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Mechanism and Removal of the Accumulation in the Sedimental Zone
of Inclusions Precipitating during Solidification of Large Ingots
~Controlling the Solidification Structure of Rare Earth Treated Ingots-
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Akio EjiMA, and Koji SANBONGI

Synopsis:

The solidification structure, solute segregation, constitution and distribution of inclusions in rare earth
(RE) treated large ingots have been investigated. A concentration region, called “The Rare Earth Zone”

which is bound by [%RE]/[%S]=2.7—8.0 and [%RE][%S]<15x10~% on RE vs.

S coordinates, has

been found to give a satisfactory sulphide shape control without causing any harmful accumulation of
RE-sulphides and RE-oxysulphides in the sedimental zone of the ingots. A theoretical model has been
given to successfully account for the sedimental zone accumulation, anomalous A-segregation, and the
reversion, named “S-Reversal”’, of the segregation pattern in the RE—treated ingots. The constitution
and origin of inclusions typical in the RE—treated ingots have also been interpreted in terms of the model

supplemented by thermodynamic considerations.
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DEEBRRE, ZLOHERESOTL, WELICERD
SR HE STy, RES ol EHRIES
DENITENZ EEFIFTHIE BEDCHE T 5RES
2FEmE LT, TOEFBIETELAMEENS 5.

APz, ZRITHIRREO—Fie LT R ERmigsug
Bfscr FEAT TS, BREE N EDESEBEY, &
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7z-
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2.1 B8 EREH

LSRRI (SM50YA) &4 FHSH(APISLX-
X65) MO, 100t LD 5P Cia®l L. HARIR
i, BiE: - 44Mic Fe-Mn, Si-Mn, Al% Zol[F
KARAL, Al 7%V FIREETHY 25 min B, s
40t/ min ¢ RH ##0EL, O (total) <30ppm,
Algo1.=0.03% & L7z. ZDORESIE 0.004~0.0129
HPRIC T Lic. ZOBME 23t TIAR LS (2050
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RE LS HIXUCHMECODM TR Z 5RRDOES:

PRE+¢S +rO2RE,S,0,

(p:1~2’ q,1:0~3) ........................... (1)

T X BT SRR OER E B R x5 L i 5 B
GBRINIEWR D [%RE][%S] IRERISHERE T

IRAFERUY I0X10-3 X h K&/ B X5 RE {fna%
i L7z, —%, RE-sulfides 2 MnS X b BEiFH X
, B ERE R TS LRET, SRER~D
RE-sulfides iLfi% (5 A dOWEICIY, HiEHEE S
TT20XM5NATWS [%REY/[%S1=2.7 fFEY
T, HENBHETO [%REI[%S] RETHBRERO
T 5x10-5~50%x10-5 1ziRh.5 X 5, RE FmExH
Hilie SBENTEARTERTEY 7CRE LLED
RBOSITES, ELHEL &b Table 1 iRt
SiafREErk, RE(total) & Ce 137 o {bipsriks+ b Y
CIBRREEDTHI Lic. STOEERZ o 13 S
0.004% 0% £0.0004%, Ce 0.01% o +0.0005%
TH5. :

Ve FARTHEHBZOBRNGEIC, 75 JGHE % HE
i, PHFEEREAER TS 60 ke ik L
ZHWEBIHROD X 5, SRRGEDOY v 7 Y o SO
ZBELEDH I LW XOT, REFIFHTHHE L sulfi-
des MEFIRMICHEIR I W PRERRICHEET 02 55
Lhihik L, ZOMiTtE R Ll X O —HMFams
€5 %, ZOWGME ERHRCAVWAES, &R
REDOHEESS X CHIEERERIE» S0+ ) o &
&2, REATEE S B, BERREEE, b
EOWIZ X OTHERERMIT LTHBDT, BT L
ERTLH 5.

2.2 BEHE

Table 1 DA A~DIL, il % 4 %830, &0 FfT
T R T UISIIEE L, S-F 0 b IBEEE IR D
— VU VR X AEREMAEE, Ky EE GRY 8 mm
¢, BVEE3mma) L EPMA 285 MM X R4
fmbT, EFBREHT, EPMA, Quantimet £ X 3N EHD
Ak L RSN, ZPE LA A~DLSMIR S T o

Table 1. Characteristic data of ingots investigated.

