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Requirements for Magnetic materials
For wind turbines and electric vehicles

Goal
OA/FA motor
r Servo motor
(Nd;,Dy,)Feg,B Compressor of air conditioner
Stoichiometry
1 1
1.0 %—l 0 - 3.0
100°C Mot (1) 200°C

—

Operating temperature

...........................................................

The operating temperature of the traction motors for
(hybrid) electric vehicles is approximately 200 C.

Therefore, permanent magnets suitable for use in
traction motors and wind power generators must have a
high coercivity of around 3 T at room temperature.
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For wind turbines and electric vehicles

Single domain size

35 Nd,Fe,sB phase
Thin ﬁtm- v Sintered ¥ R.Ramesh at al. [13]

= ., ¢ HDDR LT Hhatal ) the coercivity increases as
- * Y. Une at al. [15 . .
= 25 W _r‘l‘_";]; oy o o g the grain size decreases
,E" ﬁ- il @ R. Nakayama at al. [17]
'S 291 ? ‘ @ H. Sepehri-Amin at al. [18]
T ) * @ Y Kawashita at al. [19]
ﬁ = * X w @ H. sepehri-Amin at al. [20]
O 10 . o *r A. Hutten at al. [21]
Q Melt spun ' ,' + C.L. Harland at al. [22]

0.5 - HDDR " * H.C. Hua at al. [23]

* J. H. Vincent at al. [24]
0.0 _— W W.B. Cuiatal. [25]
0.01 0.1 1 10 100

Grain Size (um)

We view the HDDR process as a promising method for refining the
microstructure of the R-TM ferromagnetic materials type materials,
particularly R-Fe-B and Sm-Co.
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R-TM ferromagnetic materials with fine microstructure

How can we produce the bulk R-TM ferromagnetic materials with fine microstructures?
Through the HDDR process.

SINTERING:
it occurs through the diffusion of material components

1. The HDDR process involves phase transformations through diffusion =
the diffusion rate of all alloy components increases.

Ya.E. Geguzin, Physics of Sintering [in Russian], Nauka, Moscow, (1984), p. 311.
V.V. Skorokhod and S.M. Solonin, Physical and Metallurgical Fundamentals of Powder Sintering [in
Russian], Metallurgiya, Moscow (1984), p. 159.

v
2. During HDDR, hydrogen 1s present in the alloy as a solid solution =

The diffusion rate of all alloy components 1s higher than that of an alloy without a
hydrogen solid solution.

V.l. Pokhmurskii and V.V. Fedorov, Effect of Hydrogen on Diffusion Processes in Metals [in Ukrainian],
FMI NANU, Lviv (1998), p. 206. 4
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The morphology and microstructure of the coarse particles of the
Nd,, ;Feg, {Zr, ,B¢ alloy milled in hydrogen.

Milling terms: v=200 rpm, =1 h Particle size: from 2-3 to 10-30 microns

Nd,(Fe,Zr),,B

> * 10MKm i 3nekTpoHHoe nsobpaxeHwve 1
LI Bulyk, I.V. Borukh, https //do1 org/10 1007/511106 023-00354-9 5
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The microstructure of TR = 850°C ® powder compaction pressure: 2 t/cm?

the sintered through &8
the HDDR process A ’ -
Ndi1.7Fe81.1Zr1.2B¢ alloy

2) a-Fe-based solid solution;
3) Nd-rich phase;
4 — ¢
) pores 20kv - x1,000 [Ty 0410 1057 BEC 20KV~ X4,000 0410 10,57 BEC

TDR = 950°C

1) Nd2(Fe, Zr)14B phase; V\; | <7

1) Nd2(Fe, Zr)14B phase; \ ¥ | '
)14B p % , '

2) a-Fe-based solid solution; - AN
3 — ’ '
) pores 20kV X200 [JICOIE N 0410 1057 BEC - 20kv- x4;000 JETTENN 0410 1057 BEC

LIL Bulyk, I.V. Borukh, https://doi.org/10.1007/s11106-023-00354-9
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powder compaction pressure: 5 t/cm?

