FHI3E BRI vikEHEMH W Nd-Fe-B BEERZ T vy FnbD
Fr EESTR DEIY

Bl Znly %Ay HEOCE ORHBHA L U CHW A 2B OeREIR 7 = &
AD 7 v —F ¥ — b %& Fig. 3-1 1R T, 71t A id MgCls Z ik & L
=%t L RRRIZ, A BT O TIEICHE % Znl WaliE I 32 T
&L BONTIRAEN O THEEROEWZ R T 5 TEREMNS 5, K
FCIX Znlp (2 X 2 BROCE ORI fiH B X O L3 vk o4y
BN DA 2 % FERER 72 FEBRIZ &> TRREIE L 72, Znlo [3Z&RJED Ve
W, KMEN LT NATRE Th A 03, KRB CITEHEMN e s LT, &
@l Znly FIZX APV LA GEERIET 2 2 LI A cE O %
1Tolz, fFoivia HEb G D38 - BIE & U TIEEZEZREEZ R
LT, @i T Znle B O ML 23 S8, & HERIbE Y2 <
AT L CHiik - [FINT 5 2 & 2R AT,

3.1 HEhI vikEEshE Vo IR R ORI

3.1.1 FEBHE

Rl Znly PICR AV LA A T Ty THRRIET HZ LI VITo T,
Table 3-1 (2, FEBRICHW 3B 27”7, MgCle 247 HHnR OfiitiA & L
THWESERR L RIERIC, A O/NRIESH B0 CO IR - #E LT,
I NI L0 BUHRIEA E T, K Znls (X, EERHRD S
n—7HRy 7 ANTHE -7, SRR, Fig. 3-2 TR L7 nEEE 2 H
WTATV, BOGTRE, 7) 1% 740 K. SURKER, ¢ 12 12 Rl & Lz, PO
%, HHRZEXUFNTRG L, HAN OIS E L ORA G4 % 2 3R 55

KOTa—TRy 7 ANTEIL LTz, B LY 7 ZonT, Bk X
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HREHTAEE I LD MOFREETT 72, 3 Vb XRD 1T X 50 DERIC
X, F AN ZER T OKRG EFOS L TR LZ2WE 5, KEzARY A
REID T 4 )V N THED, & To 72, sEOMEIZ 2V Tk, ICP-AES
WAL & . B ERERE Z MW g D RIREO IRV E
=L,

3.1.2 FEERHER

EERZ B S - A4kt osMEL % | Fig. 3-3 1Ot filit3EBR%IC
[FUN ST AT R m IR Lz & 5 kIicEB b LTz, ZoXmkE
2-(ANF., BG4 L Inly EOKNZ L > TERSNZEB 2 b, A
HaDFOLEs(Fig. 3-3, 22BN LA IZHBES 2 2 L3 TE 2, HHRAN
D Znlg \IZ2WTIE, FRANZIZAB TH 572 b O, BeA R E IO E AT
DD T, FRZITFREIZE L LT,

RS DA 0K EE 2-(AX, Aaatkl L | REHZEA L2k
& OB 72 R REECh o 7o, & 2T, WAL 2-(B)2r 6 OB
ZRFIBELC Lo TN S =K iffE 2-(A) 2 ZKBDKICIRET 2 2 L T A S
BITAHE LTV DA KICHR L. 1m0 BES K - TREIRTRIE & ¥R % 5y
BEL . 15 57l KL OERIRE & o fric ik Uiz,