Analysis (% Teemin,
Grade Ingot ysis (%) : :g [%RE] KRﬁ;:* R¥kkk
S O RE Temp. ] Flr_r\e [%S] X
(C) : (min)
A 0.012 0.0020 ; 0.041 1 570 7.6 3.4 49 4.7 -
B 0.007 0.0024 : 0.056 1580 5.5 8.0 39 4.0
SMS50YA* C 0.007 0.0033 | 0.018 1580 4.2 2.6 13 1.0
D 0.004 0.0032 0.012 1 565 5.1 3.0 5 1.0
— 0.010 0.0018 0.033 1570 — 3.3 33 4.0
— 0.005 — | 0.014 — — 2.8 7 1.0
APISLX- — 0.005 — 0.020 — —_ 4.0 10 1.4
X 65%* | — 0.006 — 0.039 — — 6.5 23 3.0
— 0.006 — 0.016 — — 2.7 10 1.2

* € 0.17/0.19, Si 0.19/0.36, Mn 1.29/1.47, P 0.013/0.024, Al 0.033/0.0359%
** € 0.10/0.13, Si 0.16/0.24, Mn 1.25/1.64, P 0.013/0.017, Al 0.023/0.0274%

*s%  Kpp=[%RE] [%S]
##%% R=[9S]nax. 2long ingot axis/[$5S] in mold

— 52 —

r



[

A3

WEERE I RIS E C D ARPEM O K RATICE U 5 M EMRRMOBE LiREk 1655
— % - JA T AN R Bk o0 ik 1A R 1 —

LEWCEEE, MmiELRo RE, S, O Szl
E L7

Fiz, OO S, ERKERGT, &R,
FHIZ BT, A 200 mm BEORA 2T L, 50 mm[E
8 Lie. Th# 1250°C ichnghes, HIEERE (ET
e 12~18%x9 s¢x/4min) L, tHE 740°C T
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AL AEHEE 2%, BROFERPLFZE X THIRITEES
wiikbhTtnd, &EZbh3 [(%RE]/[%5]1=2.7
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R BT HE 2 7. Kre=39x10-5 D §Hbl
O S-FU L PRAELAFEEF L, Krex13x10-3
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%7z, sV RE, S, O o45#id Kee WX
%3%% Fig. 1 i $. Photo. 1, Fig. | »5RDFR
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Prigrx, K56, rhR¥R, L D SHBERILTVS.
(3) BEERB XL UHRED V B S BAERKT LT
5. HEL, MRS VERICHET b raRe v 7
A ORFEDTVE, SOERFSED 5. (4) KBS
S DIRERITBHS. O) FLLEBETH L, ik
ERITIEE 10~20 mm RfRCBRicik>Txh, KM
H 5 100 mm B XA HIAE D, EEO» DRI
YT 54800 mm B FETHRNTWS. (6) HIBELBF
ELTL BB R—EE, KERS-2Fy L 0E
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AT,
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(8) FHTRER® S{WHTIXd T D IRE T\ (O VIR
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Photo. i. Turnover of scgregation paitern on S-print of ingots treated with RE.
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Ky bBEVWOT, #HEETHS. (13) RE, O3,
EfE»S5thth 10, 8% B coeEErRTcd
ERs4N

-5
Qzof 150 Ingot A, (°-RE] [4:5]=49-10
016 |
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Fig. 1. Change in the distribution of RE, O and

S along the vertical central axis of ingots
with different [2%RE] [9S] values.

(D~(4), (6) HEMDEZEYITHB2, (5), (N~
(I3)3IABFFEDD YD TH SP TR OABETSHS.
T, (O) ORITBBIRTHEEES, REM Kpg ©
RN X2TSHEFS {(2), (3), @), (6), D}»>
{9, (10), (1D, (12), (13)} ~:BEET5HEES,
REFMGAROGEBIE LT TR 8y, Tk,
PN ELFETEE C STy — chiib R
IR OBEMOBEEL L EERMRATHS.
mthiERE s+ ST kbhiE s [%REI/[%S] i
55 X 5 REZIRHN L 7= a8 ih D R R A3, [%RE] X
[%S] w4 &L /% & Table 2 ERH»SERMOLS
IR 58 5%, “S-Reversal” : £54i) 5.

73, PR C, Mn,P O4 7l “S-Reversal”
OHFET,rH 53T REEFRINBEFEROTH L KXk
<, %7, RE(wotal) thod Ce DEIEIE, T v 24
WHRDERIEP D7, Tibb, [%Ce]=1/2[%RE]
LEZTIV.