The microstructure of TorR= 850°C
the sintered through ol
the HDDR process

Ndi1.7Fe81.1Zr1.2B¢ alloy

—
x4,000 JEJTEEN -0410. 10 57 BEC

20KV . X1,000 ERE(NVEY WM 0410, 10 57 BEC

TDR 950°C
1) Nd2(Fe, Zr)14B phase; y < o

2) a-Fe-based solid solution;
3) pores

LIL Bulyk, I.V. Borukh, https://doi.org/10.1007/s11106-023-00354-9



PERTRERERE SRS

‘ '}‘R' 2z 5 77 2 % ? Preliminary Results of Sintering R,Fe, ,B
et emmmeneneerees - Magnetic Materials Using the HDDR Process

The morphology and microstructure of the coarse particles of the
Nd,Fe; ¢Zr, B¢ alloy milled in hydrogen

Milling terms: v=200 rpm, =1 h—‘J B Particle size: from 2-3 to 10-30 microns

LI Bulyk, I.V. Borukh, https://doi.org/10.1007/s11106-023-00354-9 8
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The microstructure of ToR = 850°C ¥ ] powder compaction pressure: 6 t/cm?
the sintered through '7 s Y ‘ 3

the HDDR process o v 'y
the Nd,(Fe; oZr, |Bg alloy

s

unetched section, 1) pores;
etched section, 2)

boundaries between sintered

- [ —
particles 20kV  x4,000 JEFTRIN 0410 1057 BEC

TR =950°C :

| e | » | ——— ]
20kV . X1,000 QEUSATEINEN0410. 10 57 BEC .. 20kV  X4,000 msETila 0410 10 57 BEC

LIL Bulyk, I.V. Borukh, https://doi.org/10.1007/s11106-023-00354-9
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Sintering R,Fe,,B magnetic materials using the HDDR process:

DTA

i | o Tl .
887180 kPa— v ___9_¥
Bk A 8 % =T =1010°C
86 | : knee ——~>_ kll § wig ;mmc )
~

84

82+

80 -

T

T’ =650°C
HD

Petk_g50 oC_
D

78

p, kPa

26+
25
24+
231
22
21 -
20+
19

|

Hydrogenation

TC=376 /!

T =1000 °C

T 915°C ]

c

] I;enk
T
. HD

N e

=710 °C: T::k=880 °C

80

100

120

140

160

180 200 220 240 260 280
Time, *102, sec

Al °C

Preparing a Pressure — Phas
Temperature diagram to use as a ba

.....................................................

Next step:.
mposition —
for choosing
parameters

Qo
°. & ’/‘ ,L«%m
e~ 4
|5 ¢ @~ /
850__]g%k’/7$’/@ i
800 4 DR& yd %\%“*
750--7TJD—G/ P el "H ‘
, i
7004 This* @ —@ /
; TS e-
0 10 20 30 40 60 70 D, kPa 90

r [. Bulyk, et al., Intermetallics 148 (2022) 107621. https://doi.org/10.1016/j.intermet.2022.107621.
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| HDDR PROCESS IN SmCo; MATERIALS |

|| LITERATURE DATA ABOUT HDDR IN SmCos ALLOYS

HD
H, >570-620 °C

IOr—>
SmCos SmH,, + Co
<

DR
Vacuum <950 °C
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[THDDR PROCESS IN SmCo, MATERIALS | | LITERATUREDATA _|
—— - —— :
DSC curves for SmCos under different hydrogen ' SmHz-m
ssures 5 _A 1
e +
1 - 1. Y T
IR N
N : | g ’
- : : -
o ; :
il B AN MPa M» -
g E ; wf‘::- M 1 M 1 M 1
TH J\Z MPa 30 35 40 45
L _/5\4_!""":3 . XRD patterns for SmCos alloy:
; P ! (i) starting alloy;
o e N T e (ii) (ii) after HD under 2 MPa;
100 ﬂ-zﬂu 300 400 500 600 |mreactive milling in hydrogen.

T(°C)

M. Kubis, A. Handstein, B. Gebel, 0. Gutfleisch, K.-H. Muller, and L. Schultz, J.Appl.Phys. 85 (1999) 5666-5668. https://doi.org/10.1063/1.369834
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|| TERMS OF THE HDDR PROCESS IN SmCos ALLOY

‘

DTA curves for SmCos—H,
under hydrogen pressures
of 0.5 MPa

449" 140 °c 250 C

0' 200 400 600

LI Bulyk, et al. Materials Science. 43 (2007) 102-108. http.//rd.springer.com/article/10.1007/s11003-007-0011-6. "
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|| TERMS OF THE HDDR PROCESS IN SmCos ALLOY

(¢) amount of the SmCos phase

(p) hydrogen pressure

(¥) duration of reaction

SmCo; = SmH,_ 5 + Co

\

Bulyk L1, Panasyuk V.V., Materials Science. 48 (2012) 1-11. http.//rd.springer.com/journal/11003/48/1. "
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|| TERMS OF THE HDDR PROCESS IN SmCos ALLOY
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|| The phase composition of the SmCos-based alloy after disproportionation in hydrogen |

Solid HD, 700 °C,
* holding time is 2 h

=0h

0.2 0.3 0.4 0.5 0.5*
p (HZ)a MPa

* - the holding time is S h “

Bulyk 11, Panasyuk V.V. Materials Science. 48 (2012) 1-11. http://rd.springer.com/journal/I11003/48/1. "
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|| TERMS OF THE HDDR PROCESS IN SmCos ALLOY
Phase composition ¥
B SmCo. bast R S N RN A N S
60
alloy after P
recombination 10

HD: 0.5 MPa, 640 °C,5 h

“ Conventional HDDR, “

o

4

¢ (ol %.

