) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 197102

%7 Fe-Nd-Y-B €A WIBEMNHRS
BREE 2R R E TR

)

BTk H TR

x| A 21.2)

07w Y

B

1) (P TR YR SE AR, P94 710072)
2) (PRI, BRSSO R E R S, KD 410083)
(2025 4E 7 H 9 Hig#H; 2025 4F 8 A 6 HUREMERH)

SR LB TR B R BIESE T WUIT Fers ¢Nd Y oBs 4 £ 4 1Y 0 RS AN Re i YA A4 B0 Joit R PRl gk o B, HG
R BEIAF) 221 K (0.14 Ty). KEHRIE TS S5 B . I AK 2 80R b5 50 5 30 22 bRl I R 1 A2 Ak
A ST sl 2 M, Nd ALY PR 1 o0 R4 HOR SO BE IR B T B LUFR B0 20, (R [R)IR 22 T i
FY R E TR E. Y% BN 80—158 K I, #14: (Nd, Y),Fe ; MR M A K # M 3.8 THE 2 5.7 mmes L,
H oL R SF B35 a4k, [/, A i A e O, T-(Nd, Y),Fey B R R B4 B8 K & 75%. — H v ik 5
180 K, #14: (Nd, Y)oFey AHIH R, 7 M EEMN G SR TIEZ, HARKHEE M H 2.6 B K% 11.0 mm-s
TG A SE BRI, Y TCZ T LRI A (N, Y) Fey; R 5 v MBI 2508 vk, FFLAPIAE N Y J6%
HEMBER T Nd LR, KB &0 T, ¥ BE /50 e Nd JCRAE v MBS BT, 10 Y S0 &8 TR

KEEA: Fe-Nd-Y-B A4, HEDE, ARSI H: BT, PRt e 5 2 2100 A2

PACS: 71.20.Eh, 68.55.A—, 81.30.Fb, 66.30.Fq
CSTR: 32037.14.aps.74.20250904

1 5 =

it Y JTCR MR B e, e
Y AN R S AU TE Fe-Nd-Y-B # 4
& Z R T Kok WX T @ RE VD I Fe-Nd-
Y-B i A Mo S A £, FaoE RS
PR B I LA R 95 9] £ 47 AR R AN T
B LR

UTAF AT 53 2 163X G 7 T A T — 52 52
R, B TE IO PR AR BERE i 2 B LU A
SRS RS FIER , J2Ew +4 4 AR
BB () T R WSS ERIAEIE T Fe-

DOI: 10.7498/aps.74.20250904

Nd-Y-B & & Hh4li 4 J& UL} —JC Fe-Nd-B &4 1
Fa & AP AR S W PR . 14N, Paradis &5 B4
FIHF B IFHARSE T Nd f1 Y # R4in £ 7E
— Ve B R AR Y L PN Y R AR AR AR
Wille F1 MillotP Sk I8 B IF 07k, REGHER T
59 K i ¥8 B & 691 K i #4315 [l TS Fe 5T
) 2% i BT S PR PR TR B . Zheng 26 1O I %
L B I F R M E 1 A AR 25 F T A =0t
Feg,Nd;(Bg %/j‘z\ 1) %% 5 tt?ﬂ%ﬂ%ﬁﬁ%ﬁz te
T AS AR, SR, MHTAR WLPYIC Fe-Nd-Y-B #i 1
B A WA T R Jo )

VUG Fe-Nd-Y-B Fi +5 G — MO TAHE 1
B gk, HLBE R A E A (Fe) AHATR

*ERE AR TR (S 2021YFB3502600) . %K A AR 2EHE S (HEHES: 52088101, 52130405, 52401061) FIH E R AMiIK T.

