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Abstract: The baiyuneboite is the largest paragenic ore of rare earth resource reserve in the world. It is the key of
effectively utilizing rare earth resources to figure out the inheritance rules of rare earth in steel as well as clearly understand
roles and mechanisms of rare earth in steel. In the paper, it is summarized the years of research achievements of authors’
team as well as inheritance of rare earth of baiyuneboite in steel, effects of rare earth on metallurgical quality of steel and
microalloying of rare earth in steel. The related fundamental research work can enrich the understanding of roles of rare
earth in steel as well as provide theoretical and technical supports for high — quality and efficient utilizations of rare earth re-
sources of baiyuneboite in steel.

Key words: baiyuneboite; rare earth; steel; inheritance; metallurgical quality; microalloying

75 B 83 :2024 - 06 - 01
BB BT ARV (1963 - ) 55 ALt A 11 208% , BN B = SR A L35 TR et & B AR BT 50T % A



28

FLARHY

55 50 &

F e SR St 5 d R i B R e A
TR0 IR N A I SRR Y W e
A FHRIBE TS8R T 20 fihaD SO ARG, A oM 1
P AN R (DR S-SOR e N B S 7/ S N G
o B SCREA BERAE T ik AR S B R AL
HRIER B, iR G BRI A J 3 T Hi
TAEHI B TRTRIAIR . AEEHIBAZ Ak
— B A 1 T A SR T 5T BOR T A
PP AR F A A SCEF XV 25 14T BA 22 4 R 4 SE il
BB TAREA T 4508, 2N =SB0 8 i 18
B FP IR AR R i 0 A9 1 4 SR 1) ) R 7
R B A = A5 AT A, LU R s R
HIF AR X T8 A2 P AR AR, I 0 £ 1
B R R S e AR P B PR FIBOR 4%

1 Az ST f L0 8 A&

PRt R Bk R LRI R
= S 7 A op, iy TR BT R AL S 4k
K58 403 8, DRI 25 PF B A 0 E A ki 4 %%
Fifko 20 4 90 4EARK, Ayt AR ek Y Bh gt &
B, (5 P P 2 S e e g R A A 7 i v s 40
S B2 0.000 5% ~0.001 0% , $K T, 60"

3 e

&

@

Q

c

£

5 EZIRIN R

g | — AN~ /A

[ \ — —\\\ VN/ e | w0
\. / \.’j 8 \é ® )
— g = e
i)y 4 R ]

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavelength/ cm”

A1

500

AR R T OC R R AT AN R IR A AR A
BB AT AL 7K, BT A 3 R 1 SC B e [ 3R e
VEFIPLERAE R ) R R BB . B2 2014 48, A
EE% ERMIBEAT T RGBS

W5 LB, s T AEGAE T v 32 D) Sl B
F A P FRSAETE . RS kiAo rp 3222
DA T S0 ) 0 a8 2R 0 ffe 10 T A T T bR 2 A
TEo i MR kot B b, i b el LA B8 B Y
La, 0, R DA 6532 B AL, e 2808 J5URY LaC, , ¥ 20
LaC, AT LI A BB, BROK P Y La e fE R A7 25
b, 2 LA SR TR AR T A kb, AT 58 180
THRTE E R R B AL R oK h i 2 LR
BN CHE R AR R LAR AN 1 TR o R A
Jo R B0 SR LF RS R B2 s TP i Loc R BB
LAl LA s RE, O, JEXAE7E. WNAE A
AT AR I, 6 02 50 POA D A A R AR Si0, —
AlySi—Si; SR 5 S ik A SR AL 5 A 1 e Y
1% : CaO \RE,0,—CaSi, . (Ca, ;RE, ,) Si,, &+
PR JEU R P AT A 2 B FERANMIEROA
SUFRH R b AN o RS I AR
R L R T R B T o

SR P Hs % LK G B R E AR R AL



44

F = SR e i A R S 1R A 29

B2, A S e i RN kG e
H AR REAL R T SR R AR ARAE” o RN
0 PR A R P PR B R R 2 R A A B
b (BT RA AR L T DIAFAE T B, Bk I
I A HE P R R R AN KRR R R B K