L.I. Bulyk and A.M. Trostianchyn, Metallofiz. Noveishie Tekhnol., 38 (2
—519 (in Ukrainian), https://doi.org/10.15407/mfint.38.04.0511.
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|| TERMS OF THE HDDR PROCESS IN SmCos ALLOY

.................................................................

‘

Phase composition

of SmCo,-based R0
alloy after
recombination
H Solid HDDR, HD: “ -
0.4 MPa, 650°C,2 h

0 1 A I . | . ] 4 L . |
650 700 750 800 850

1.1. Bulyk, et al., Powder Metall. Met. Cei
-//link springer.com/article/10.1007/s11106-014-9556-8. ||
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“ FEATURES OF THE MICROSTRUCTURE OF THE SmCo; ALLOY DURING HDDR

Microstructure of the
starting SmCos alloy [[§*

. et al, Metallofiz. Noveishie Tekhnol. 2015. #2. p. 169-

184.
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“ FEATURES OF THE MICROSTRUCTURE OF THE SmCo; ALLOY DURING HDDR

SmCo; ALLOY

AFTER solid HD
partially
disproportionated

solid-HD:
0.5 MPa,
640 °C, 5 h.

2-SmH,, Co
remnants of SmCo;

5 3-SmH,, Co
(dis. Sm,Co )

SRS

1. Bulvk, et all Metallofiz. Noveishie Tekhnol. 2015.

tilmfintamp.kiev.ua/ua/abstract/v37/102/0169.html

2. p. 169-184, X1 500 O 10fpm
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Microstructure sintered SmCo, magnets after HDDR DR: 850 °C
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Microstructure sintered SmCo, magnets after HDDR

DR: 850 °C, 1 h; ORISR DR: 950 °C;
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Industrial Ferromagnetic Sm,(Co,Fe,Zr,Cu),, Alloy
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Microstructure of the starting alloy: Morphology of the Sm,(Co,Fe,Zr,Cu),,

1) Sm,(Co,Fe,Zr,Cu),, phase, powder

2) Sm(Co,Fe,Zr,Cu); phase,

HEBM
3) Sm,(Co,Fe,Zr,Cu), phase
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Industrial Ferromagnetic Sm,(Co,Fe,Zr,Cu),, Alloy

The HD stage proceeded at 700°C
Hydrogen pres

|| XRD patterns measured for: ||

[ Milled alloy | | After HD |
<
z 1 ¢ ® Sm (Co, Fe, Zr, Cu) | || After HDDR
~
10400 - 25000 a
T | * SmH,, 10000
< ® Sm_(Co, Fe, Zr, Cu) < o
~ O FeC S
7800 - 20000 e S 3 FeCo
~
8000 - 4 ® Sm (Co, Fe, Zr, Cu),,
® 4 ht-Co
15000 -
5200 - °
6000
10000+ 3
2600 - | g 1 ®
4000
T T T T T T T T T T 1 5000 — *
40 60 80 100 26, FeK 140 ° | o 1 d . °
“ J @
* * © * * [ X J Py
T T T T T T T T T T 1 _ . .
40 60 80 100 20, FeK 149 2000 A I ae

T
100

T
20, FeKa




jl’p 2ZAH5 24 %’ Preliminary Results of Sintering Sm,Co,,
.s_e_‘”} 3-% JIANGXI UNIVERSITY OF SCIENCE AND TECHNOLOGY Magnetic Materials USing the HDDR P’/'OC.eSS

Industrial Ferromagnetic Sm,(Co,Fe,Zr,Cu),, Alloy
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Industrial Ferromagnetic Sm,(Co,Fe,Zr,Cu),, Alloy
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Quantitative analysis of microstructural components of the Sm,(Co,Fe,Zr,Cu),, alloy
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Conclusions

[t has been ascertained that R,Fe,,B-, SmCo.-, and Sm,Co,--based
powders can be sintered in hydrogen at temperatures below 950°C.

The grain sizes of the ferromagnetic phases vary from a few dozens to 3
nm.

The porosity of the sintered materials diminishes with increasing
compaction pressure and sintering temperature.

The parameters for producing nanostructured magnets sintered 1
warrant further optimization. .
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