N ARG H @S KIZ-YY-NCL0603) %5 B fi5L .

t BIE1EE . E-mail: zhaiwei322@nwpu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

197102-1


http://doi.org/10.7498/aps.74.20250904
https://cstr.cn/32037.14.aps.74.20250904
mailto:zhaiwei322@nwpu.edu.cn
mailto:zhaiwei322@nwpu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025)

197102

A T AE A AL i - (Nd, ) Fey B AH. s sE
[ B AR A S A i R, AL T EAT
ZURHIEM B AR ERAE 7. Zhang 55 B R 28R
B F ARG TARF Y &8 Ndy, Y, Feg BgNb
B, LIRS RRIARE o A\ 0 RN 1, v AR
RSFM 60 J/NZE 38 pwm, A4 A MERE B 5 1R T
Fan 250 195 T Fe(Ndy 75 Y.25) B A4 Nd 1Y i
T IR B AEAE, BB Y JSTREMN T E R E 7
T, R LR TG &N HMERE, R
W] ) EAHA Y 7 Lo R SRS EEE R
PG Fe-Nd-Y-B i + & 4 v FH P RE A 28007 1.
SR, 5T TAE 248 h T 2V PR e [ D) R 5 25
SEFIR ST X TR 6 A 405 N TR RE A5
MR AL, I i ARG & T PUIC Fe-Nd-Y-B #i + 4 4
TR 3k v PR 5 [ 28 205 5 I 2 A A8 A R PR R G
il N—ERE LHATE Y SEF A8
Sy SRS Y K.

AR SCHE A F PUIC Fe-Nd-Y-B A AHIX
PITES Y & H PUIE Fegs oNdygYoBs., A 4 R
X4, R AR B HOARDE T AR e WA S
S IVYIBRPET, IS T IRV S T P [
THRE. RGEMFIT T BRI 412 A KA oA 15 D e

WA E S R AR

2 LISk
2.1 BRHEEIFREEE

VAT Feqs 6Nd oY oBs 4 B4 1 AR Ry 2l
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Fig. 1. Metastable and stable liquid state thermophysical properties of quaternary Fe;s (Nd;jY(B; 4 alloy versus temperature: (a) Al-
loy location in the 773 K isothermal section of Fe-Nd-Y-B phase diagram; (b) density and thermal expansion coefficient; (c) the ra-

tio of specific heat to emissivity; (d) diffusivities of Nd and Y elements.
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FETE A DRHEGE ) SRS A &R A b &
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Fig. 2. Near-equilibrium solidification path of quaternary Fe;;¢Nd;(YoBs, alloy: (a) DSC curve; (b) XRD patterns; (c) solidification

microstructure; (d) the calculated nucleation rates of (Nd, Y),Fe;; and 7, phases.

Pdy/mnm VUJT7 458w, 40 Pdy/n VU TT 45K o AHA
P63/ mme NTTEE a(Nd, Y) FHEH . HRAEE 2(c)
() DSC ¥ St 5 [ 2 SURRAE R 0, 30 - i o5 [ % 4%
R S E S IRERLE 1456 K, (Nd, Y),Fe;
YERGAIP NS B EHIEK R (L—(Nd, Y),
Fey;). 2R AF] 1385 K i}, #)4E (Nd, Y) Fe,; #l
TR WA &AL A (L+(Nd, Y)oFe7—T)).
B 75 R 0 — 2 R AR E 1302 K, & A4 3L % AR
(L—7,+75). IET 998 K AEAFTEEAR (Lry—
T1+a(Nd, Y)). 7E DSC &t ZH 4, 1 65 Zbr
ICHY SRR N IAE (N, Y)oFeyr M1, TR K €0 F A1
T BEF AN SR RS T AR T
T AR AR, A AR o(Nd, Y) HHA T
T MRS, L BRAEAR VRGBT 1Y o AH, XL
I 3 A AT R A R, AR 2 s R T
BRI 5% E AT KR 2.

I=10*".
P | 3AH2 AT?RT
(15)

A, g, AETR AT RE, Ny 2B IR A% 5 4.
HE Wu 45 P9 o258 g 2 V7 S i 5t #ir BIE AR
i AR AR K A(0) HUE 5x 104 11533
BURRIER 1. BRI AL L LM (N, Y),Fey;
M5 ) MFAE PR, 3R /N T 180 K i,
(Nd, Y),Fe,; HIEZRET m, 4, 32 (N, Y),Fe,
ML I R (K] 2(d)). B R,
(Nd, Y),Fey; 5 7 AT AZ AR BBl o ¥4 B T i 4
K, H m fHEAERE L@ —H Y% K
F 180 K, 7 HIEAZ R M (Nd, Y),Fey; #, 2
ARV BE VT REDR B ) A SUSETEAZAT.