100pm’

R R WP 2 LSRR IR XA A, G i U
LS , W AL ) 2 WL IR A S RS AT
FETFRK A e AR P AT AE T i fe e rp, i 52
AR AR BRI B AR AL R

k(-cuu_xREo_z)Siz

"100pm

(a) 71 SEM JEH; (b) . (e) ((d) (e) ((f) () %45 ik 45 B Al EDS TR0 5
(h) (i) () (a) PIXIL 2.3 4 i) EBSD 35 AEFE
B2 b P AR R B M AT

2 FitAARBAERENE W

2.1 etk R4 xR I RE R R 0T

M -0 F A R ) W) SR FA 22 1 BT, R R K
TR R BT, A RO A IR R R R Y
PRITC, T4 5 8 14 7 2 PERE RTS8 Pl P e

i R OCER BA R R A A, 7R
LASEARY) B AR B AL IR RAEAE . R £
SRy BV SR AR B L A PR RE Y
WTEDL I, 25 R R W], TIN AL O, J& 2 4 1 1A R
L\ BTYIRL R A PR DL R M FORE B R, S B
BRI FRE JEE , 2 B G R 41k, 1M Ce, O5 AN
Ce,0,S W LB N BIPEFFAE, 5 ALO; I TiN
FHLE, Ce, 05 \CeAlO; AWy NI 2 05 BRAE A
HEIT, T Ce, 0,8 3 2 Wy 14 A% Ak 22 85 1L Bk Sk 1A RS
K, Ce Je ey 5 FARTEA AT SR A7 P WITE BEJEE )
et R B T 25 5 T ) 25 S 500, B R AR BB

T — SRR R 3 A B T 4 2 AL AR
SUWHIAT o MDA SN 3 I 4 BTR
BESh, s AR BRSSPI TE 25 M Ue R A AL
AR SRy At/ HLI I A UKL , i - e A I A T Ak
PEBUR S RIVE RN 1 3 8 v, A2 i 17 441
TEZZ B ol BT I PO HL By R RE . Sy
T, 35353 50 A B AN e 2 A BRI 57 1 A ke £
TRFWNGEI, HEZE T 57 RO LR A
P 1A i R 55 A7 o

TE B e PERE D7 T, M 1T R BB 52 5 AT A 1k
VYOI R A f S DX, 33 A B I T A
TR DX SRR B, BT 422 75 S b R g i e o e
EAIEL M L RE A M R A KA i
BT i - OCER RERS TR A R 1T LA SE 1 S AL
5, X AR ELAT DL 5 AT B AR AN P, REAS
AR AN R T A . M e S
TiN AL O; \MnS &2 575 e Jay 3 I b ity ALl AN [



30 FLARHY

55 50 &

JIr B L Ok B AT R AR RO s s T
AL TN ALO; MnS X LI 24 5 A >
T A7 Gl A e, ] sk L 28 e =y ey T S B oy
et , FLS AR B B ik R S IEAR K, R e
Z) R A AE W S Y 0 T SE i G, iy A
B ply Al Tl R S ok T Y TR e 2
Yyl T B B Al R SR 26 B S () £ )
AT, g 6 BTt . m TRk R S
LB, Ce e 25 Fe AR 22 8] 7 44 i Ha £
ol e 2 i % A A A R 2 ol T
H A ST, LI PREt 7 S ph iUk
P, A R T SRR R AE

-
o))

(e)

vy VvVVVVYVVYVYVYVYY

VVV ‘ f:—t’$ i}i:&j{*“*ﬁj'
* =

N
'S
1

_\_‘

N
o
<

»

Expansion coefficient/x 10
o
5%
. }I\:
., A“b
* Y
.\\
L] \
[ ]
[ ]
.
°
°
[ ]
[ ]
°
°
'
°
.