EERATOFERS KL ORI IZHE S 7= K3 HI % LT XRD 12 L B HD
[FE&EIT - T-4 R % Fig. 3-4 8L O Fig. 3-5 (R T, WanFmE 2-(A)
% FERE KRS L 7ot I B S U7 [E AR ) 1, Fe AHMBIZE Sz s,
fil Fe ® PDF /"% — > 10 H Al & — 7 (HEAERIC 7 F L Tniz(Fig.
3-4(0). ZORERMNG | BAAEOFRE CIIAm e E &Sz &
DR S Tz, EBRIZ IS DT & skt o sy 2-(B) 2t L C
XRD THMT L= & 2 A, FEBRAETE [F U< NdoFewsB 4@ B LA W 2 B1ER
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S 7-(Fig. 3-40)), EBRZIZHHEAN BRI S 72 B L CiE, BemER
AL CEIN S Lk anifi s . 2SO AEDIE & 255 Thofit L
N, WFROY D b Znls O B 0EIEL S - (Fig. 3-5),
Table 3-2 |2, &% OV T NOER, w, LUK, C, DELER
T, WA GEORERE 2-(AIZOWTIE, ZARFKICEE LRICE b
RIRIE A FOr I SETERLRIE Lz, BRAKICLD Y —F o7tk
> TR 2-(AITEE L TWRIT T~ OKICEM LI S REL T, U —
F o URIOERE DEEE(bE, G BRmEICAFAELIEOERE S L
72o ICP-AES IZ X ST OfE R, & &R 0B o sl o3 1 X F2BRAT OB A
BBV CTh o 7o, GaEtORmIZIE, Fe & Zn OANEENT
BY ., WAAERBORBEN BRI S 7 fkEOHEIX, Nd B X O Dy
ZEfa LT,
VI EORERE R E 2 5 & #AaaaREtoREI T, A TELED
Gt Znly OB 22 filHUS @), GIPHEITL TVt B X b b,

2 Nd(s) + 3 ZnIs() — 2 NdIs(s) + 3 Zn() @)

AGP =-472.0 kJ at 740 Kl

2 Dy(s) + 3 ZnIs() — 2 Dyls(s) + 3 Zn()) (5)

AGP =-613.27kJ at 740 K

3.1.3 &%

B Znlo A & U CTHW A BEOCR O ERIC L Y | & =
Ak 2RI LT Ay BT R OBIRA e S AT T 5 2 & S AMISE T
FIETE Iz, FrZ, i FERZ OB ASEORTBICH LT —F 7%
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1T TR 6 Nd B L O Dy 13KICEHEREEW & L ThA R B
M Tky, fIHERZIC) —F o 7V KEPICRET2 268 T
THEEZDND, BARTIHENGEIE AT XRD 12X 5508 T
A THE I VA OAAEDTER S 72 o T B HIE, R Of& THEICROR
FE, Cha, Coy, DMED-7272(2 mass%ll F) EE X T 5,

BBt oK 8 2-(A) Z 2K KITIRE L TS b2 BEIRFRE ) 5 13 Nd
& Dy BERESNTEY ., HERICKSI Lz, 7272 L, BaEE&0H 0
W IROGDE EFED . HERIZEI L Cld Nd T 46%., Dy T 42%Th
572, MgCly Z it & U 7= 58k & bl U TR AN L 72 Bl 2B
L CiE. AREBRIT Znl OflA(719 K) L0 S 3 702m - 740 K THEE L
7ol ROSREE, T, 2ME<, Ak Lo a T OEIR 3 v b h ez
EEEICERE U, IO ozl L EZ 2 6b, HD VI,
FONREE, T, BFDNTm L IR oleicd, BUSHE DI D) T2 68
Mt b o, MHHEE, 7, # LR SE5 &, FRoORMEITMETE5 26
NDN, —FHTRES 1423 K UL EOEIRICT 5 & Znl, OB DBk
T H7oB mIRIZREFT 5 2 & ThHBOS S FZERITHEITT 5 & A,
SR FERINRGE - WET D MNERH D, V—F 7oA t4e% XRD
2 & > THMT LIZBE, Fe MR E— 7 A3l Fe MR/ 8% — > & Ll
LTIERARNCY 7 P LTWe, £z, M OfER, BEEAREIC Fe L
ST Zn NEEN TV =, Fig. 3-6 1277 Fe—Zn o RREMMWNS . &
SlBHER T CAERR L 72 SOSARA D Zn 75 Fe IZ[EVE L Fe—Zn A0 A%
L7cAlREMEDN 8 B,
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3.2 I U(LEESh L BEAREDRE I G D Nd D5yREENYX
3.2.1 FEBRFIE