3.2 “S-Reversal” DERBER

- ARV RO K DF #EVx, Photo. 1, Fig. 1 21 LT
MO X5, WEREHRD, MBEEHLBvo S 4
FHEPRRE R THEL>CHBT2008E M cHD. £
M REE LT, ZoOhKREESHRNIEME L T3k
SHOWETE: LARLBIREEER L. B0 X
Rz 3 TRILER S R O B x> 2 0
#{bl, 1.8=R T, KM EMEICLBHbIEm .
FR=1RRITBHEVZ EE2RT

Pl o “S—Reversa’l” DHEELIFHR TEDb L,
Fig. 20Rd. B AEX D OEEHEI%RE/[%S]D
SEfE, HTH DEMEN Kee OEEERT. Fig. 2 25

{

Table 2. Turnover of S-segregation pattern [“S-reversal”] in RE-treated ingots.

I Sulphur segregation :
\\\\\\\““*‘\\~133§f§ﬁf968] 39~49x 10-5 5~13x 10-5
Meniscus ﬂ Strongly positive [1] Positive [8]

I

]

A-segregation i
(Bottom to top, throughout) .

Clearly negative [2]

Slightly positive [9]

(Primary & secondary

V-segregation i
shrinkages) u

Clearly negative [3]

Slightly- positive [10]

Sedimental zone

Strongly positive [4]
Layer-by-layer segregation at inter-
¢ vals of 10~20 mm from 100 to 800
; mm from the bottom [5] ;

None [11]

Primary dendrite arm

Striation of large S-spots.
Easily distinguishable from matrix [6]

No striation
Hardly distinguishable [12]
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Fig. 2. The Rare Earth Zone (shaded area) suitable
for homogeneous sulphide shape control.

Kk Kre=15x10-5, FEEICIX Kre<10X10-5 THh
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(L RET e 2 52T T v, 0, i inx 7R Bz
X 5 R E O HLx bl <7k, [%RE]/[%S]
% 2.7~8.0 Ofif, XbpkL<IX 3.0~6.0 OfEHIC
BXDHLUERD B, ZODo OEFE FRRFCH
T, SHRNERETO [%RE] & [%S] 55
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hTohid, HBRSHCRmEZEs X7, ke
RESERLHE B LT ITRXD, LWV IEKRT
4AA BCD 1% “Rare Earth Zone” LWEL. B4
CDpIEEZ#D I TY2>TH B0, #HED ALO;, ©
BT XV HEB SRS [%RE] », B#EFO ALO; %
Of(total) & LT =30ppm BELCTFTENTD,
[%RE] 2%\ DH I OHE TR TE R LB
OHIETHS.
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2EREITRLAE S, §#0.008% THS. zom
C ¥, [%RE] wZ#hlazfFahy, —&ECE 0.021
BIZREDOTLEY, ZhULETRERPEIY, Th
UIF el bhRERE s TELickd. REFFIO
BB s L2 EE T, EARO [%5] X

BRicix 0.007% DIT 3T 5U4ENHH5.
3-3 JFEENEHOHEMETH

HERPMA B S AT 5~10% BfE, iBs X REX S
i hrh 25% BRCEE 272883 XTI DWW T
NEMOBREL SALNBEBIE Lic. TOER, Kre 5
~50%x 10-5, [%RE]/[%S] 2.7~8.0 O&E CIX,
EWE Photo. 2 KR T I~URD 4L HETED T
by ¥ oYiLheod B

I :  Photo. 2 i2ffE0 L= EPMA =24 o MYHHE
Phbh»b X5, HERE RE & S OFRFELIMNT
E1TdHy, RES £Exoh5. BEHIXLT T O
&% RES TH2 (RE0,S X0 ¥Fok 0% MK
W) 7243k BIUCHEERO S DD 5. BRK
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Kgrg O/pEWEABRICIE DT, 2 53X 42 — Ko DI,
Kpe DX EVIBEOLEGET RIS <, —KRE
EFDORZT LS.