—a—AlLO,

Il o TiN

t’ . 4 Ce,0,
v Ce,0,S
+  CeAlO,
< Fe

0 200 400 600 800 1000

o N S (o)) o
L L L

250

[ 18
[ EE
1 [ [e
200 e
1501 M
©
o
o
100
50-(—l—\ —l‘\ H_E |—|_E,
ALO; TiN  Ce0, Ce0,8 CeAlO,

B4 ki HHARBEELET R
Y AR LW o3 248

B 1R U AR PE BOM PR RE R 2O
SPE M R AR R S R T IR B T
W AR . Wi AL BSR4 R e e A

S4B, Ik A 4, B AR S 2R
HE o
2.2 AR EAARENLIER

P I G [ A ZU0 T s A R RE R B EE B
[E6] 21 A A0 2 B2 e S b i FOF AN kL . ATERYBIFSE
FWIH - REAS AN AL AN 1 E B 2021, A SVEFIPLEE, &=
B I M I 2 B R BOR AR AE S AR
fRv VR AT S " L (B AR RO BIF S 4108 BA TE
G —IAIR, B 58 AT I B Sk S C A L
R EE x5 A= CIE 107 e n e O L 5o i
BB [ )5 A [ S AR S Al 2 T LA S - 3R R
AR A AR, 1 B0 [ 00) A6 AR OR B8 31 5 AR A
M, 26 0T R [ 2H 252 e A SO0 43 By ok T4, i
ARG FERME . R, % LA B A ] @ v 7 0
WO & 2 T R T e 2 W R o ) R
& — BRR AT vy — IR S BB AZ A% L 1 AT RETE S
RCFHARART 2 (DR A S5 A fa] 52 e I P43 B B2 s oy
17 M3 aek v A e 5 N 6 351 ZH 2 d R RS2

B XHEBE I AA R & — ERRARF y - B AR
B, YEHE Fe —4%Si' ™' /Fe — 15Mn - 0. 6C "' &4 1E
BFFEXS G B AR SRR R AR/ B IR RS R 47 ) =
T BT T WS I — Al ) LR [ L LR R . SR
it - PURE (E2EM) k2 p S i) 1 iR
TIN5 T 1B v 5 R s e 2= 1) S TR AU
E2EM A58 5 7 5C 1 W AH I 76 AT A UL L, A
{SURBAE 1153 W AH St 1 Dt - D JE A A8 B R0, i L
FE 6% TN PR A DR A5 1) A AR S ) 56 R 45 B 2%
TR, 38 X e S AR RS B RAE , DFSE T S IAS )
A/ B A BE T I e I O 5
T I ) G A (S - BRR ARy - BLIGAK)
FR) i R 2 0 ) G R 0 SRAIE, 45 & 55 — 1F TR
GRS e 2y A R O
AR B S OB AZ RN, - S A S H i e i
SR 5 38 0 S 1) B R AR A [ - WS S5 A
EPMA f X 55353 #7 , % LA 9 Fe — 4% Si #l Fe -
4% Si — RE 44 BE [5] 1o 2 Hh [ — Y080 1 i ¥ v oA v
VES LI 43 AT RS , 48 705 B0/ i X ¥ IO T T ) 52 )5
R F A ) A AR R 4B i LA
Ji T A A S 5 Mo V5 J5 %) - P a2 TR 8 43
BHIRE R, BR 5T T B/ DL R 7 I 200 78 4 A=
d - BRER M AMILIEA .



44

F = SR e i A R S 1R A

31

(a) AL O, JeZ¥; (b) AL O, + TiN Je 4%
A5 RIENPEEHBRLRA

3um
K=

(a) \(b>cezo3 %%%’(C) \(d) \(e)cezos _CeA103 E%}'&%%;(DCGZ(% —CGZOZS Eg‘ %
6 FmA LRI T kB ART 5A

