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A compelling need for high magnetic properties led to active consideration of rare-earth permanent magnets, which have been used
in various applications such as communication, memory, and audio equipment. Recently, the use of rare-earth permanent magnets has
expanded to green automobiles, robots, wind power plants, actuators, and generators due to the rise of the fourth industrial revolution
and problematic issues of air pollution and fine dust generation. In particular, demand for high-performance permanent magnets is
rapidly increasing to meet the ever growing interest in the industry of environment-friendly automobiles (hybrid/electric vehicles).
However, since the rare-earth magnets are expensive and have limitation in high-temperature applications such as an automobile
motor, it is essential to develop a permanent magnet with reduced rare-earth concentration that can bear high temperatures.
Consequently, several major corporations have established a high-performance permanent magnet research team and are pursuing new
businesses. At this point of view, the present article reviews a summary of the history and the R & D trends of rare-earth permanent
magnets that have been developed in the past.
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Fig. 1. (Color online) Development in the energy density (BH),,, of
hard magnetic materials and presentation of different types of
materials with comparable energy densities.
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Fig. 2. TEM bright field image of a high-temperature 2:17-based
SmCo magnet [14].
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Table 1. The structure type, and intrinsic magnetic properties; the Curie temperature 7, the anisotropy field H,= (2K, + 4K;)/Js, the anisotropy
constant K, the saturation magnetization z4,Ms, and the upper limit of energy density (BH)max = 16M3/4)).

Compound Structure type Te (K) 1H, (T) K, MJ/m®) 1M, (T) 1M3/4 (KJ/m®) Ref.
SmCos Hexagonal CaCus 993 40 17 1.05 219 [15]
Sm,Coy7 Rhombohedral Th,Zn,;; 1100 6.5 33 1.30 336
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Fig. 3. (Color online) Phase equilibria of the Nd-Fe-B ternary system
at 1073 K [19].
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magnetization; oz Factor which relates to the microstructure;
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Fig. 5. (Color online) Relationship between particle diameter and coercivity: Theoretical consideration and experimental results [20].



-252 -

Ha gow, e 9] F7H 71eS X338k Nd-Fe-B 7|
AR e] Fo AT 9 B3 5L Aur vzl s

2-1. YA w8}

YRFH O E  Nd-Fe-B Al A2 AJELS AY, &
Asle] Yah= Fake] Ao wkEoin o) 98 &4
H YAEE u&o7 IHehs =Y Aol FoiN Fw7t
3= W strip casting WY ZEAE strip2 jet milling
o g wEdsi] AR LS AZg)

Jet milling® ZFHF APIELE IETIAEF Fafet
o B27)g] SEAIA vEEle 7EE dvEes Aavt
22 ARRBIAEE, M. Sagawa’} AE3E 719¢) Qe EEe
AF7IAE ARSShe A2 WS Esirh21]. F
Axrch 7PE7] wiel] §4-5 waA 34 ¥ ARt
of Wi 4= Qo] wulels FHAs & 4 a, T
AFL Begrizoly] WiEel] dAiel g NdoF S¥ES
2 YAER] e Aol k. ol#d WHoE JEmEY
o AR GEoll A oF 1 um FEe wAE AFELES A
Z319a1, o] wMElE AARLS AFs] 93 HHos
TPLP(PressLess Process) 2= M2 71&= 7dsiich
21]. APEEES vAgl 55 HIEAF o] F7ste kst
FAAEH], oI5 WA Q18 gkst o] PLP ¥2lolt
EEO] ofZt R ALK To| i Ujol| A ApFETe] 5
RN 2A7NA e F4L 25 2Nk Aol Fig
69] PLP EAE[20]004 & F Uxo], #AHc=2Z= A
Fjol| ] FREAE] §7]ol AR
o= FEE AR hHoE 87

i "

g

O
2=
2

o
he ke, 292 o]

Ultrafine jet-milled powder §<

«|| Hopper

S5 GTARe) APt AY - P50 % - 09
831 5 Tesla A= Zg B34S 7ste] A8} W3Eks
AEsle] sl Ao SHdE= Aotk o) A2t
= 2y ZE2E S8l 37] SollA AHES = ¥AY
wj= Aol o flar, F8AY uRRIE)ZE Fojx w7 )
ol Zkto] & ABlEA] $al ErER £ ofEe &
ol Utk ERE press §lol= olF AAIRE A WIS
o) UEE 2 & vk JeiWLelie AFH 2
Azz)e] olu] FrE SIS, et 12e] 3-4 um
o YSFFS FF jet milling® = PRSI oF 1pm 2
71] RE Aglom), ol Al 27 Fo) 49 ¢
7o) ¢F 1.5um BEE AIEE Nd-Fe-B Al 22448 A
Z3int. o] 7S Fal Dyt Tbs 37FskAl 233l oF 20
kOe o] B2 ATt