I# : AlLO; 728 RE X VW@ERTINTTERER
bhHAWOCRERD (RE-Al)oxides DJFE ) %, RES
HHWIXOx &4 Ts RE-oxysulphides 3EFH A TV
%. “Rare Earth Zone” NOHKD Kre /NS ERER
I B L, B okBaEic g

MA :  T7%o(RE-Al)oxides ZTRFA T D35 (RE.
Mn)S H5wvix (RE-Mn)oxysulphides (zZ4273
DTH5D. BNEGEICIE MnS BEDHLRDLZ b
5. Kre D/PEVERBED, VY, V BT ERMEIK Fh i
DEREEMBECS REF LS.

VA : C%a&5TRARYL (RE-Al)oxysulphides Tig
2 LG LT EDO R RV IR ERZETS. %
EEOTHERLLESLLTHLFVEIRMENT E B0
F ol — & — TR ENRS. [%RE]/[%S 158
Ek &\ B AU B X RS . WiLson 913 2 D F1E
FEELTIEWVWAS, Fisuer 539 RE AnE % IEH
R EL U 7 8ABRH € R 2 A & R T v
5.

[ ~ M B O#EmE b DI 2V TETFRETIC X 2855
BEoOREEfT27c L &5, AfEIC oW T RESHEF
ERFERIE 5.887A, jEHE(E (GESCHNEIDER 519)5.769
A], DBz >~ T RE,Oyfbec HEsE 2 (R5E LTHEHT]
ZRE Lz, NEHRo RE/Ce/La HIZFM RE Ao
ZhiciEvs (Photo, 2)19),

SO ELNEDOMAD, [%BRE]/[%S] & Kre
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%% [1BORTH Kgg 2KREVWE (RES)/(RE-
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| Type of ? 100 ‘ Microprobe Analysis (%)
Inclusion § b J s o] cefra |re*| mn |22 |Fe | ¢
“ Py |

2 1153 f3alua]l7al—=|-12]-

K l

L, .
I “ " *‘?’ 2 (25| —}39}21})81| -] =3 }|—

,f&-; - :

[ * ‘ 1

: -

‘,‘;;sj’i

,'..,_
11 f27|ualaf2ol2|(30]-]-
I 2{12a|as 25272 3}-1]-
1436|5182 |3]-]-
I[[ 21234 |15 12 {32]1a]| 2] —~]|—
1|9 |6 31|17 ]es|—1|5] 6 lo.2
N 2110|1131 |16 |e6s] —{10| 8 fo.2
S 31826 {aafss| =] 7] 7]o.2

*Calculated values for total

Photo. 2. Typical inclusions observed in ingots treated with RE,

rare earths

Table 3. Type of inclusions observed in ingots with varying [9%RE] [%S].

KreXx [%RE]/

Type of inclusions

Ingot 105 (%S} RES ((I){Fé) (l({g’é\)l) (RFE’(;“é)NIn) REC MnS [2RE]
A 49 3.4 [AAA AAN A } — — — 0.041
B 39 8.0 i AN AAA AAA | — A — 0.056
C 13 2.6 — AA AAA AN — A1l |o.018
D 5 3.0 — L AA ADA AN — A |o.012

Note : RES, RE(O5) : type I, (RE,Al)(O-8S) : type II, (RE,Al, Mn)(O-S) : type III, REC : type IV (C in type II-like matrix)

AN ;3 abundant, AA ; common, A ; scarce, — ; none.
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Fig. 3. Distribution of the clusters of rare earth
sulphides and oxysulphides along the ver-
tical central axis of ingots.

16} ® Type A(elongated)

0 Type B(stringer-globules)&
Type C (single-globules)

12}

g 08} Ingot with (%RE)6S)=49-10"
2
& 04t
3
(9]
£ *a oas .o > o
5 0
S a0l
2 02 Ingot with (%RE)(%S) =510
” .W.)
0 A 1 L
0 50 100
Bottom Top

Ingot height (%)

Fig. 4. Distribution of inclusions along the vertical
central axis of ingots.

oxysulphides) H & oxysulphides 1D S/O teask X<
%] Kep pVNEWE FRINTEMASEMRE LD (1R
THiio (RE.-Al)oxides @ RE/AL Hr &, sLE®D RE-
oxysulphides @ S /O % Krg A/Na bS]
iz, Photo. 1k Fig. 1 iR Lo fatimeti Lo
FoEHBRND, 2322 —kNEh (18) omEfRE
FREE (X400, 60ET) TillE L-fEE% Fig. 31w
3. Photo. 1, Fig. 1 258 bt b ES O iEERmT
3, RES 7524 -—DEH L LI{HELTWS.
TheiE, FIELEERICOWT, [ UAETHIE
WOWEFEELZFAI-0»Fig. 4 TH5. THETLh
LEEESEZBRMA LTE 2 NE, Kre # 5x1075 L/KE
WIBETH 49X10735 2R EWIEE LR SEATAE