3 m




32 FLARHY

55 50 &

K7 G INET R Fe — 4% Si 4 4 BEE 2H 2 52
M 18 AR AN Ce Xof 9 9 5k [ 240 4k 1 7 O #%
T BB A A% P 45 PP B9 O Ce X
Fe —49% Si& 4 T BT Si 1 43 BT 52 MR 119 4 #L 25
R WS TAEBUS T Rk & B S
JH: Ok $E Fe —4% Si/Fe — 15Mn - 0. 6C 4 4:1E
SR GE AR, Ty (AT 5 B/ At %o A VR 51 A7) A A Y 4
TRAPERT . WEIER BT, B/ 4T RE 8 4l 4L & — Bk R KM
v - B, @i iR A EBSD X ] 5 & I 22
U A2 A FEIESE T Ce,0,5/1a,0,8 BERE1EN
d — BRZ K [ CeS/LaS BEFEAER v — B IR ¢ BT
OTTAE AL, WFFE TAETE W 7 LA AR ALARGE
@ I8 3] 5 bR A o L T8 A7 78 19 # i >,
R Yo A VR T 00 A 4 78 B AR D B T 400 4k
BT B i i LI S U A . @R
EE R/l T A VR [ A0 A Y AT SR TALEE,

T —EHE SR KGR A BA TS B A
PRI, SEBL P AR S A 1 AT S Al A AR
A ELRL™ , B A i DR 249 B 5C 07 P A IR 51 ) A
SRR

2100

1800

Average grain size/um
17y
(=3
=3

ol
1200 "5

0 80 130 260 325
Ce conteny10™

B 7 4ist Fe —4%Si &4 % B 202264 % i

T

0.00 2. 1
1600 1550 1500 1450 1400 1350 1300 1250 1200

Temperature/ C

1
B Ce AL RIS

__________________________________________________

o

st OOicrminsicd 3]

¢ /
"

CetO)-terminated
O(Ce)-terminated

of o S-terminated
s CetS)-terminated
- s

L
LN 6 5 4 3 2 4 0
Apg (eV)

i

Interface Energy (I/m%)
“w S
H

ai A B £ 55— TR 5

B 8 Ce *F4Rik 5t [E 2wk 64 5 K 7% 45 AF J ALEE

3 MEAEWFHHEEMER

T T ER A [V PRI 285 B, A A R A 4
Hey S LA AL ZHE, (PR RE IR B A B 4
PERIPIEIAR 5T o 40 P i i AR 52 B A £ 110
AT i - S5 A O TR sk & Z [ AH B
YRR HAE A A7 AETE 3 20 A RO R 45

I IELIA > SRS A ik R+ 4352 2 In)
I 1 3T AR T B AEAN AL, FRIT I S 2 K53 AR
i LAFTER B TESE . DATE RIS L 7E B9 4
FHALBL A BEb A7 A 22 4 B A BB IS T 14 75 TR
AP PGB, [ L REAS e ik NbC
VTR AL ST L LR SN , IR0 FEAG fh , DT
AP ) AR S R T G e o
BT A HAT E A B S



44 H 2z P AR

RS 33

Crucible —| O i =+-H g elements. :15;“’,
0| d
8l [ 42%0
ol 4.000
0 o
+—Refractory disc 3750
3.500
3250
Liquid metal —| 000
2750
2 2 800 500 ym
Puling rob AFICeffitFe-4 % Sify &l FRMISi 234 M EPMATH 1
TS SR VA B R 1) Bk 1 4 B (a) AFt: (b) . (e) CedH0.0260 %
0.770 0.7501
(a)
0.7654 0.7500 %
0.760+ 0.7499 é
. 7
- 0755 07498 é 7
7] 7] 77 7
%5 0.750 -0 a0 & 0.7497 7 é é
o ——0.0020% o ° U
< 0.7451 —&—0.0050 % Isgﬂigl <0749 7 2 2 ; é
0.740 —¥-0.0071 % —¥-0.0071 % 0.7495 Y z g ? z
. —-00100% +-0.0100% > 2 7 7R Y
0.7354 —4-0.0125% <« 0.0125% 0.7494 ? ? ? ? ? ?
d ——0.0167% . o W % 9
puies I , o oo | ol W B AR
1475 1470 1465 1460 1455 14: : 1459 1458 1457 1456 1455 1454 1453 1452 145 0 0.0029.005M.0079.0100.0129.0150.0175
T/C T/'C Ce/wt%
AFICe &t MFe-4 %Si-Cedr & BEMIT AR b IS 1 #5170 Ad R BN LI
. e . ,
B9 Cexf Fe-4%Si &4 ¥R Si B4 BIGFH R
W4 W R4+ 8/
3.1 HEERHHERTA 3.2 ®XF Nb BHIT ARG

