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Rare-Earth-Free Permanent Magnets :
MnBi Bulks and Thin Films

W& UNIVERSITY










- RRSRVERNEZSY

O ‘144 28x 8 72 9 CAGR*

=
© HFo| 7|eBH/IATY F= Y SHY J|a/NY X4

>7%2| XHAAX] A& 7|2

OAME M 9l 7|as/MF HY 4

- AN AT S Tt MEI|SEQ A|E 2 A HE - A% 7|=0| RE-ME AMEO Cigt M 1 24
m 100 (2H/ASX 5 EE/ME 7= HEE ~100%)
e | R AN P

w 80 ee HE Automative World Car Industry Forecast Report.
c - O:II M _+_I (I‘I7|X|-) Global Inslght, 2004

o T ol ;K13

2 L RSN REEY o

@ PV T
K= /wa):‘ﬂa’a:“/ YR8 0%

; 8,000 C T ‘

S g %4 wosaen J
= 2 o0 B2 60N

Qo ¢ " 58 :68%

E
B 4,000 [——
— 2,000 |

- MO X/ 22/MUTY MY X| S XEMICH X E [ OISR

x7| YR30 o5t B A% MY R L

AMAZ ALO] H St EXE ZxMI & :
> 7 H5F Y Zoof cist SEY FdE =H 0l XIS A M2 DE : 100~12070
*CAGR: Compound Annual Growth Rate, 3 EHAZ HNME




MGAXLA0| Ho

ol V
Hio ull Ly s
S LH 8l El
T o 3 z <r
H F © N R K
mdx Bw T
oF ol 7l <y 8o
K0 Ml M 4r <
om T == = <4
mr dod © N .
_ o m._m e E) Mo r
] n_* b [} D=__
Jo . B g ur =z <
LB S !
N = N T R <0
Bl ~ B0 Kl B — O
x R 3= T g )
) o ﬂo-q__ < ||_.M 20 .. M_._
o] = 0 4 K B 0
= K = K = -
% = o = ®B m jod <0
K o ~ B
O 1 1 Eﬂ 1 o— 9
LN
—
o
= § N
o S
S o @
Kk N ) 3
o) S
{F T o Q
Bl T £
K o
- L
afl o ul
~ -
~ )
= o0
4 :
%0
>3
RO
;i
...A.o W ) @
ey o o o o OA FOB
= 8§ & © ¥ «
@) (eooN) ElxkllolzixhalE




=5 @74l of+ I

A20M A X758 X5t

0 =S5 700 750 200 250
Temperature

Figure. Permanent magnets in a HV motor
and temperature degradation of H_ for Nd-Fe-B
sintered magnets. Source: NIMS, Japan 2009
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LTP Structure of MnBi
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® Magnetocrystalline Anisotropy
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Il Hexagonal MnBi (LTP and HTP)
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Magnetization
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Bl Model for Core-Shell Magnet (Two phase) [IND

Shell Thickness (o)
& (shell) .
R=86+r _ = -3y L

M (core)

Modified Skomski’s Equations for (BH)

max

ForHN<NIr
2

4K, + f (K, - K]

(BH ) 0 = TE (MGOe ) ---- Eq. (2)
For H > M.
2
B — . (B - B ?
(BH )max _ [ r _ soft h( r4_soft r _ hard )] xlOZ(MGOe ) L Eq. (3)

Courtesy of Yang-Ki Hong (University of Alabama)



B Theoretical (BH)max-300K of MnBi core - [
soft Shell nanomagnet
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Courtesy of Yang-Ki Hong (University of Alabama)
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@ MnBi Bulk: Anisotropic fully dense MnBi magnet
" High—volume fraction of LTP—MnBi: Melt-spinning & magnetic separation
- Mn segregation from MnBi liquid through peritectic reaction at ~450°C
— Decomposition of LTP-MnBi at ~260°C
- Formation of MnO
" Right combination of powder synthesis method and consolidation technique

Hot
compaction

Ball-milling
(Powder)

Magnetic
pressing

@ MnBi Films: High—volume fraction of LTP—MnBi
— Optimization of Bi/Mn ratio
- Preheating substrate
— Deposition and annealing in the same chamber

Deposition: | _
Bi at glass substrate (for c—axis growth) + Mn
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I Melt-spinning(Rapid solidification) &1} || EGB

Differential Scanning Calorimetry (DSC)

Crystallization Peak Melting Peaks of Bi, MnBi, Mn, BI
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X-ray Diffraction (XRD)
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Bl =4 54 (+5wi% Mn)