T NdyFe,BY] Z287S mlAlslelr] <13k b8 WRioR
+ HDDR(Hydrogenation, Disproportionation, Desorption and
Recombination)®] Itt. ©] 3782 1989 UE2| Mitsubishi
Materials Corporation®] Takeshita®l] *1-2 7H2= Th22].
Fig. 72310l Yepd 235 o] WhHe] 54L& 3pshke-3 o]
Saix AAH mASE ke Aold ARES =EFew
ZHA EalisiM 2AHES viAsh she W g AR 1
AR 2| &4A] ok H7] wiiEell Nd-rich <] A51=
WAE 4= Qlth. HDDR WHollMe WA RS 7489171
oA 7}83td NdyFe,BS NdH,, Fe, Fe,BZ #3l5k, ©]
E FollA 7Hdst] A5 WSSt Al NdoFe B
Yoz A=A gt o] o g s o
YL 27] 100 umollA 250 nm FE7HA] wAzRE 5

i

o

Orientaion coil

.::. ]

]

Pusher Tr
I Mold cover
N N TR J U
y Y
Tapping

1B g 8

Pusher

Filling Densification Stacking

Aligning

Sintering

Fig. 6. (Color online) Schematic illustration of PLP (PressLess Process) [20].



<3J|Ad+=3> Journal of the Korean Magnetics Society Vol. 28, No. 6, December 2018 -253 -

Nd-rich \
a-fe

Nd>FeysB + 2H
— 2NdH, + 12Fe + FeB

Fig. 7. (Color online) Grain refinement by HDDR process [23].

Nd-Fe-B A VA AEES Alxshe & 0E it
e O—‘M]:L"gb‘]j‘(Mel'[ spinning method)°]t}. ©] W
Nd A BEE 89S WokE 51 saue] Bl g
|2 A Z8= ASRE, strip castingTF WLE 314 &0
ot FW EHZ melt-spun ribbonoll= HIFgZE go] FAJE

)% QAT Fol 44 nme) VAT YL AL 5 9
o olAe aEte] Az 1A APETE HE N
Al BEAA Az ARHIL ek SRAIRE, o] Wl o)
Az ApPgEEe] 2PHe Ashgols Wide] Z47] te W
o ek Q7] dhgel SH AAET SPssioh @
Hol ek, oliF B AR olasial oy BT

e AZsE7] 8] 748 (Hot deformation) 3-74°] ©]
St Y DaidoclX= oleigh WhHol| o3 o843 radial
ring AF[NEOQUENCH-DR]S- A|Z3te] #ofjslar doh
Fig. 80 QR8540 mAES enigichd). 2749
342 Hot pressing?} Hot forming@ Die upsetting) 7
AR o] SRt HARS melt spun E2S 2F 700~
800 °C 2&=0llX Ld=5/3gslo] el 7ke A@AE o
T AR, o] A¥Ae A1HeE T dEleltt. &

rlo o

o
o

—

Melt spinning Cold Pressing

NdH, + 12Fe + Fe,B
— NdhFeysB + 2H>

Tk o] TAlA FAE AFAY wAlTFERI}F v Bl
ﬁéh’]' HEAREFS A1 FA] FEFs vIx7] wiizol] &
]—E Spark Plasma Sintering(SPS)E ©]&3%F A+%= gt
18] Fo|t}h. A= hot pressingell o3l AlZH A
o ek AE Weke g AHYS ARleEH
Shgolsleks ARdEidkom FHAE dAloH, ol&
B3l oA BAA o] AT o]HA AxE FTAE
TIERE WK &ole 2 BAES 45 5 W ¥
ol FIER FAE WA F Je Ao FHE

2-2. YA ¥AKGrain Boundary Diffusion Process,
GBDP)

Nd-Fe-B G7AM9] WA}8 skAkS- 931 = o2 vk =
S Dy, Tbol 22 -4 ER H4E Hrkshke 3ot g

T BTARIE 3d9t 4f Y40 FEO=E o]FAH, o]
Hlw A jztel] EAjsie] 5‘4]_-_ zt 5] o5 A|EE
7t AREE Af BERF 4ol 9]3]1 & A7 oidE 7HA
o, 3d Folg< o) daf w2 FAREgE 7=,

N

01

l

Hot Pressing Hot Forming

« Y
; \l y

Nd2Fe14B Nd-rich

IStress

\{

Isotropic Flake rotation

Stress

Anisotropic grain growth

-

Anisotropic

& grain rotation

Fig. 8. A schematic illustration of production process of Nd-Fe-B die-upset magnets [24].