BT B R ENE 05— PR R, 7E O IR
BRI B0 Be 05 R 2 11 XA & M ES RS E
PE AT A5 SR 45 R 45 5 TR A TR VR T
LS WM S R G 4 W AAE I, R & 6 MR
AR AR T Z N o B BASEF [ AR 6
TSI, 73 SIS 7 La Ce Y [ bee — Fe i i fifg
5K, 11T La Ce Y JEF-7E bee — Fe HAYIE BUKS
Lo B R 2 T 20T R AE Fe Pl GEIE
R B A Y. FEBL IRt b 18 TR R A
Fe HTE B I8 BURSFIA 2 1 25 0k BE TR B B R
g, 3K1% T La . Ce.Y 7E bee — Fe H g [ 75 B 225 £k i
2%, 1R 10 JirR

0.10
—o— Fe-Y
—o—Fe-La
o 0087  —o—FecCe
E
2
t"é 0.06 4
5%
8
‘E0.041
]
<
0.02 4
0.00 gt el y T
600 800 1000 1200
Temperature/K

B 10 La.Ce.Y f£ becc —Fe P oyt gt B4R

Nb JCRAE A 4 9 A7 AT 3082 i HLAE 4
HEVE I, LAAT H AR A7 A2 9 Nb AL P X
FEAETF LR 1 Nb % HL 20 ZUR0 1 B EL A AS [ 11 52
T FESR AR PR AR R A 9 T DA o
TE LA FLH T 20, A Nb AE A H 0 [ 35 199 b A7 7
e BASTRIAE FIATL A , 7818 AL I 1 B R A X
R 28 i oL R TR IR 25 5 Nb A7t AR 78 2 A
oA SIE AR, e R B Pl i PR BE H bs o
FATE 25 1 24 ) A B Ak B, 1 24 S AT BB BT A Nb
Br it AR Il o AL, B AL A BEAT , il JBE T
&, NbC (]38 B B B 2 i), e ad #L A2 TR )
NbC {14 s 3K 2l 3% K, NbC B i by i, IR 22 1
PR R R AR

7 i A i g R P, 5 i 8 R 9 NBC ]
R B, Ol NDC X B PR fod S A BT HLAE %
A, &5 B 7R DR AS 05 kL RT3 R e R
TR R o AR AT R B I g e s a5, 0
FEH NDC T TR A SR, U5 75 21 1 A2
FEHTH NbC Y PTT fh £k, £5REM, La TR
A5 4R TR BE 9 NDC AT H A4 22 7 I Ie], 520
S T ARBURL AT H I P A K [R] A s SR A 1 A IR
PRAR I ] 1) NDC P29 RS % &5 i = i 9
NbC AHE A AT AT 9 ZE AU, DA B 114 [ 7 12
YBT3 A THEAT T RGBT



34 AR

55 50 &

Xt £AEHF Nb.C Y HU T8, 5IA
Forch — Matching J5 5 , 3 F X 5 — 1 J5 H 28 51) g Y
PTHRZE IR AL a2 > T T Fe —Nb - La
FiFe - C - La (A Ry EAM $ o ¥, 7EBEIEA |,
K055 8) ) 2 51 ) F A5 2 B ek 80, 70 3R
587 Nb R M C T RAEW P 9 870, ML A 24
RUE 11 R, &5 R KV, La B8 M/ 7
fee — Ferpt Nb TR HUR L, M C TR T HR
B AR

BExd Nb #1C [ ¥ BE A AR T i 22 16 AL
5B T bee — Fe, fee — Fe A7 La — Nb Al
La - CIWZ5 5 A8, R THE La Ji T AR iL 52 2
i, La 5 Nb Al C Ji5Z [MI S H AR o AR,
febee — Fedt , RE)EFEFE)2% La — Nb 1 La - C /4
TERCRRE BE B HRF AR T, 20l Nb ST A1 C JTTR |
VAR BE DB/ AL S E AT T TE fee - Fe R [R) I
72 La — Nb Al La — C A7 AR5 KRB 09 51 1
F, 32 ND STERFN C JTR 3 BE WS AT 1E K, [ i)
TR AT A

1K)
6xlo™ 1320 1280 1240 1200 1160
1.6x107" T T T T T
1.4x10™" o

~1.2x10"

- o
- -12

§ 10 3 o

w

E O&IOVE v

g R

g exl0™f ¥

o

=

.S

_&‘? 4x10™" Fitted Nb ..