DR E MnS O LS LEMBBEOTTAR L AERS

Ny, SHiEHBICRS LN T8O RES 252 % —
OEFE (Fig. 3) &, HAEHTHEER, &5 Widfiss

BROIENEWDOERLE LTES>TWS(Fig. 4). Zh
i, RES 7 5% & — 2L ETHE MnS o X Hicid
MEfEF, EEELMIEZ D THRNAZZ L E2RT.

Fig. 3, 455, “Rare Earth Zone” PN ClI, Kggp
BSL TH oMb ERESTbh b EE X
bLivs.

3-4 ¥ VIEH

Krp=39%10-5 OMbE(7z & 2 EA)D S-FY o b T
by, BERIRS— RN S-2XR . o & LTED
h, O VERESTORAHLIVEIRLS. 2h
% R MK & HEE LT Photo. 3 12 3. JAV (R, #
BRI, —kEL 22— o FERICEH L, £ht
HTHTH LTv 2% RES % rBERIZE LAc—4l% Photo.

4R T. BEKIC 135 RES ORES A ElE L
fEHRIX Fig. 5 L H0 T, —WH ERIE 5S¢ BLED
HEHIAPED RES 8 L< SV, Zhit R L, #ife
WVIREH D RES ofiEsMidfl<sd, S5uéd LIE
DRFEODDIIDE . 7272 L, RES o {EETHIRE
OFEBPFVIEIBRRN I D L2008

Hit RES iw¥%7-5mX > 10pd  ©—nzfuv,
Photo. 4 (&8 E D EPMA 2K » 32T
D7z, fER%E Fig. 6 iR T28, B —REic T

P, Mn @it LTwadhEd, S, Ce i3k LTw
. Fi, WVIERNBRREE QBB ET, P,
Mn i3 b LTwWBicd b sd, S, Ce iXikibLT
Wil LI, BFEE VRO P, Mn, S, Ce
DIREIXSER—TH5.

Wiz, Photo. 3 MEFIA 5 Photo. 4 EUFHTAEE L7c
FVEFEEELH> 2O Uie. 204 o fnsiEm
CEFTAEE 23— ) o SRETAREE L, 3V {RTERET
RSB L. B, SIRFTREL by 3

Center Narrow Face Section Edge

Photo.. 3. Macro-structure and S-segregation at
809 height of ingot-A.
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Fig. 5. Size distribution of inclusions in solidified
structures (Ingot A).
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Fig. 6. Near-even distribution of Ce and S throu-
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Mn in the interdendritic region and A-
segregation streak (Ingot A).
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Table 4. Impurity distribution in the A-segregation zone,

Ingot Specimen C P Mn S RE
A-segregation 0.20 0.024 1.35 0.005 0.017
A Surrounding 0.17 0.020 1.29 0.009 0.028
Melt 0.17 0.019 1.30 0.012 0.041
D A-segregation 0.20 0.020 1.57 0.006 0.006
Melt 0.17 0.013 1.45 0.004 0.012
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Fig. 7. Effects of Kgrg on the absorbed energy in
transverse direction (— Bottom, ---Top).
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Fig. 8. Schematic representation of RES accumu-
lation in the mushy zone.
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Photo. 5. Peroidic segregation of Ce and S along the D 2k 4D

central axis of primary dendrite arm.
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Fig. 9. Schematic illustration of calculating the
function S(t).
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Table 5. Critical values of parameters for the precipitation of RES.