@ MngBis, (+5wt% Mn) MnBi=95.1% —
@ Annealed at 300°C for 40h s
@ LTP-MnBi: 95.1% 4.9%
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0| M= 2M (Hot compacted magnet) DR

SEM(BSE) image

d_-- Mn-rich

TEM image
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Jet-il

Vo sl 0]

Ball-mill

Ball-mill & Jet-mill

@ Different distribution
in shape and size of
particles



I Particle Size Analysis

Density distribution
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® Hc =7}

Nucleation filed model

Ball-milling time | D O < Oy < O

2K,
CZFSCZ

Neff Ms

K;: Magnetocrystalline anisotropy constant

M, : Saturation

magnetization

H. Kronmiiller et al., J. Phys.: Condens. Matter 26, 064210 (2014)

Y. C. Chen et al., Scr. Mater. 107, 131 (2015)

a : Misalignment of neighboring grains & width of the region of reduced
magnetocrystalline anisotropy
(due to deteriorating effects of the microstructure)
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® (MnBis, + 5Wt% Mn) =M 0f|A 95.1 % LTP-MnBi &4
® Cold pressing 1} Magnetic separation 2o 2 7 H|& LTP-MnBi powder H|=

® Ball-milling A|ZF0| &7}&to] w2t YLX3 7| LA, MrkA, HeS 7}
-Mr ZA  LTP £&AII&
-He &7} 0|+ X N5t 1 =7F (misaligned grain and deteriorated grain
surface) 2f demagnetization factor Z4& &

@ Jet-milling2 YUXte] 37| RY0| # Y Ex6}A| SfLt HCES 7, MrZdkA

® Ball-milling 1A|Zte 2 BHE0{ Xl powderS 0| &2t hot-compact MnBi bulkX}Ad o
M %11 (BH)max = 7.3 MGOe ¥ Z
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Deposition ® Ex-situ Annealing
Bi/Mn - -
Multilayer on Glass substrate

Substrate

| A |

UHV Magnetron Sputtering System

Bi/Mn multilayer MnBi film



Bl MnBi Thin Film 2 I

o ZM H|of : Bi, Mn St £H| X|of
@ MnBi & £ =50 nm 1™

@ Capping layer Al =10 nm 21’9

4E 3R | Z% &M
Bilayer  Bi/Mn 28/22, 30/20, 32/18, 34/16, 36/14
Trilayer  Bi/Mn/Bi 30/20, 32/18, 34/16, 36/14, 38/12
Multilayer  Bi/Mn (2L) 34/16 Bi/Mn
Bi/Mn/Bi (3L) 17/16/17 o

Bi/Mn/Bi/Mn/Bi/Mn/Bi/Mn  6.8/3.2/6.8/3.2/6.8/3.2/6.8/3
/Bi/Mn (10L) .2/6.8/3.2
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600

Bi/Mn = 30/20

In-situ annealing
(350°C, 1.5hr)

D

)

o
T

Ex-situ annealing
(350°C, 1.5hr)

Hc Mr BHmax
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Magnetization (emu/cm3)
o

-200 | Ex-situ
annealing 3.6 298 3.7;
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-400 annealing 41 390 6.2
‘ E M SEAF
-1 O O O
_600 1 1 1 1 1 1 1
-15 -10 -5 0) ) 10 15

Applied field (kOe)
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Bi/Mn=36/14
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@ Annealing Z=7: 350°C, 1.5hr



Bl Bilayer: Bi/Mn ratio I
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SEM(BSE) image

Q@ Bi S7Iet+=5 MnBi phase &7} & Mn-rich Z4& (Mr 7} & Hc Z4
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Bi/Min/Bi trilayer: Bi/Mn & xjjof B 571
Mn Zt2
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. Bi/Mn I BHmax
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GE) 200 F ettt e e (20/20/10)
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Bl Trilayer: Bi/Mn Ratio [
Magnetic Properties
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Bi thickness (nm) Bi thickness (nm)
Optimized at Bi34/Mn16 Ratio (BHmax = 7.1 MGOe)




Bl Multilayers

HiE
X A
o T
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Bi/Mn = 34/16
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B Mutioyers 4= 24

Layer number dependence
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Bl MnBi Thin Film 2o [

@ In-situ annealing & Atg}lAHRX
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® Bi(34nm)/Mn(16nm) £ H|{E £t MnBi gt X MH| & x| ™3}

® Bi/Mn S+ M0 S ¢t MnBi 99} Xt B8 Z| X}

Bi(34nm)/Mn(16nm) =M 0| A Multilayer 2 C}= Bilayer I}

X1 EM (BH)max = 8.6 MGOe
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Dream on Energy Magnet