(=} <& MD calculated Nb ~

- = = - Fitted Nb with La v
v MD calcualted Nb with La
O T T S T—

74 76 18 80 82 84 sfe
T'no*asm
B 11 Fe-Nb #=Fe —Nb —La &4 % Nb 645 # & 3%

12
0fF o

(a)

oo
T

Q x107
)

- N N S N I -
T T

I[—— 6nm-La free [~

—>— 8nm-La frec

[|—&— 10nm-La frec|

H—>— 12nm-La free
I T

2 j6nm |
L

) L L
800 850 900 950 1000 1050 1100
Temperature / C

3.3 HBIxEERNZENm
P4 i TR ST A AR R A Bz ) 2
HUTFRR:

9 _ My
afp [ (1 + MCB()/\CONh - Mcso/\cﬁlfljz
> (%
[MGBO)‘(FDC{\H) - %C%h) - T]
P P
Mg,

"L+ MopgA €y~ MopgA Cof, 12 =

s IR T BT B HG Nb 62 A B E S
L PRI 1, B, PR — AR T B
R SR B B, ek I T
Nb 47 o el P L Nb A S 3
i A IR, 4 0 > O, 0/af, > 0, 1E
AR PR SR BT £ 2 0 NBC 2 (I i 1
SRR A LS K A7 T, RIS NbC fy
FTALFE ST, 1% Nb £ 6 5 £ PR 5000 68 5 %4
0, < O, 00/3f, <0, ZEBAHEF NbC SR AGR
LR O EERS T 6173 Nb 1 6 50 PR
25240, = 00, 00/9f, =0, FERIFAF T AT ARET
SIS 5 101 U 1 P 25 B, ELBEE 8 T
SERS RN, RN R 05 0, BRI HY
B 12 iR

FERHLAEL T 5 MO I A 7 e R L
P 08 T 4L R B 2 R o /D 12
(0, < 0) , BIPHE H A RERS A 0 B RS B8
e, IR R B R A 12 nm (0, >
0) . X HCEE 12(a) i A 2R o BT, La TC 2
R B /Nt R £ S .l
12(b) T B -+ La SOVRING/N T AHIFREE 26 P F &
ot ST AR R DT i S5 e A/ 5
P A PO D
(b) j j ) j j '

Critical radius /nm

iA-2

. " [—TLa free calculated
- - - - La presence calculated
o Lafrecc mental
A La preses xperimental|

800 850 900 950 1000 1050 1100
‘Temperature / C

(a) 280 0,; (b) ZH 0, Wik F il

A 12

Z: Fﬂ*ﬁ‘&){ﬂ_éﬁj}i& ‘Qp ]&ﬁj&}iﬁﬁ r)ﬂé'f‘b



54 1

F SR e L7 b i iR S 7R 35

4 HRE

BAZ2 4K R S 74N T A F A LRl T
1B 5008 T A 2 S i e R A S LR, 3
1B T FE L AR T N B S T R B 5 R S 1 X4
TRE TR R TR X R e 2 i el
BN AE g 2 P B8 TR 8 b P BE 52 00, S T T A
- A AL AN R [ 2 2L ) VR R, 3 T LAAE Y
IRELHGE . 2 T 09 5ea a0 AE R, B0 43
DIRSHHZRAE , R BT I s, G HAE 8 i
AT R s X Nb M AT R (A5 0 (s 1 X6 P45
A R RE IR S5 7 T T e T IR A R G5 T A, BUAs
TR TR A A, Re 8 G S AR B AR B A B
HatrEN .