F 1 (Nd, Y)sFe; 5 1 tHIERFITERYIEESEL
Table 1.  Physical parameters for calculating nucleation

rates of (Nd, Y),Fe;; and 7, phases.

LYELE S (Nd, Y)sFey; T Refs.
A T RE / (J-m?) 0.272 0.355 [30,31]
TWAHLIREE /K 1456 1385 This work
YEALKE /(J-mol 1) 1.71x10* 1.96x10* [31]
Y EOI% A/ (J-mol 1) 5.9%10* 2.5x10¢ [32]
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3.3.1 BB LEFIE T

PUTC Fers ¢Nd oY oBs 4 A G 4 BTV BE
7221 K(0.14Ty). 433 EEh 80 K i), [#] 3(a) fir
NIV HIIZR B 4 YOG R AR & 2(b)
) XRD EEFE 3(b) AYBEFRIAIZ AT AL PR
KA (N, Y) Fe, HHTEZK K ARG
T R A AL A AEE 3(b) R, WA
(Nd, Y),Fe; AHZ/NPHEARAEKFHE, 1, EAHEE
WIHEARAE . IR AL o MO T 53 ) AH
mm Al T o S R O AR, T
A «(Nd, Y) A0 TR v AR
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Fig. 3. Rapid solidification process and microstructure characteristics under electrostatic levitation condition at small undercoolings:
(a) Cooling curve at AT = 80 K; (b) microstructure morphology at AT = 80 K; (c) cooling curve at AT = 158 K; (d) solidifica-

tion microstructure at AT = 158 K.
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PRECCR AT A N g, TR VI S SR AR T A B 9 2
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— HA AT 180 K, A S &R Mkt BENEEKK (L-1), B k4 oot it
H’J*Hﬂ’“ﬂ"‘ﬂiid\ﬁ 34, W 5(a) B, B 2(b) H (Lom+1y) FIAE G AR (L+my—1+a(Nd, Y)).
AN 180 K Y XRD Wik 2R, Fless B [ 41 21 BB, FAE ) AH 2 0B R /NP R AR, 3 A
80 6
(a) (b) Primary (Nd,Y).Feir o
0} .'/’T/. LTt
< T D_/—D—MD—/D T mé
‘: \‘S, Vi =1.4X10—*ATO73
10 (Nd,Y)sFesr E 4r @)
° =
0 8.0 1(.)0 1é0 14.10 1(.30 3 8.0 160 1é0 14.10 1f.30
AT/K AT/K

[ 4 pw Feqs, GNd10Y9B04 (5] é’]‘ {A@%lﬁléﬂ #’J‘{E% m"ﬂﬁ%}uf% (a) %*ﬁ{$*ﬂﬁﬁy (b) %ﬂi‘t (Nd7 Y)2F617 *Eétf(ﬁg
Fig. 4. Solidification microstructure characteristics of quaternary Fe,; Nd;jYoB;4 alloy versus undercooling smaller than 180 K:

(a) Volume fractions of each phase; (b) growth velocity of primary (Nd, Y),Fe,; phase.

1800 | (a)
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1600 | /\ B « 1200}
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1000
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B 5  PUIC Fers gNd g YoBs., A4 God vV PR M H AU A LA (a) AT = 180 K A IR, (b) AT = 180 K HAUESL; (c) AT =
221 K 5 #1I 2 (d) AT = 221 K $EF4141

Fig. 5. Rapid solidification microstructure morphology of quaternary Fe;;Nd;(Y(Bs, alloy at high undercooling regime: (a) Cool-
ing curve at AT = 180 K; (b) microstructure morphology at AT = 180 K; (c¢) cooling curve at AT = 221 K; (d) solidification mi-
crostructure at AT = 221 K.
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g 79.4
£
=80t
179.2
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(b) growth velocity.

X R AR Ve S5 S R T IR IE R A AE K
IR 7, B HI IR 6 T A FVERT R ¢ Fh 1.12 4578
£ 0.33 s.

