was the same and
equaled 15-20 mm. The pow-
der weight on each plate was
~1000 g. The total loading weight
in this unit can reach up to 30 kg.

Hydrogen treatment of Nd-Fe-B

alloy powders on an enlarged plant
When the temperature rises,
Nd-Fe-B alloy powders begin to
absorb gas impurities trapped
into the plant through "leaks”
and released from the plant
walls, i.e. the powder works as
a getter. Therefore, carrying out
thorough cleaning of the inter-
nal surfaces of the plant during
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preparation and assembly is one
of the main tasks before com-
mencement of the hydrogen
treatment process. The prepara-
tion stage quality can be checked
by the contents of oxygen, nitro-
gen and carbon in the resulting
powder.

The modes of hydrogen treat-
ment were selected on the basis
of the conclusions and recom-
mendations contained in [6, 7].

Since the thermal response of
the unit in the enlarged plant
is greater than in the labora-
tory unit, the heating and cool-
ing time of the large plantis lon-
ger. However, this difference
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3arpysKkHy U oIlpejie/ieHbl MAaTHUTHBIE XapaKTepH-
CTUKHU (Tab.2).

Y3 maHHBIX, IPUBeeHHBIX B TabJ.2, BULHO, YTO
OPUHSTHH CI10co0 3arpy3KH IOPOIIKA HA Tapes-
Kax IT03BOJIMJI IIOJIyYUTh MaTepHall C IPaKTUYeCKHU
ONMHAKOBBIMU MAarHUTHBIMH CBOMCTBAMH BO BCEM
ob6beMe 3arpy3KH I10 BBICOTe aIlIIapaTa U I10 Paguycy.
OTK/JIOHEeHUS 3HAaYeHHUMH MArHUTHBIX CBOMCTB
OT CpefHero 3HaUeHMUs He MPeBBIIIaMHN OMUOKU UX
ompefe/eHHs Ha MarHUTOMeTpe.

briniy npoBemeHBl ONBITHBIE mpoliecchl HDDR-
obpaborku mopormka criaBa Ne 1 u 2. CpeHHe 3Ha-
YeHUSI MAarHUTHBIX CBOMCTB I10JIyUeHHBIX [TIOPOIIKOB
OIlpeleJISIMCh BI0JIb OCH JIETKOTO HAMAarHU4YUBaHU
(Tabn.3).

Y13 maHHBIX Tabs.3 BUAHO, YTO IIPU IIPOBeIeHUU
IIPOLIECCOB BOLOPOAHON 06paboTKHU IO ONMTHUMAIIb-
HOMY Pe>KMMY Ha YKPYIIHeHHOL OIBITHOK YCTaHOBKe
obecrieunBaeTCs BBICOKAS BOCIIPOU3BOAHMOCTD IIOIY-
YaeMBIX pe3y/l1bTaTOB: MarHUTHBIE CBOMCTBA IIOPOLI-
KOB OZJHOIO COCTaBa, IIOJIy4eHHBIX B Pa3HbIX IIPO-
[eccax, pas’JM4aloTCsl He3HAaYMTe/IbHO. AHAIM30M
IIOPOIIKOB K3 Pa3HBIX IIPOLECCOB ObIIO YCTAHOBIIEHO,
YTO 3arpg3HeHM s IIOPOLIKaA YIIePOJOM, a30TOM M KHC-
JIOPOZIOM B ITpOLiecce ero THAPHUPOBAHUS U BAKYyMHU-
POBaHMS He IIPOMCXOJUJIO: COAepPsKaHUe a30Ta U yIJie-
pona ompeneneHo B KonuyecTse 0,03% 1 MeHee, copep-
SKaHHe KHCI0poza cocTasso 1o 0,1-0,2% macc.

[Tony4yeHHBIe MOPOMIKH UMEIOT MarHUTHBIE CBOK-
CTBa, 6/IM3KHe K CBOMCTBAM IIOPOIIKOB CIIaBoB Nd-
Fe-B, coobmmaeMbIM B IUTePaTypPHbIX HCTOYHHKAX
JUIS1 CIIJIABOB, MMEIOIIMX CXOJHBIH COCTaB.

does not lead to a deterioration

Tabauya 3. CpedHue 3Ha4eHus MAazHUMHbIX c80LCME NopoL-
K08 CNAasos "Heodum - >kene3o — 6op", noAy4YeHHble npu 8000~
podHol obpabomke

Table 3. Average values of magnetic properties of neodymium-iron-
boron alloy powders obtained by hydrogen treatment

Homep Hci, Br,Tn (BH)max,
MNMpouecca KA/m T KAX/m3
Number kA/m k)/m3
of
process
1 1 678,0 1,19 187,8
2 686,2 1,20 188,3
3 688,4 1,21 190,3
4 679,8 1,19 188,1
5 687,5 1,21 189,2
2 6 745,9 1,13 147,0
7 7453 1.1 149,8
8 750,6 1,09 156,4
9 7493 1,10 155,9
IMOBTOPHbIN 10 855,7 1,08 180,2
npouecc
Repeated
process

of the magnetic properties of the
obtained powder.

RESULTS AND DISCUSSION

Ten pilot hydrogen treatment
processes of NdFeB alloys of the
melted composition were car-
ried out at the enlarged plant
(Table 1).

Samples were taken from the
centre and periphery of each
plate over the entire loading
height and their magnetic char-
acteristics were determined
(Table 2).