FERFEWR ST, BN — B e~ SRRl 5% - 4%
R - 7= ACRL Y 5% & fE 2 AR SEREBE5E 1Y
SLnli b 25 A AN R R IRAR R, R TR RIS
ST AR A i R R A EIR A A T A S R
e P 3 5 52 R AR 30 S A SN A R
15 PERB 0 S A AR B AR B 4%, I T i
F LA, FF & T “BT700” Fl“BT250P” B A1
PG PR ™ i, SRR T 0B e 5 B L S
PELRM AT 2 B R Sy R LA AR
PERE L FE AR T AR AR

S AR A BRI A AE B R B
T HRAR SRR, A BRI A A AN A
RIAET ML A M L AE 8 b i R, % 8
DA U, < 0 BE3E 5 A 7 FH 9 BRH 5 T Jie o7 FH JL il
W5, 38 7R W - AE B AT ORI PR R
FHSEHLRE ; 1 S S Ik A PR A, g - i
195 AT ARR, SEEUAR A6 4K ) v T v SR
Mo

2 % X W

[1] TLai X D, Yang X Y, Santosh M, et al. New
Data of the Bayan Obo Fe — REE — Nb Deposit,
Inner Mongolia; Implications for Ore Genesis
[J]. Precambrian Res. , 2015,263:108 —122.

[2] Yuan Z X, Bai G, Wu C Y, et al. Geological
Features and Genesis of the Bayan Obo REE
Ore Deposit, Inner Mongolia, China [J].
Appl. Geochem. , 1992,7.429 -442.

[3] LiuYL, Ling M X, Williams L. S, et al. The

[4]

[5]

[6]

[7]

[8]

[10]

[11]

[12]

[13]

Formation of the Giant Bayan Obo REE — Nb —
Fe Deposit, North China, Mesoproterozoic Car-

bonatite and Overprinted Paleozoic Dolomitiza-

tion[ J]. Ore Geol. Rev., 2018,92.73 —83.
RER,FLH,NA,F. FPERT TG LN
Fe K BIRELL[I] MEK,1998,33(10) :
54 -58.
B =15 ARk T
ARATABRID]. Lk, EiEKF,2018.
Karr Ulrike, Sandaiji Yusuke, Tanegashima
Ryota, et al. Inclusion Initiated Fracture in
Spring Steel under Axial and Torsion Very
High Cycle Fatigue Loading at Different Load
Ratios[ J ]. International Journal of Fatigue,
2020,134.1 -11.
X J Liu, J H Yang, F Zhang, et al. Experi-
mental and DFT Study on Cerium Inclusions in
Clean Steels[ J]. Journal of Rare Earth, 2021,
39(4) .477 —486.
Medvedeva A, Bergstrom J, Gunnarsson S. In-
clusions, Stress Concentrations and Surface
Condition in Bending Fatigue of an H13 Tool
Steel[ J]. Steel Research International, 2008,
79(5) :376 —381.
Zhang Xian, Wei Wenzhui, Cheng Lin, et al.
Effects of Niobium and Rare Earth Elements on
Microstructure and Initial Marine Corrosion Be-
havior of Low — Alloy Steels[ J]. Applied Sur-
face Science, 2019,475 .83 - 93.
Liu Chao, Revilla Reynier I, Zhang Dawei, et
al. Role of Al,O; Inclusions on the Localized
Corrosion of Q460NH Weathering Steel in Ma-
rine Environment [ J ].
2018,138:96 —104.
X &£ A £ Ce AR F 8 IRA RS R
T F R B AR AR 09 H R AL AR L[ D],
&k ART AR F,2021.
Xiangjun Liu, Huiping Ren, Jichun Yang, et

Corrosion Science,

al. Origin Mechanism of Pitting Corrosion In-
duced by Ce Inclusions[J]. Journal of Rare
Earths, 2023 ,41(9) :1448 - 1458.

Ji Yunping, Zhang Mingxing, Ren Huiping.

Roles of Lanthanum and Cerium in Grain Re-



36

FLARHY

55 50 &

[14]

[15]

[16]

[19]

[20]

[21]

[22]

finement of Steels during Solidification [ J ].
Metals, 2018,8(11) :884.