3.3.2 NdAY #tTE&H i

MU Feqs oNd oY oBs 4 & 4 PR 5 [f 2H 21

Fis 0 R AR AE WA 7 R, S R 80 K
mF, F b Nd LY JCE R B B[R] A 23 (8] 40 A
FHE (B 7(a)). Nd TR BAE o(Nd, Y) P
R, 7E 1 A MBS EARIR L. Y TR E
TE 7o A, 7 7 MR SRR, 1E o(Nd, Y) FHHY
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12t

10 |

Va/(mm-s1)

Vo = 1.56X10~12AT548

H Exp.
Fitt.

200 210 220
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(a) AR RT FAFR M HE (b) A2 K

Fig. 6. Growth characteristics of primary 7; phase under high undercooling conditions: (a) Grain size and volume fraction;

7

AT i v o 2% 1F R BE R A 6 £ Nd R Y SER 4010
Fig. 7. Distribution features of rare earth Nd and Y elements in solidification microstructures at different undercoolings: (a) AT
80 K; (b) AT =221 K.

(a) AT =80 K; (b) AT = 221 K

197102-8


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 197102

HE—%F (Nd, Y),Fey; il 7, #H Nd #1'Y J©
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Fig. 8. The content evolution of Nd and Y elements in (Nd,
Y),Fe;; and T, phases of rapid solidification microstruc-
tures: (a) (Nd, Y),Fe;; phase; (b) T phase; (c¢) formation
enthalpy of four phases.

2 AR EOTTAER S LR BT T

Table 2.  Comparison of the calculated lattice constants of each phase with experimental data.

Lattice (Exp.)

Lattice (Calculations in this work)

Structure Refs.

AJA b/A c/A a/A eq/ %o b/A ey/ %o c/A €./ %o

Nd,Fe,,B 8.800 8.800 12.200 [33] 8.819 2.16 8.818 2.05 12.253 4.34
NdyFe; 8.567 8.567 12.443 [34] 8.641 8.64 8.641 8.64 12.560 9.40
Y,Fey B 8760 8760  12.000 [35] 8.775 1.71 8.775 171 12,018 1.50
Y,Fe; 8.520 8.520 12.380 [36] 8.584 7.50 8.584 7.50 12.378 0.16

TE: ex (X = a, b, o)A RAIR TSR 00 I 2 45 R A TH R 2.
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Thermophysical properties and rapid solidification mechanism
of highly undercooled liquid Fe-Nd-Y-B alloy under
electrostatic levitation condition”
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Abstract

The metastable and stable liquid state thermophysical properties and rapid solidification mechanism of
quaternary Fezs (Nd;)Y¢Bs, alloy with a maximum undercooling temperature of 221 K (0.147}) are investigated
using electrostatic levitation technique. The measured results indicate that the density, thermal expansion
coefficient and the ratio of specific heat to emissivity of the liquid alloy comply with linear functional

relationship with temperature in the range of 1402-1618 K. Molecular dynamics (MD) simulations show that
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the diffusion coefficients of Nd and Y elements decrease exponentially with temperature decreasing, with the
former exhibiting a larger diffusion coefficient at the same temperature. When the liquid undercooling rises from
80 to 158 K, the growth velocity of primary (Nd,Y),Fe;; phase dendrites increases from 3.8 to 5.7 mm-s !, while
exhibiting significant grain refinement effect. Meanwhile, the increased undercooling also promotes peritectic
transformation, leading the volume fraction of peritectic T,-(Nd,Y),Fe 4B phase to reach up to 75%. Once the
undercooling reaches 180 K, the former peritectic T; phase, rather than the primary (Nd,Y),Fe;; phase, becomes
the leading phase, which nucleates and grows directly from the undercooled liquid alloy, and its growth velocity
increases with undercooling from 2.6 to 11.0 mm-s!. The calculation results of formation enthalpy show that the
solid solution of the Y element can enhance the thermodynamic stability of the (Nd,Y),Fe;; phase and the T,
phase, thereby explaining the reason why the content of Y element in both phases is significantly higher than
that of Nd element. Nevertheless, the content of Nd element in the T; phase slightly increases because its

diffusion ability is stronger than that of Y if undercooling is higher than 180 K.

Keywords: Fe-Nd-Y-B alloy, electrostatic levitation, metastable liquid state thermophysical properties, rapid

solidification microstructure
PACS: 71.20.Eh, 68.55.A—, 81.30.Fb, 66.30.Fq DOI: 10.7498 /aps.74.20250904
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