AT CIT o 72 Znly ZHHHBEA L UCRIAE Lzien &4 ot TE
O FERCIL, JONEE, T, MERTH 72720, AE S 20 mm 2
FED/NADORAB@ & L2556 REOSOBA G K- T2, £ 2T,
IKIR D SO T BN FOS AT LoV K 5 I EBRICH W DA G4
R REEDY 5 mm LN O/NITi L CEREIT o7, Maaaen/h
ZREHI WG S, i TR O TR BRI R oA & &2
Al & AT 0B L ClRI 35 2 L3 LV a3, Fig. 2-8 IR L)1
I UL OFRKEILE N 2D, KB L > TLEMEEZ &S bR X
SHBECE DAREMED & 5, FEBRAGEIT Fig. 3-2 (TR L2 b Dz v,
FEAREN 20 g & Znlo £ 100 g 2 S OHRNIZ T LT, 740K T
12 WO RIS AT > 7, RISk, 2B THRMA L, N2 5%
PR m—7 Ry 7 AN THIRNORE RIS A B L7, i 9E5RIC &
DIFONTZSUS %, Hed TR FEBICHL U7z, AR I Fig. 3-7 1R
FTEHIC, BEYFICHIE 2% E L CiTo 7, REHARFROIRE, T, (X
1073 K, ZRBERERE], ¢ 13 1 BERE Uiz, BOSK TH. BUOSE 2B L,
Ne PR v —7 R v 7 AN THUSE N ORI Uz, il S2ii% 3
F OB FEBRZICRIL L= 2 OFREHZOW T, KR 21T 72,

3.2.2 FEERFER

Fig. 3-8 \CAAMERRMS DA TSUNEN ORI & | ZRHERP OA T
WNEEDIREE AT, Ty, oy, FEBR., ROSENOREFTH BB R T
. B, IRIEOREN D 2-(W), 2-X), 2-(Y), 2D & Lz, =1
TNORBIOHEHE % Fig. 3-9 1T~ d, 2K FEBRATOREIEHEEDOR 70% 7054k

46



1) 2-(W), 28% D HIHNOZEREY 2-(2) & LCRIRE L, $EY 2-XE
FO 2T TLKAETH o1, ERTOAIEEINEEDOIED 410-640 K
ORI S IX E A OEEY) 2-(W) & &REEY 2-OnEI S L7z, Fig.
3-10 1R T3l XRD X% — v k0 | AEOEEY 2-(W)id Znls, 4
BEEED 2-X)NT Zn THDHZ EBN DTz, SHIT, FIREE 920 KT
BN RREOEEY 2-X) 75 1% Ndles FHABIZ Sz, KBk oML
ST D SR % Table 3-3 (24, ZREEFBRATOMEHI G T2 Zn (i
I$, BEEAEERICLVEEY 22(W)E LTRINTE 5 Z &b,

INHOFRER I A ERPICIIMA AT OR TR N T vk &
LT Fichhii ST v . REIO Znls & SUSEVERM) O Zn ZIRE
WHBRETED Z ENFERMITRI N, £, HIHFERICE > THED
A=A O 3 e b KA Z I LTl S 4L, 56w 2-(Y) & L TR &
Nz Z ERNbnotz, HHRWNIZERE LT Ke 2-(Z) D XRD /3% — - Ofi
B Rbid, Fe HRBIE SN OO, FIETERWE—27 0N E o7
(Fig. 3-10(d)), % Z T, Kt 2-(Z)1.09 g IZkf L CEBAKICL DV —F
TEATV, U —F T H OB & EIRBE 2 I L CEnEnmricgt L
2o XRD IZ X B0 OfER% Fig. 3-11 12, UV —F L 7HiD 2- (DB LY

