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ABSTRACT

To control the coercivity of Nd hard magnets efficiently, the thermal stability of constituent phases and the
microstructure changes observed in hard magnets during thermal processes should be understood. Recently,
the CALPHAD method and phase-field method have been recognized as promising approaches to realize phase
stability and microstructure developments in engineering materials. Thus, we applied these methods to understand
the thermodynamic feature of grain boundary phase and the microstructural developments in Nd-Fe-B hard
magnets. The results are as follows. 1) The liquid phase is a promising phase for covering the Nd,Fe ,B grains
uniformly. 2) The metastable phase diagram of the Fe-Nd-B ternary system suggests that the tie line end of the
liquid phase changes drastically depending on the average composition of Nd. 3) The Nd concentration in the
grain boundary phase can reach 100 at% if the volume fraction of the grain boundary phase is constrained. 4) The
effect of Cu addition to the Nd-Fe-B system on the microstructural morphology is reasonably modeled based on
the phase-field method. 5) The morphology of the liquid phase can be controlled using phase separation in the

liquid phase and the grain size of Nd,Fe,,B phase.
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Fig. 1 Schematic illustration of the microstructure in Nd magnet, where
only a Nd,Fe ,B phase (T, phase) and a liquid phase (grain
boundary phase) are considered. Items(D), (@), (3) and (@) are the
four issues discussed in this study.
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Fig. 2 Schematic explaining the balance between interfacial energies.
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Fig. 3 Equilibrium phase diagram of Fe-Nd-B ternary system at 1275 K,
derived based on the CALPHAD method".

DB EFENPLRDDLZEITZHERTHASH. TOT7 Fu—
FIZOWTKRD 7 ¥ 3 VIZTHHET 5.

3 RIS OHLIR

ZZ T, fEko CALPHAD %, B X UK AMEFT VD
EZHIEDEGEREINT 2 —XT 4 —VFE, ZHWT
KR OMBE DOFHE & 475 7277, EBRORF Y AWAIEE
TREETH LD, RKIETIEHBHD720DIZ Fe-Nd-B D =755
EMER G L L7
3.1 HELEIRREIX

Fig. 3 1%, 1275 K IZ$1F % Fe-Nd-B =703 PATIREE 0 5t
HAEET®, T 13 NdFe, BH, MOBEMRIEF L1514 THh
%. Nd,Fe, B HIIEII =ML EEAE <, Wi (1275K) 12
BOWCTHMHEFEHT 22 Ldb 5.

I F T LA DIRMET] % el LS 5 720 O FE I 7 B
T, 8TBKAHEIC TR T2 Z LIk ) T, S R0k
FACH MR SN S, Ld o T, 873KICBIT AT,
M & A D HEZ g Pl 2 PR § 5 2 L I3EHETH . Fig. 4
&, T, (NdFe BH) & LA (M) DZoDMDO A% EE
LT, CALPHAD #1280 X% 873 K TO#Z EIRAEN 2 514
LAERTH D, MCESIE T AHEBHZRERY 1 T4
YTHhB. SBKIIBWTT, M E NdITE LA HIZ#E %
EMABTFIET D 2 L, HbE T Fig 45 5L EHAMHOM
D EGHDZ ENTE B ITITEZE SN,

REM Eomf&itsid, ZhETEBRNIZESATYS
RFFHOKE'” 2R LTV, 0B NRER T
WMHIE->Twa2s, &Toitsid (T, +L) ZMHFNICE
FNTBY, FFHIHEL EDOWAHICERL T3 2 &8
HCT&ED. A4 Y ABANTORKIHSOFIRILT HTH S
729, NdoGEMEE, (T, +L) #RANTT, HofbE=EqR
BRI DA BT B, L7zd> T, Moy 454 >~
I N, RREZ L E L2 ORE 0 Nd D JRTEY
MBS L TREL LT B EEZ NG, & WA T
EE, NdOBILIZ#ET SR wo T, BALEIZE 5T
AT 7 Nd RS D F MR T § % &, #egew 2 it o Nd

2022 41 H

ONA :ref[17]

°§7 S : ref.[18]
[ 22, [ ] sref.[19]
> 2 |@a :ref[20]

[ sref.[21]

: ref.[22]
O WA :ref[23]
ON :ref[24]

Nd

at%Nd

Fig. 4 Metastable phase diagram of Fe-Nd-B ternary system at 873 K,
which indicates the phase equilibria between T, phase (Nd,Fe,,B)
and L phase (liquid)'.
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Fig. 5 Schematic of the polycrystalline microstructure utilized to calculate
the concentration in the grain boundary phase.
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Fig. 6 One-dimensional simulation of the steady-state composition profiles across the grain boundary region at 873 K'°.
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Fig. 8 Phase-field simulation of the microstructure changes of Fe-15.3 at% Nd-5 at% B alloy with isothermal aging at 873 K.
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Fig. 9 Phase-field simulation of the microstructure changes of Fe-15.3 at% Nd-5 at% B-0.2 at% Cu alloy with isothermal aging at 873 K.
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Fig. 10 Phase-field simulation of the liquid phase formation in Fe-16 at% Nd-5 at% B-0.5 at% Cu alloy with isothermal aging at 873 K. The liquid phase

nucleus was initially introduced at the horizontal grain boundary region.
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Fig. 11 The local Nd concentration in the calculated microstructure (e)
in Fig. 10, and the phase fraction of each liquid phase, L, and L,,
depending on the Cu alloy composition calculated based on the
CALPHAD method.
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Fig. 13 1%, Fe-15 at% Nd-5 at% B-0.2 at% Cu & 4x® 873 K &%
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AR, BHOZOMMA N D ABREEL, F72()
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Fig. 12 Phase-field simulation of the liquid phase formation in Fe-16 at% Nd-5 at% B-0.5 at% Cu alloy with isothermal aging at 873 K. The liquid phase

nucleus was initially introduced at the vertical grain boundary region.
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Fig. 13 Phase-field simulation results of the liquid-phase microstructures

in Fe-15 at% Nd-5 at% B-0.2 at% Cu alloy with isothermal aging
at 873 K, where the initial microstructure is changed: the grain
size of the T, phase in (a) is larger than that in (b).

