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Study on Coercivity Enhancement in Nd-Fe-B-type and Fe-Co-type

Permanent Magnetic Materials

Kyung Min Kim

Department of Materials Science and Engineering, The Graduate School,

Pukyong National University

Abstract

Permanent magnet is an essential material in the area of energy saving and
clean environment technology. Especially, Nd-Fe-B-type magnet is used in the
traction motor of HEV (Hybrid Electric Vehicles), EV (Electric Vehicles) and
wind turbine generator. The Nd-Fe-B-type magnet for traction motor
applications definitely needs to have high room temperature coercivity. Because
of the problem of the rare—earth element price and supply, it is also important
that finding new 3d-transition metal compound alloy with high MCA and Ms.

In this study, feasibility of the electrophoresis deposition (EPD) technique for
homogeneous and adhesive deposition of DyFs particles on the Nd-Fe-B-type
particles was studied, and coercivity enhancement in the diffusion—treated
Nd-Fe-B-type particles deposited with DyFs; by EPD was investigated. EPD
led to more homogeneous coating of DyFs; particles on the surface of
Nd-Fe-B-type particle with respect to conventional dip—coating. Coercivity
enhancement by diffusion of DyF3 coated by EPD was more profound with
respect to dip—coating.

Secondly, an attempt was made to enhance electrical resistivity and to
improve performance of the Nd-Fe-B-type die-upset magnet by doping with

eutectic DyFs-LiF salt mixture. The enhancement of electrical resistivity was
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achieved in the magnet doped with eutectic (DyF3;-LiF) salt mixture with
respect to the magnet doped with single DyF3 salt, and this enhancement was
attributed to the homogeneous and continuous coverage of the interface
between flakes by the low melting point dielectric salt mixture. Coercivity was
enhanced by the doping of eutectic (DyFs;-LiF) salt mixture or DyFs, and this
was attributed largely to the enhancement of anisotropy field of
(Nd,Dy).FeuB-type grains in the Dy-diffused shell on the flake surface.

Finally, (1) bulk-type body-centered-tetragonal Fe-Co alloy was synthesised
by utilising a conventional alloy preparation technologies, such as melting,
solidification, and homogenising treatments, and its magnetic properties were
investigated. In the (Fejp-Coyx)1-Cy alloy, the composition range, from which
single phase body-centered-tetragonal alloy (martensite phase) was obtained,
was severely limited: Co content x = 25 and C content y = 0.062.
Tetragonality (c/a) of the synthesised body-centered—-tetragonal
(Feg75C025)0038Co0s2  alloy was 1.05. (2) Realization of the coercivity in the
Re-substituted (FeCo)-B-type compound alloy prepared mainly by mechanical
milling was investigated. Phase evolution in the (FeCo):B-type alloy during
mechanical milling  and annealing was also investigated. Single phase
Re-substituted (FeCo):B-type material was prepared from stoichiometric
(FepesCopsRennzs)2B by the combination of suction casting and mechanical
milling. Heavily milled and fully annealed stoichiometric (FeogCo03Re0025)2B

and boron—-excess alloys had similar coercivity of around 1.0 kOe.
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Fig. 1. Map of My and K; of various hard magnetic compounds
and desirable range (unshaded area) of parameters at (a) room
temperature and ate (b) 573 K[33].



Easy Magnetisation Direction

Magnetisation (M)

Fig. 2. Magnetisation curves of hard magnetic material for easy

magnetisation and hard magnetisation direction.
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(a) (b) (c) (d)

Fig. 3. The evolution of domain shape by successive reduction of
magnetostatic and magnetoelastic energies. (a) a ferromagnet in a
state of uniform magnetisation. (b) reduction of magnetostatic
energy by splitting into two domains. (¢) Further reduction in
magnetostatic energy by addition of domains of closure. (d)
Lessening of magnetoelastic energy by appearance of smaller

domains.
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domain 2

Fig. 4. Structure of a domain wall.
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Energy

Domain wall thickness (6)

Fig. 5. Dependence of total magnetic domain wall energy(~y) on

magnetic domain wall thickness.
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Table 1. Critical diameter for single domains of several
ferromagnetic and permanent magnetic material (um).
Fe Co Ni MnBi | Ba-ferrite| SmCo.; | Nd,Fe,,B
0.08 0.08 0.18 0.5 0.4 1.0 0.3
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Fig. 6. Initial magnetisation curves of permanent magnets with

nucleation—type and pinning—-type coercivity mechanisms.
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Fig. 7. Hysteresis loop of permanent magnet.