Ingon @ | r | /D [ @s Des ac 1 R
A 49 | 7.2 | 300 233 9.5 1 1080 @ 21 | 35 | 770
B 3.9 87 | 364 | 265 9.7 | 1010 | 2.0 | 29 | 760
\‘\Iigits J“ c ;F D 1{ K #+ \ O+ q T#** { Da#* d ME%
T~ ! i L i
a 1.3 | 05 | 36 . 15 .24 50 120
RES*#* j No I" No “ Yes J Yes i Yes Yes ' Yes
*  Accumulation of RES in the sedimental zone
** K : Kawakami, O : Ozawa, T : Tageev, Da : Davies, M : Muroran
%% RES v v 7 ) L Ic X BRI BB, L#
2bhs. LahHoT, 2=10 OHSOEBOMEH :i
BORI LD 7=0x BRKDL. '8
kre W3RMT, Fe-RE ZREH L TR CH D, Fe- <16
Ce HKAEM 2 51F kce=0.16 L75%. %72, a-, 7-Fe 2 )
~0 RE OEEER 1% LT, 1400°C 7-Fe i~ :z . log = 0.0204n +1.07
O La QEMRED 0.8%2) THEH I & bid k= 08l —— = . -
0.06 2HfiEnD. Ce & La OFEWICRENLWOT, i
kre=0.10 L{RgE Liz. Thé, ks=0.02, DRI°=Dy? 2l
43 10-5cm?/ 56?28, K §.~10%10-5 % HWT(2) L8l
(3)R i HEE L ar % Table 5 1254 A, B 18
WMo ac WAERKIFFLC XL —FH LTS, = :Z - log ty=00240n +1.18
— 5, TEARSERTR A 1B B 723 ORIIBEFIE o 13 ol
initial transient ORI P(e0) EFNT, a/Pre o —— 5
()0:() —ackaehs=0.0020c THRBHE. ThE ) o
Table 5 iz 554 18- . Ea'lOI'.lS etween log ¢, an n:
413 BB ERE & R : c()igfl;(‘i’c:;;le : calculated, Open circles :
FEIRERIASH Z B72D1TVE aoe A5 2.0 LHERZ &%
A, BgsicouvT Table 5 i/, [EC, DL 4-1-4 —Wi EOBEHAIRLEW

D ag WrxrhEh 1.3, 0.5 T ape XD/NEL, Gk
BDBECLVWEEE—FHLTWS.

_.73-, TAGEEVT‘Q‘), ,J\l‘/Rros)’ )”_tga)’ Eﬁb}’;‘ﬁ’[ﬁé&"’,
Davies59)3 RE Egislo B EE-2 %L LT 5.
INLDHEPL ay ZFHHATSH L, Table SitRT X
51, WTHD aee=2.0 XD KEL, KMAER»S
EMERHSE LR T EHESNS. FE, IR
FEBPN LS EREZERE LTS, HEEBSEMND LH
Twb.

Flz, ZoEFC XX, “Rare Earth Zone™ # X
% Krg @ _EIR 15X1075 3, ap=1.5 TG L, &
EiRFEIC X 2T RES ZHHL 5D ac iTETHLDIT
PEEIND ap XDV, ZhH “Rare Earth Zone”
NOML TRIEHREFR Z SR WEEOERMEIL T

H5.

EFNOFEE L EAEO—Fk & SILiE»D B 1D
Iz, Photo. 5 d—¥# L RE, S ot {t/EHE, —
Bl R L7260 (RE# (=25 min) i8N T %
Fig. 10 > r =15 §i{ED 4dt, 5 O3k, FHEfEIE
3.7mm T, Eflff 2.5~4mm L XKEEHLTWS.
4-1-5 gataEh L. RES £ 54

A, BORE Mo RES £ o54i%, ZEF
(XL, ac=1050 #FTIE L, Fig. 11 17573
AN ERT, £HOMBMEZEDLT. ChaEHE
B WEET 570, Fig. 1 ® [%RE] 4%’ RES o
Thz e Rb T £F 2T, Fig. 11 iz B8R
AL7 HFHEDOHETITE WD, SHIPFERIT XL
HHIhTwS. ZoHhE, £CllELAT 707 ¢
rA—2—REDEEEOTHED I —F LI

BLE 4-1-3~4.1.5 SHOFE R &€ 7 v&HO R 44
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Fig. 11. Calculated (solid line) compared with
observed (broken line) distribution of
RES precipitates along the height of
ingots.
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log K &.s = log[%Ce] [%5]
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log K Ce;0,5= log [Ce]2[%012[%S]
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INEEHT B L, Kee=Kies T CeS, Kpe< K les
T (Ce)20,5 NEMEIITI B, AHIZETIL, 2 {ioks
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NEWOERIC REO0,S Off & 354 LT MnS DOff
Wasie z 2720, HHWik REO,S offHIZH xR
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5 &, Table 5 oiBfafuElx, A, Bg@dicovwWCREE
ag***, aF**D XS LEbLS. A, BOaFH NI —F
LTvw3. EREFERGETNVRLDL, IO af**x760
WELS S fi ZRHETHE, AB HBITIHR /s 5+
HGNELTH a** Ll b/ 555,C, D #TlE f 23
FhFEh 0.53, 0.60IcEOTIX LD Ta M ET5.