—F TR BT EIR & BT ORAL T OfE R % Table 3-4 1R
o ZABKITIRE LI RICHR O N BRI IR IS S CHER, w,
ZRE L, V—F  THIOEIKE OBE&EE(E . KEFIZEME LI bEaY
OEEL Lz, T7bb, 1.09g Ok 2-D %Y —F 7%, 0.75 g DHE
WERENE O N2, KPIZER LA OERIF 0.34g & LTz,
KD XRD /3% — b 1d Fe M08 S 1U(Fig. 3-11(b)), FE{AzREH
DA HHETFEOIEE(Cna = 9.0Tmass%, Cby = 4.0Tmass%)E. EBRAT O/

fEA AR O TFEICE OPRE(Cva = 25.7Tmass%, Cby = 4.96mass%) &
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g U Ciid LT e, E7e, KIS L7WEIE, HOREITTE
7eino T, EE L THETIETEFE(Chva = 28.9mass%, Cby = 1.41mass%) &

3 7 #E(G = 68.9mass%) & 5 A TN,

3.2.3 &%

Wt A B 2 e U, TRAL Znls & RS S8 TR DIV IRA UGN %)
L CHZERZATO 2 &8 Ko T R Znls 25 M U7oAi HHEC R OREIR
st & SN T I U OZEIREY 2 0B « B FTRETH D
TEREFELT, BAAAEE ML CTHIHEREZITS Z&I12L 0, RORE
FE, T, MRIRTH A TEOCEOMIL AT ) 2 ENTE e, o, AKFEER
BIZIIRFID Znls 3 LOBUSEFRY T 5 Zn, Ndligs NENZILRRD
EALICEE L LTI SNz, 2o X5, FuikE HWESEE.
PR & 7 TR LA & DA A BERS J O L B DRI AN LY
BHTHY . KHRE LTca LI v O 5B - BINASFI C & % "lhE
MWD LB Z BD, A RIOFBR T, KM X 20BN T NATAT,
WA BRI Ul LA b . IRE USRI L TKIZE D Y
—F LT EATH LI Ko ORISR L. WGl & B 20k
THIENTERL, ZOXHIT, AL & TS Ve OZRKEZEN
R&E L RO AD TE I VbR 2R TR, & LS
WMDZNZRD BN - BINAEBT L EEZBND,

3.3 /NE
ARETIL, RLZEDOE W I b Znly) ZHH AL UCRHHA LT, #if
HSEBR % OF AR & F LAY & OB R 2 M &85 2 L 23R A
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2o —HO IR 22 FROFER, Wt B0/ N & TR Znls |28 5 2
ST LT, Hifkd & RERIC A TR TR ORI A FRETH D 2 L &
FRELTZ, S 6IT. M bAEMOoBEFERCIX, A TH S Znl,
AT A M L ONBECERII L, —Ho Nd 2 Uka, SMHEM LT
Wk L, BT 5 Z EMTE L, 2720, MHERICBNTa Ve E iR
MTHHaT 255123 FOSEE, T, MM OSEEICH~T 200K UL E
K< 7220 | BROBA G S OM TR OMBEENE LK TT 5
ZEbnol, £, fHEHERL L ORSEZ BRI E L7201,
MO AAIIRERMOE E THIGT 2O TIT A< R EOERE TG
THMENRDH D, HDHVE, Znls &l U CRElSOE W Mgl & i
ELTHATZ2Z LIk, XY @WBISRE TRt G & £
AL, ROGHEE ARSI E 5 2 &6 TE D, AEIOFER T Dy OZFEIS,
B2 BOSHRE S 1T ST > TR0, & 0 BRI E 21T 5 &%
TR D DM, VERE ORGSO i b & 13225 Z i kv | B
HyZad DR THE ORI - BT e A 2R L, H LWBREEHMO U 3

ATNTHEANEFRBEISEDLLENTE D EHIFSND,

BE R
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Table 3-2 Mass and composition of the samples obtained after the
extraction experiments utilizing molten Znl,2.