_22_



kol A A5 stixel, HEV % EVE FERE AH&at7] 9]a)A]

)
=
rlo
ofo
of
4
N
5
1o
4
=
BN
N
O
1...
f
_>|i
)

Azx¥ (NdHRE)-Fe-BAl 724 =2 Ao S 27] wiE

of Ao AWs o wAEe BTt ey FIEF U9
A7 EHE= Fe 929 27| ERESL AR A =7 e T3E

7 A2 E HUMe A x3 Nd-Fe-BA A2 9] Ashake A3 3t
2

ok w3 FIEF 9429 S AR A 3T

!
2
s
2
2

244 E £ 2L el St duET E oe PHow
= A7ANe A mAs 2 QA Aol7} SlcHae)l. APAA Aw
A Arlw FATW Ao o d A3 W] of
et Arlmize] gdel os) A5 wdol wass] wid 5=

F 948 WA FUAE mAe]l 393 F48 Aotk 19

o,
A
X
il

O
é
e

B} GTAN 9AE AT 272 Folk A 473 oY)
of B we A7t ey Aoz dguth A vAs ool 44
Aool oal AA AN APl Ao BelE sho] mAe

2 3 A2 F Ak dFPel BB Ao FFL wA

£
X

N

! o] (magnetic exchange length

_23_



Aex
o= (2-9)
oVt

71€9 Nd-Fe-BAl 97#41¢] |+ 19 nm ©°|t}. =, Nd-Fe-B7l
FTAA ol A AR HA N SAsHE v A AR] Nd-richd o] 77
7F 1.9 nm ol FolH QI = 4 AR HEC] AVHLRE EElH
e Aotk 18y 7]E¢] Nd-Fe-BA 47
Aol 4% AR HAE vAAG Al Nd-richst #9b ofyzl A7 =}
AR A EAEe Aew HuHATHAT-49] o] AgGez <
3l AT 74 AAHEC] AV|Hom Ado] Hol HAHE FAA
7171l og ol o HE aEzAty 9 zpsighe] 2 7t
gl Nd-Fe-BAl @7AAE Alxet7] fla] dAgat& 4 (GBDP) <=
AvtAH o 2 AL TH6-10]. AT A LS FIEF Y4t A4 H
AL wet F4akso] NdoFeB 249 TW NddAE 45 F3&

7 AR Xgete] 24 H wwe AR oS FEATIAL o]

2
[
L
)
1o
otk
o
o

Y
o

Zed BRAES gAY T3 JAFATAHLE & FIEF
Aart 7HAo] i Ry A% FIEFAS AHEE F Qo
AR Y 2T FIERF ALE A7 Wil Ashare] A
T avA aA gue gRel AUtk

HEVY EVe] FF5E e A5 Nd-Fe-BAl 97242 ZEY
-9 ofmtof (armature)oll Al A= wA SX(slo)AHg oz <
sto] WA E = 9bd F(eddy current) wlol do] @Al o] d&
Fe2E7F 2& Nd-Fe-BA 97249 BAE S #AaA7H 1Y

_24_



}o)

[e]

kel

A7)0 A

) 5ol
AEA REE GTAN

ykH] ¥ 517

}ol

[e]

Azl A7 A%
374

}¥l Nd-Fe-B7|

e}

-

= 1
T

g obd
zg:/K

e

X

ol
M

7+

3|

%
g=.

)

FATHE0-52]. 1 ol

DA XS

=]. O
iy

A

)

B

G

[€)

0]53_

o
=

=

ZL&as 81

3|

S
=

(DyF; + LiF)¥

FoAE T4
baoh e w4 gl

°©

Nd-Fe-BA|

=%

o)
P

TEEHE TR 0

S
T

M

H
o}

e
o

file)
o
il

i
=

kA 2] 7}

=

3}

7 2

=]
f=

°

TIEF

i

T

_25_

%0l7] 9
48

o

=

of, o] Ax+ F+A

AN e B



A3 A TAEFA(DyF:) ZHHA Ao 9%
Nd-Fe-BA &%2 ©AH T4

3.1 23%H

311 FIEFEY =ZH

E‘ ?j?—oﬂ H *E Nd12.5F€go.6B6,4Gao,3Nbo,2 }_*6] = O] Ho]'*‘j HDDR 'E‘

e

= Z7IANEE AMEsieH, 3" A8 E DyFs; TIEFAS A
stk 1 vt 7| HE SEMe® #Este]l 17 8o UE)
Witk o] HDDR %me] %7 maAEe 12 kOe, YA/ = o
150 ym °]lew, DyF; T3 EFHS dA=Z71= 9 1 um oAt}
Nd-Fe-B7Al HDDR &2 %Wl DyF; A& Z®E3H7] o ~H <l