b5, A, BTRIERHEHEET &S & RIRHC RES
BB L, KE LADDORENC X VEEOBEICHTE

L, S DOEBECRELTVWSD:H5EEX
L5, [f5E UicikERVX, giaho initial transient T
S UL—KBEROLDE EDIT, S-Z Ky bOERY &

" b, REEEGERE, G, Mn, P 2E (L L #iRE s

F£EOTHRLELEVREITREESRIC, BHE &b Tk
H L, HVIERTBEAICAZ, —HisEfiic®gs.
S —WEIC K RES 4 <, MR RES L
i, BEVIRITERPAICIEBIRM X D S Sl RES 23
Dievs, &S Fig. 5 IR LN ESFZER 4 Ui
Eb LBl s 5.

zhit L, C, DAL Crx RES 2347 L8 B ikkx
TTE fs PREL, HHLWEABE LEEY. /2, 20O
o E R E ORGSR W, ALO; b
EZ OFETI AT, ToRA D7z [%RE] ik
BITET L, [%Mn] OiR{LEHVEDT, MnS D4
BERD.

ZD X5, RE MBI OFE V IRITEORFH
%, AETFICH—BNCEIHTZ 5.

5. &

BT R & b7 S BB OREBRGE FIA L
[Egic RE 4B X 0 EScB b RN EMOEHE 2R
ZETHHTH L ERRE S RRE G 5 D,
[2S] 0.004~0.012 » Al v ¥YEENFRBHEE,
[%RE]/[%S] Mt &iRER [%RE][%S] #ZE2T 23t
ARG TSI A%, BRI T5 RES 2425%
& LT, mEALE, & BEERE WEREaE, BEVIE
¥, AFEMEHRE L.

o
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BERC RIS C 3 AMMMORB TS T BN ENEROEIE L h Lk 1667
— %+ H 5T B IR NSABE O U B S —

(1) RE mg@sisa o, MBEGEOER RES £
B, WV, VIEHTEEO RE, S &BFET, BEOKGE— R
~®O RES Ddigy, TREST LR REITRIT, &E
HADEMF D [%RE][%S] % 15x10-3 DITFic 45
L RERJE%LT5 (“S-Reversal™).

(2) zhicxr L, HE&EERETO initial transient
X HIFEIRILSIRER N TR BRMECE 3 5 &
RES pfrHiL, ®BiEx TH N 3 BMEsiic X 0
HFB L& E L, 2o RES HNEHEMHT & AIBEE A &
IPEHERR T D @B X W TR AN AR B B,
PO BHERRE Lic. ZOBIC X ) ERNERAF
Pr2fTvy, “S-Reversal” AR ah 3 RE Mg
HOEERSK, wEOD “Rare Earth Zone”, fbTZE
HDHE LT 5 RE BB SR R ER S 5% 3 CAE
—HIICHAT & 7. ZHIGER IR HZ & 370 5 i
VEOBRIBG & UT—RILT & 5 ARSI V. SlBkeD
O RE ZNEMOMAL, FiE, KED [%RE][%S] i
KDL DA & B LCER e, :

(3) B EASIhLEMERE, log[%RE] vs.
log[% S JEiFE L, [%RE]/[%S]1=2.7~8.0. [%RE]
[225]1=<15x10-5 T T D “Rare Earth Zone” NIz
LTk, Eaw O RES EMaELihE, »o
Y=t s b M RE R RETH 5.

W, BxoOfEL “Rare Earth Zone” T RE-
AR U, BWECHR LR S e XA SR A T2ERY
WCHAELTWS. ghiAshic RE #iFm+5 & RES S 35
2 4 — pSEIVE T S h, KEFASTECTH S -
FHEO % BV, »OBRETFICEE D LT VEVREO,
DEREFG< 128, Al SEREEET & RO LEE L
A EME O(total) <30ppm i L7-ER$MA LD 8Hic
RE Znx, #H—{L& ik Do SR EE L,
FR% % “Rare Earth Zone” WNizFifi L Ar EE&SAHT
HERHRETTHEE LTy .
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