From the data shown in Table 2
itis clear that the chosen method

of charging the powder on plates
made it possible to obtain mate-
rial with practically identical
magnetic properties throughout
the entire loading volume along
the height of the unit and along
the radius. The deviations of the
values of the magnetic proper-
ties from the average value did
not exceed the error of their
determination with the aid of
magnetometer.
Experimental HDDR-
treatment processes of alloy pow-
der No. 1 and No. 2 were carried
out. The average values of mag-
netic properties of the obtained
powders were determined along

the axis of light magnetization
(Table 3).

It is clear from table 3 that the
hydrogen treatment processes car-
ried out according to the optimal
regime in the enlarged pilot plant
ensure high reproducibility of the
obtained: the magnetic properties
of powders of the same composi-
tion obtained in different processes
differ insignificantly. The analysis
of powders from different processes
showed that there was no contam-
ination of powders with carbon,
nitrogen and oxygen during hydro-
genation and vacuum degassing:
the nitrogen and carbon content
was determined to be 0.03% or less,
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HAHOMATEPUADbI

B mocnenHern cTpoke Tabi1.3 mpuBefeHbl MATHUT-
Hble XapaKTePHUCTUKH IIOPOILIKA I10C/Ie IIOBTOPHOM
BomoponHOU obpaboTku. IloBTOpeHHe mpolecca
IIPHUBeEJIO K CYIleCTBeHHOMY ITOBBIIIEHUI0 MaTHUT-
HBIX CBOMCTB I10JIy4aeMOro IopolKa. Takou npuem
MOKeT OBITh II0JI€3€eH IJIs UCIIpaBIeHUs bpaka.

TakuM o6pa3oM, Ha OCHOBe aHa/IM3a MONyUYeH-
HBIX pe3yJbTaTOB OBIJIO II0KA3aHO, YTO BEIOpaHHAS
KOHCTPYKIIMS PeaKIIMOHHOrO aIlrapaTa MosxeT 6bITh
peKoMeH/I0BaHa sl CO3/laHUs 000pyoOBaHHUS, pac-
CYMTAHHOTO Ha IOJy4YeHHe HeCKOJIbKUX LeCSTKOB
KHJIOTPAMMOB MAIHUTHOI'O IIOPOIIKA 34 OIlepalHhIo.

BblBO/bl

C mesnbio obecredeHU S OIITUMAJIBHBIX YCTIOBHH IIPO-
BeJleHH S IIPoliecca, Bo BceM obbeMe 3arpy>KeHHOTO
B PeaKLHOHHBIM alllapaT MOPONIKA CIIJIaBa MPH-
MeHeHa CXeMa 3arpy3KHU IIOPOIIKA TOHKUM CJI0eM
Ha TapeJKH, KOTOpble YCTAHABIUBAIOTCS B U30Tep-
MHYeCKOM 30He PeaKIIMOHHOI0 BaKyyMHOIO aIlIla-
paTa ofiHa Ha Ipyrylo.

KOHCTpYKI M PeaKILIMOHHOIO aIlmapaTa, MCIIbI-
TaHHAas B JaHHOU paboTe, MOKeT 6BITh pEKOMEH/I0-
BaHa /15 CO3MaHUS 060PyqOBaHU S, PpACCUUTAHHOTO
Ha II0IyYeHHe HeCKOJIbKUX NeCSTKOB KHJIOIPAMMOB
MarHHUTHOTO IIOPOLIKA 3a OFHY OIlepaljui0 U MOXeT
6BITH MacIITabHMPOBaHA IIPH MCIIONB30BAHUU ABTO-
KJIaBOB 6osbInero obreMa.

[IpoBeeHHBIe HCCJIEeLOBAHUS IIpPOLlecca BHICO-
KOTeMIIepaTypPHOM BOLOPOAHOM 0b6paboTku cIia-
BOB "HEOJHM - 3Kese3o0 - 6op" Ha yKpPyIHeHHOM

OITBITHOM YCTaHOBKE I103BOJIMJIH IIO/IYy9HTb XOPOIIHeE,
BOCIIpOM3BOAH MbI€ Pe3yJIbTaThI.
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the oxygen content was up to 0.1-
0.2 % wt.

The obtained powders have mag-
netic properties similar to those of
Nd-Fe-B alloy powders reported in
the literature for alloys of similar
composition.

The last line in Table 3 shows the
magnetic properties of the powder
after the second hydrogen treat-
ment. Repetition of the process
resulted in a significant increase
of the magnetic properties of the
resulting powder. Such a technique
can be useful for the correction of
defects.

Thus, based on the analysis of
the obtained results, it was shown
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that the chosen design of the reac-
tion unit can be recommended for
the equipment designed to produce
several tens of kilograms of mag-
netic powder per cycle of operation.

CONCLUSIONS
In order to ensure optimum condi-
tions for the process, in the entire
volume of alloy powder loaded into
the reaction unit, a scheme for
charging the powder as a thin layer
onto plates that are positioned one
on top of the other in the isother-
mal zone of the reaction vacuum
stand has been applied.

The design of the reaction
unit tested in this study can be

recommended for the equipment
designed to produce several tens
of kilograms of magnetic powder
in a single operation and can be
scaled up using the larger volume
autoclaves.

The research carried out on the
high-temperature hydrogen treat-
ment of neodymium-iron-boron
alloys in the enlarged pilot plant
enabled to obtain good and repro-
ducible results. ]
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