~254- SEs A7Ae) Q9T A - 049 - o] 8% - o]
Table I1. Basic physical properties of RyFe4B compounds [25].
Lattice constants (A M, (ug/f. (T M, (T
Compound (A) (up/f0.) HoH, (T) K (T
a c 300 K 300K 300 K
LayFe4,B 8.82 12.34 24.9 2.0 530 1.271
Ce,Fe 4B 8.75 12.10 239 2.6 422 1.17
Pr,Fe 4B 8.81 12.27 319 8.7 569 1.56
Nd,Fe 4B 8.81 12.21 325 73 586 1.60
TboFe 4B 8.77 12.05 14.0 22.0 620 0.664
Dy,Fe;,B 8.76 11.99 14.0 15.0 598 0.712
o f B
Tb 10 um Tb 10 um
Microstuctures before Microstuctures after
the Grain Boundary Diffusion the Grain Boundary Diffusion
Fig. 9. (Color online) Tb composition images of grain-boundary-diffusion-processed magnets.
Table 11[25]0014 & 4= A=©] Dy,Fe ;B2 Tb,Fe B2l oW 14
2AAI7F NdoFe Bl BISIA 0w, w2 2j5} 7k st i
ofE AIEFS Ye) FHEFO) AV IRHEE Ho| 745 Base magnet 12
A7l ¥ Hao] 7] wolc}. o0 &
20053 Shin-Etsu Chemical® S3EF U4S Nd-Fe-B =
[
a7 Ao EEe] SXsle], A4S Bo) A4S QA 8 S
FIEF dag Addoz JHAI)E YAG4KGrain s N
Boundary Diffusion Process, GBDP) 7]&2 73l th - 2
[2627]. 71& =3al Dy, Tb 59 F3ERES Wrlehs -4 §
o] 3= (binary alloy)®] -, & X33 A4 HAof Grain Boundary L,
AU FEF av} ZAR Ho] FHEF Ui A Diftusion Processed .
- magnet
7V Bl B8 S a3t Zon, A B, (BH)uW s 2 T b 0 : 0
Ast Bvks Avhe @S 7 AT vl AIgE ' ) ) ' )
7ol A, @A) Bl FHER Wirt YAl 24 Applied field (kOe)
3R= Nd-rich 2] Nd 949} 3| SAlof| YA we} Fig. 10. (Color online) Grain boundary diffusion process.
A g ghiso] Sol7HA| s, 2 A3 Fig 99 &2
o] o] ARHE TIHERF Tl =2 shello] EHRM TbHE JAIZASE 2P 9] #1714 EAJolt), gt B4 =+
E& core-shell 725 A3} o] 719 o] AT HA 2 FASRE e BASRNE FHZ ARSSkEd, ol &

Hjsle] FEE A4S A deEFoz 9xN717] wie]
TIHERF ARES tF 2 F on, S (BH)ax B,
o] g HisleluA avHoz fE TVMIE & e
7]4o]th. Fig. 10 48M 559 Nd-Fe-B AZAA 0

A EES AR

P ez Az, 902 Aol
FEa0) S WA Sigeltt. £ e F1 2

A3} oehe 55 E7sl] Alxd SejElel AES ¥ol =
®3he Dipping 43 54 715 B¢ SF o] tix



<34 E=7> Journal of the Korean Magnetics Society Vol. 28, No. 6, December 2018

Microstuctures before Microstuctures after
the HAL treatment the HAL treatment

Fig. 11. (Color online) Images of magnets taken for the observation of
Dy composition using the HAL process [29].
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Fig. 12. (Color online) TEM-EDS mapping images of the diffusion-processed sample using Nd-Cu: (a) c-axis in-plane with an upward direction

and (b) c-axis out-of-plane [30].
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Category Korea USA Japan Europe China Sum
Grain refinement 128 228 419 53 612 1,440
Grian boundary diffusion process 58 135 43 191 488
Others 236 235 489 175 1,419 2,554
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Fig. 16. (Color online) Patent status of Nd-Fe-B permanent magnets by year.
Table IV. Proportion of patents by domestic and foreign.
Applicant (%) Foreigners by country (%)
Country - - -
Domestic Foreign Korea Usa Japan China Europe Others
Korea 46 54 - 13 68 9 3 7
USA 36 64 5 - 37 15 15 28
Japan 92 6 41 - 11 24 18
Europe 19 81 6 12 70 9 - 3
China 92 3 6 84 - 3 4




- 258 -
50 1200%
21 7—% 01371 8l 24
0 | \\\’// 1000%
800%
21 600%
20 400%
200%
10
- 0%
o -200%
'83  '87 '91 '95 '99 03 '07 11 15
=2 037 88 2% 400%
‘ 350%
40 | 300%
250%
30 200%
150%
20 - 100%
s50%
10 0%
-50%
-100%
83 '87 ‘91 'es  '99  '03  '07 11 15
0 | Rl oo
140 | 500%
120 | 400%
100 - |\ 300%
80 | | 200%
60 100%
40 - 0%
20 -100%
0 -200%

~ '83'85 '87 '89 '91 '93 '95 '97 '99 '01 '03 '05 '07 '09 '11 '13 '15

Fig. 17. (Color online) Patent status by country and year.
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HAlel =

o] A= 20189% HrEgREAINY] AdoE Jt=d
TAHL] R Wo} 4385 U (NRF-2018R1A2B6007169).
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