Mass of Concentration of element i in the samples, C; (mass%o)
Sample samples,
w/g Cz” Cne CDyb Cee’ Ce’ C’
Initial Nd-Fe-B 259 na 25.7 496  66.7 1.37 na
Initial Znl, 103.3 215 na na na na 78.5
White salt 244 20.0 045 0.13 009 027 790
Green salt 27.3 195 1.44 019 <001 0.20 78.7

Dissolved portion of 2-(A) 319 12.9 803 154 153 0.09 759
Residue after leaching of 2-(A)  13.3 24.9 0.49 0.23 64.5 1.12 8.79

Core of the alloy, 2-(B) 14.6 057 276 5.19 64.8 1.19 0.67

a: Reaction temperature, T = 740 K, reaction time, t” =12 h.
b: Determined by ICP-AES analysis (na: not analyzed).
c: Determined by potentiometric titration (na: not analyzed).
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Table 3-3 Mass and composition of the samples obtained from the recovery

experiment? by utilizing molten Znl,,.

Mass of Concentration of element i in the samples, C; (mass%)
Sample samples, \ \ A \ \

w/ g cZn CNd CDy CFe CB Clc
Before distillation® 92.3 17.1 5.58 112 15.05 0.27 60.8
Deposit 2-(W) 64.2 21.2 001 <0.01 0.07 0.02 78.7
Deposit 2-(X) 0.47 100 <0.01 <001 <001 <0.01 na
Deposit 2-(Y) 0.98 0.33 249 2.69 0.22 0.02 718
Remained compound 2-(Z) 25.6 0.3 18.2 354 465 0.7 30.8

a: Vacuum distillation (1073 K, 1 h) was conducted after the extraction exp. (740 K, 12 h)

b: Determined by ICP-AES analysis.
c: Determined by potentiometrial titration (na: not analyzed).
d: Mixture of Nd—Fe-B alloy and Znl,, Wy e g Wy, =11 4.
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Table 3-4 Mass and composition of the remained compound (Z) in the crucible
and samples obtained after leaching by water.

Mass of Concentration of element i in the samples, C; (mass%)

Sample samples,
w/g Cx' Cne Coy* Cre’ Ce’ cP
Remained compound 2-(Z) 1.09 0.26 18.2 3.54 46.5 0.70 309
Dissolved portion of 2-(Z) 0.34 0.11 28.9 141 062 <0.01 689
Residue after leaching of 2-(Z) 0.75 0.32 9.07 4.07 79.8 1.18 5.52

a: Determined by ICP-AES analysis.
b: Determined by potentiometrial titration
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Dy-containing Nd—Fe—B magnet scrap  Znl,(I) «———

A A

Nd and Dy extraction by molten Znl,

!

Ndl;(s) + Dyl,(s) + Zn(l) + Znl,(l) + Fe-B(s)

(Ndl; and Dyl; are dissolved
+ in molten salt.)

Vacuum distillation/separation Znl,(g)

|1

Ndl,(s, 9) Dyls(s, 9) Fe—B(s) Zn(g)

4 A 4

Refining / reduction

|

Nd(s) Dy(s)

Fig. 3-1 Recovery of Nd from Nd—Fe—B magnet scrap utilizing
molten Znl,.
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Ar gas inlet

Coolant inlet —

Alumina tube

Stainless-steel
tube

Stainless-steel
wire

Fe crucible

Ti sponge
(N,, O, getter)

L

Sesecssccccccds

o O OO O/|O O PO

Ar gas outlet

LILHR

— Coolant outlet

b

o

Stainless-steel
chamber

Thermocouple

(3— Heating element

o

Ol O O O

Stainless-steel
foil

Molten MgCl,

Dy-containing
Nd-Fe-B alloy

Fig. 3-2 Schematic illustration of the experimental setup for the
extraction experiment.
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Surface of the alloy (A)

=,

*

m %y
-

- - "~ y
Sg §\:_ 4_“:‘ -

Core.of thé alloy (B)

Fig. 3-3 The magnet alloy obtained after the extraction experiment
utilizing molten Znl, (See Table 4-4).
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[
(@) Initial Nd—Fe—’B alloy
’| 4 : Nd,Fe,,B #39-0473
®: Fe #06-0696

¢
’ ¢
N'“j ﬂm

Intensity, | (a.u.)