6 i B
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2) Fe-Nd-B =it R 0¥ KRB 25, WHMO Y 4 54
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AIRENTo. WE, A LFEA TN O BRALROUG 0kE
o vizo, MEENORFLE T NdREN DT H
IR T3 57209 T, MABMHIZB W TNIRENKE S
L LIRS,

3) MR EIRRE D S5 5N 2R FA O Nd ALK AT 100 at% F
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WX BHMEALE, T2 —RXT7 4 =)V FEICEIXHH
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Appendix A

AR THA L 72X T AT RN T —DEIJEN 8T A —F % Table Al [T/RT.

Table Al

Thermodynamic Gibbs energy parameters utilized in this study.

Thermodynamic Gibbs energy parameters / J-mol ™'

Temperature, 7'/ K

1225.7 + 124.134T — 23.5143T In(T)

[298.15 < T< 1811]

GHSERFE —0.00439752T" — 5.89269 x 10°°T° + 77358T " (36)
GHSERND L 107 26925  10°T" £ 348877 ==
GustRas  JSIM WIS IS  psissTm)
GHSERCU e 10 Loazoms w10« saazsr oo A
PR A
+77359T '~ 367.516 x 10 217 (36)

GL 5350.01 - 86.5939637 + 53573017 In(T) B [298.15<T<1128]
—0.046955463T" + 6.860782 x 10°T° — 3743807 (36)

en 41119703 + 82.1017227 — 14.9827763T In(T) [500 < T < 2348]
—0.0070956697" + 5.07347 x 107" + 335484T (36)

°GL 33"‘1%292;21?1%33321.55684 < 10°T? [298.15 < T< 1357.77]
+0.129223 x 10°°7° + 524787 — 584.9 x 10777 (36)

*Lien 3221 (37)
"Ligeno 6216 37)
"Lirex 4826 G37)
Lisre —133438 +33.95T (37)
"Ly 7771 37)
"Lis e 29739 37)
"Lisno ~123735 + 42.87T 37)
Lo ~41869 37)
L. -3156.2 (38)
Lis.cw 14390.26 — 9.98T (38)
"Lis o 42620 - 20T (38)
*Licure 73316.72 — 142.79T + 15.82T In(T) (39)
"Liouse 9100.15 - 5.94T (39)
*Licure 2428.96 (39)
"Licuro ~233.62 (39)
Licana) —55583.6 + 5.89557 — 2.4901 T In(T) (40)
Licuno —27795.1 +3.1830T7 — 1.29117 In(T) (40)
"Lcano ~3806 (40)
0Gh %GHSERND + %GHSERFE + %GHSERBB ~11312+2.813T (37)
'G* GHSERND (37)
Al 5.0 x10° [This work]

Ay 1.0 x 10’ [This work]
AL 5.0 x10° [This work]
ALy 5.0 x 10° [This work]
AL, 5.0 x10° [This work]

Al 5.0 x 10° [This work]

The notations comply with the conventional CALPHAD format”.
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T MHOFT XAV F =1L, UFIR MUY 2 RilicR S s EGE L7z,
(A1)

T AHICCulFEALREELZVOT, RADICBWT CuDFEERZ 10* £ 3%E L7z, —J7, NdE#H (2 TilMszalid

LTW3) OFTAZALE—IZOVTIE, R(A2) D LI ICBREL.
GNO e 0GE (T 1 ALy (eng— 0.99)" + 45 (¢5—0.005)" +4¢, (c5— 0.005 )’ (A2)

Nd B ZHPEO N EAEL72DT, R (A2) OABE—IHIZ, “EANSHEOMBZ NdHOFTAZAINF—ThH 5.
T 2=AT 4=V R T a3 VISR T X — 2L R & A2 IR

Table A2 Numerical values used for the phase-field simulation.

Unit grid size for finite difference method, Ax / nm 0.8
Interfacial thickness, 6 / nm 5Ax
Permeability parameter, P 1.0 (30)
Interfacial mobility of phase-field*, M, 5.0*
Diffusion coefficient of solute element, D, 1000*

Interfacial energy density / J-m™
O1/T> OT/a 1.5 (41)
OnLs  OaL 0.76 [This work]

* Dimensionless value.

EAH & A BT B 4 DB B ITCHEOIHRBUC O W T, §XCTHE—EE L. 72— X7 4 — )V FOJRFFTN 2 LHEE %
TS HBHNER (72— 74—V FHEE) H, fozoeT—E e Lz MEEEEE, Rk o omERY
MBS A= ZIRGET 5, RETETIE, FIEBRERCHT2 A VF - RBEN ) OMEEBE T2 2 HME L7
DT, INHOMREMBLL:. BT ANVF—WREREIINIZET 5550122 Tid, CALPHAD {ECiFii Sz F 7 A T 4L
F=XFGRA=F T V5. onq DEICOWTIEY, FiFeZMMONATANVF 2L, 50 onu=onm ZIE L7
F72R() OEfilAD0=10°L %5 L5, ogi=0,,=0.76 LiEHW7z,
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