%

Y ~(stainless steel) &S o] 838lo] =3 FEYE = DyF; YA
7 719 & 5 ¥ (Electrophoresis Deposition : EPD) A%< A3

DyF; @89S DyFs (1 um) : alcohol = 5 g : 500 ml B &2 A%
il 2 e &o] zE s w2l St
<= 7tste] DyFs 4AE AZ”GAI A, o5 2HIQld 2 53l ¥

¥ DyF; ® 9 57 R FAE 2AsEATH(ZE 9).

_26_



7]

.

¥ (dip—coating) > & DyF3; At

3%

7]
S

HDDR & %ol 3% 3t

=
=

%

-AEH o2 Nd-Fe-BA +%d Z¥H DyF;

.

1=Maui3
=

Fe ZH stttk DyFs7t S8 Nd-Fe-B7

2] 3]

2 wthh= *=

o
=

R L

800 C el A]

_27_



Fig. 8. SEM photo of (a) Nd12.5F€80.6B6.4Gao,3Nb0.2 HDDR powder
and (b) DyFj3 particles.

_28_



" 4

1 Jstainless steel plate

DyF; (1 pm) : alcohol =5 g : 500 ml

Fig. 9. Schematics showing electrophoresis deposition behavior of

DyFs5 particles.
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Fig. 11. Dependence of deposited (a) weight and (b) thickness of
DyF3; on stainless steel plate cathode on the applied voltage and

deposition time for EPD.
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Fig. 12. Surface morphology of the deposited DyF3; layer on
stainless steel plate cathode by (a) EPD and (c¢) dip—coating. (b)

and (d) are zoom-in images of (a) and (c), respectively.
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Fig. 13. DyFj3 particles on the Nd-Fe-B-type particle deposited by
(a) EPD and (b) dip—coating.
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Fig. 14. Variations of coercivity in the Nd-Fe-B-type particles

deposited with DyF3 by (a) EPD and (b) dip-coating after

diffusion annealing. (Also included was coercivity variation of the

Nd-Fe-B-type particles (c) without DyF3 deposition.)
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Fig. 15. Grain structure of the Nd-Fe-B-type particles with

and without DyF3; deposition after prolonged diffusion annealing
at 800 T for 360 min: (a) initial, (b) not-deposited, DyF3
deposited by (c) EPD and (d) dip—coating.

_41_



Fig. 16. Element mapping of the diffusion-treated (800 C, 90
min) Nd-Fe-B-type particle deposited with DyF3; by (a) EPD and
(b) dip-coating.
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Fig. 17. Surface of Nd-Fe-B-type particle deposited with DyF3
by (a) EPD and (b) dip—coating after keeping in open air with 80
9% relative humidity for 1 hr.
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Fig. 18. TGA results for the Nd-Fe-B-type particles deposited
with DyFs; by EPD and dip-coating in different relative humidity.
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Fig. 19. Demagnetization curves of the Nd-Fe-B-type particles

o

with and without DyF3 deposition after diffusion annealing at 800
C for 240 min: (a) initial, (b) not-deposited, DyFs; deposited by
(¢c) EPD and (d) dip-coating.
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Fig. 20. SEM 1mage showing the morphology of
Nd13,6Fe73,6C06,6Gao,6B5,6 MQU*F flake.
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Fig. 24. Variations of electrical resistivity of the die—upset
magnets doped with (a) eutectic (DyFs - LiF) salt mixture and (b)

DyF3 as a function of doping amount.
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Fig. 25. DTA results for (a) DyFs; (b) DyFs-LiF salt mixture,
and die-upset magnet doped with 5 wt% of (c) DyF; and (d)
DyFs - LiF salt mixture.