Bl amfe P s ey AR R AR L] AR &
/% ,2020,44(8) :886 —890.
& A R R s B A AR S kR
AERBAE[D]. ki B K5 ,2019.
Fukk =5, A, S, K Ce 5 Fe —
15Mn -0.6C &2 F k&t Hall]. +
£ 48,2023 ,41(4) :774 - 781.
Kelly P M, Zhang M X. Edge — to — Edge
Matching: A New Approach to the Morphology
and Crystallography of Precipitates [ J ].
Materials Forum, 1999 ,23 .41 - 62.
Kelly P M, Zhang M X. Edge — to — Edge
Matching Model for Predicting Orientation Re-
lationships and Habit Planes — the Improve-
ments[ J]. Scripta Materialia, 2005,52(10) :
963 —-968.
Zhou Yin, Ji Yunping, Li Yiming, et al.
Crystallographic Calculations and First — prin-
ciples Calculations of Heterogeneous Nuclea-
tion Potency of y — Fe on La,0,S Particles
[J]. Materials, 2022,15(4),1374.
Bep, =&, 7&K, 5. LaS/CeS 5 y - Fe
AR E R 6 — R A L)]. A
2% M A5 T 42,2022, 51 (12) 4551 -
4560.
Fan Z, Gao I, Zhou L, et al. A New Concept
for Growth Restriction during Solidification
[J]. Acta Materialia, 2018,152 ;248 - 257.
Ji Yunping, Li Yiming, Zhang Mingxing, et
al. Grain Refinement Mechanism of the 8 -
Ferrite in Steels through Cerium Addition[J].
Metallurgical and Materials Transactions A,
2020,51(4) :1707 - 1718.
Ji Yunping, Li Yiming, Zhang Mingxing, et
al. Crystallography of Heterogeneous Nuclea-
tion of 3 — Ferrite on Ce,0,S Particles during
Solidification of a Fe - 4Si Alloy [J].

[24]

[25]

[27]

[29]

Metallurgical and Materials Transactions A,
2019,50(4) :1787 — 1794.

Ji Yun - ping, Zhang Ming — xing, Hou Yuan,
et al. Effect of Ce on Solute Redistribution in
Liquid ahead of Solid — Liquid Interface during
Solidification of Fe —4wt. % Si Alloy[ J]. Jour-
nal of Iron and Steel Research International,
2021,28(10) ;1251 - 1258.

Rodewald U C, Chevalier B, Posttgen R. Rare
Earth Transition Metal Magnesium Compounds —
An Overview[ J]. Journal of Solid State Chem-
istry, 2007,180(5) :1720 - 1736.

X Gao, H Ren, Y Li, et al. First — principles
Study of Phase Stability and Solubility in Fe —
RE (Y, La, Ce) Alloys[J]. Rare Metal Ma-
terials and Engineering, 2017, 46 (11 ).
3188 -3192.

Miao C L, Shang C J, Zhang G D, et al. Re-
crystallization and Strain Accumulation Behaviors
of High Nb - Bearing Line Pipe Steel in Plate
and Strip Rolling [ J].
Engineering A, 2010,527(18) ;4985 —4992.

Solenthaler C, Ramesh M, Uggowitzer P J, et

Materials Science and

al. Precipitation Strengthening of Nb — Stabi-
lized TP347 Austenitic Steel by a Dispersion of
Secondary Nb (C, N) Formed upon a Short —
term Hardening Heat Treatment[ J].
Science and Engineering A, 2015,647.:294 -
302.

X Gao, H Ren, H Wang, et al. Effect of Lan-
thanum on the Precipitation and Dissolution of
NbC in Microalloyed Steels [ J].
Science and Engineering A, 2017,683:116 -
122.

X Gao, H Ren, H Wang, et al. Effect of Lan-
thanum on the Precipitation of NbC in bee — Fe
[J].
2017,33(11) ;1366 - 1371.

BE & M EMA 24T NbC % =406 47
MEFFF[D]. &k AR FFHHKF,2018.

Materials

Materials

Materials Science and Technology,