(c) Residue obtained after leaching of 2-(A) by water
°

— I.JL_L . IJ

20 40 60 80 90
Angle, 28 [ degree (Cu-Ka)

Fig. 3-4 XRD patterns of the sample alloy in the extraction experiment by
utilizing molten Znl,;

(a) initial Nd—Fe—B magnet alloy,
(b) core of the alloy obtained after the dissolution (2-(B)), and
(c) residue obtained after the leaching of 2-(A) by water.
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(@) Initial Znl,
o

0: Znl, #10-0072

o0

(o]
(o] O (o] (] (o Jg(e]
(o] (o] (o) O~ O
NLJ\_A__._J_JLAI A ‘_L o Md— n

Intensity, | (a.u.)

(b) Salt obtained after extraction (white)
(o)
(o)
(o) (o) o

o o o
o o o o © o
(c) Salt obtained after extraction (green)
o

o

o o

o (]

J\Jh., L, © | ho? i ° oo

20 40 60 80 90
Angle, 28 |/ degree (Cu-Ka)

Fig. 3-5 XRD patterns of the sample salt in the extraction experiment by
utilizing molten Znl,;
(@) Initial Znl,,
(b) the white salt recovered from the top of the crucible, and
(c) the green salt recovered near the alloy.
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O,

J

Temperature, T

1500/

1300

=
=
o
o

900

\l
o
o

500

300

Weight percent Zinc (mass%)

419.58°C

Atomic percent Zinc (mol%)

Fig. 3-6 Binary phase diagram of Fe—Zn system!4l,
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2-(W) 2-(X) 2-(Y) 2-(2)

1200 11 T T T T | 1 1
¥ 1000 |
~  goo}
Q
S 600
2 T, = 1073 K
g 4001 L
£ 200 v=1hr 1
(¢)]
'_

0 1 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400 450

Distance from the open end of quarts tube, L / mm

Fig. 3-8 Schematic illustration of the reaction tube after vacuum distillation.
Respective temperatures for the reaction tube
during distillation are also shown.
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410~640 K 920 K 1073 K

50 mm
2-(W) and 2-(X) 2-(Y) deposited 2-(Z) remained
deposited in the crucible

2-(X)

2-(2)

5mm 10 mm

Fig. 3-9 Samples obtained after the vacuum distillation;
(a) the reaction tube after the experiment, and
(b) the samples obtained after the experiment.
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I I I
(a) Deposit 2-(W) (410~640 K)
o

0:2Znl, #10-0072
a2 Ndl, o #13-0170
®:Fe  #06-0696
+:zn  #04-0831

By

(b) Deposit 2-(X) (410~640 K)
+ + +

+

Intensity, | (a.u.)

(c) Deposit 2-(Y) (920 K)
A

A A A
PR N . A~

(d) Remained compound in the crucible 2-(Z)

b )

20 40 60 80 90

Angle, 28 [/ degree (Cu-Ka)

Fig. 3-10 XRD patterns of the samples obtained after the recovery exp. by
utilizing molten Znl,;
(a) Deposit 2-(W),
(b) Deposit 2-(X),
(c) Deposit 2-(Y), and
(d) remained compound in the crucible 2-(2).
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(a) Remained compound in the crucible 2-(2)

®:Fe #06-0696

°
h \
°
bﬂw J»w
(b) Residue after leaching of 2-(Z)
°

Intensity, | (a.u.)

WL o] j\_ Lﬁ

20 40 60 80 90
Angle, 28 |/ degree (Cu-Ka)

Fig. 3-11 XRD patterns of the remained compound 2-(Z) in the crucible;
(a) before leaching by water, and
(b) residue obtained after leaching.
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