Fig. 26. SEM(BSE) micrographs of the die-upset magnets doped
with 5 wt% of (a) DyF;3 - LiF salt mixture, (b) DyFs.
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Fig. 27. SEM(BSE) micrographs of the die-upset magnets doped
with 5 wt% of (a) DyF; - LiF salt mixture, (b) DyFs, showing the

microstructure of the added salts.
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Fig. 30. BSE and elemental mapping images of some elements in
the die-upset magnet doped with 5 wt% of (DyFs-LiF) salt

mixture.
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a=15mm,c=1.2mm

Fig. 33. Dimension of the prepared (Fejp—xCox)1—yCy alloy

specimen with oblate spheroid shape.
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(c)0.062) alloys with different carbon content.

_78_



20 uym

Fig. 37. Microstructure of (Feg;sCo25)1-yCy (v = (a)0, (b)0.032,
(c)0.062) alloys with different carbon content.
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Fig. 38. TMA results of (Feg5C025)1-yCy (v = (a)0, (b)0.032,
(c)0.062) alloys with different carbon content.
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Table 2. Phase and crystal structure of (Fejp—xCox)1—,Cy alloys.

(FejmnCogy

Lattice parameter

Phase Structure cla
X ¥ wi% of C a b ¢
25 0 0 a-Fe(CO) BCC 2.8661 2.8661 28661
0.032 0.7 Martensite BCC 287016 287016 287016 1.00
0.062 14 Martensite BCT 2852 2.852 3012 1.05
k] 0.062 14 Martensite BCT 2835473 2835473 2983000 1.05
a-Fe(Co) BCC 2873079 2873079 2873079
15 0.062 14 a-Fe(Co) BCC 2868797 2868797 2.868797
30 0.044 1 a-Fe(Co) BCC 2857943 285743 2857943
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carbon content.
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Table 3. Saturation magnetization and intrinsic coercivity of the

(Feg75Co25)1—yCy alloys with different carbon content.

Composition Saturation

= magnetization CF:;:;?
y wt% C (T)
(Fﬂ:;j.erUl_s)]_} C} 0 0 2.00 11
0.032 0.7 2.10 8
0.062 1.4 2.03 9.7
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Table 4. Measured magnetocrystalline anisotropy constant of the

(Feg75C025)1—yCy alloys with different carbon content.

Composition KI‘
y wt% of C (J/m’)
(F'Bq?._qc{}gjh_}-c} 0 0 59 x |0-l
0.032 0.7 7.8 x 10°
0.062 1.4 1.5 % 10°
Fe 4.8 x 10
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Fig. 41. (a) TMA tracings and (b) XRD patterns of the
stoichiometric  (FeogsCoosRepos)2B  and 1.5 at% boron-excess

alloys 1n as—suction—cast state.
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Table 5. Curie temperature of the phases relevant to Fe-Co-B

alloy.
phase ALY ref.
FeB ~150 [62]
Fe,B ~665  [62],[63]
Fe,B 513 (64]
Fe-CoB = a70_420  [65]

amorphous
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Fig. 42. XRD patterns of the (FepgsCo0sRepos)-B alloy in

as—milled condition after milling for different periods.
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Fig. 43. swift TMA tracings of the (FeggisCoosReqos):B alloy in
as—milled condition(24h).
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Fig. 44. TEM photo showing  microstructure of the
(FeossCo03Renp25)2B alloy in as—milled state(12h). Solid and dotted
circles represent the typical regions of crystallite and amorphous,

respectively.
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Table 6.

Phase evolution in

the

as—milled

stoichiometric

(FeossCopsRenps)2B and 1.5 at% boron-excess alloys according to

milling time.

milling
time (hr) BU BEX
1:1 2:1 2:1
AMP AMP
2:1 2:1
6
AMP AMP
2:1 2:1
12
AMP AMP
2:1 2:1
24
AMP AMP
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Fig. 45. XRD patterns of the stoichiometric (FepgsCo03Rep02s)2B
alloy milled for different periods and then briefly annealed at 890
°C.
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Table 7. Phase constitution n the stoichiometric
(FeossCopsRenps)2B and 1.5 at% boron-excess alloys milled for

different periods and then briefly annealed at 890 °C.

milling

time (hr) B, Bex
1:1 2:1 il 2:1
AMP
1:1 2:1 1:1 2:1
6
AMP
2:1 13l 2:1
12
AMP
2:1 1:1 2:1
24
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Fig. 46. Swift TMA  tracings of the  stoichiometric

(FeossCop3Renpes)2B and 1.5 at% boron-excess alloys milled for 24
h and then briefly annealed at 890 °C.
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