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» magnetic materials are critical components in many
devices and for advanced technologies.
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magnetic materials are critical components in many

devices and for advanced technologies.

> high performance magnet (HPM)/wind generator 1000-
1600 kg/MW.

» motors and generators: 2 kg HPM/hybrid electric vehicle-
20 million vehicles by 2018.

» Magnetocaloric applications 4 kg HPM/kW cooling power.
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REE price fluctuations
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The price of PrNd alloy have increased about 565% form November 2010 to
July 2011. In July 2013, it drop to 22.4% compare with top price.

Instability of RE market, ex. Nd: 150 $/kg/2013; 450 $/kg/2011, 15 $/kg/2009




REE price fluctuations

DyFe alloy
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The price of DyFe alloy have increased about 967% form July 2010 to July
2011. In July 2013, it drop to 10.46% compare with top price.

Kaihong Ding - Yantai Shougang Magnetic Materials, China, Energy and Materials Criticality Workshop, Santorini 2013
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1. The increase of usage efficiency.
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Yes, we are obliged to have solutions I

1. The increase of usage efficiency.

Recycling.

3. New magnetic phases without rare-earth with high magnetic properties for
applications as permanent magnets and magnetic refrigeration.: Fe-Co si Fe-
Ni tetragonal, Fe-Co ternary or quaternary, Fe,(N,, MnBi, MnAl, Mn,Ga,
Heusler alloys

4. Soft/hard nanocomposite magnets = Spring magnets
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Rare Earth-Free Permanent Magnets ?

<-RE-free hard magnetic compounds exist: FePt, CoPt, MnBi, MnAl, Zr,Co,,, &-Fe,O,
<-Even the Alnico-type magnets still have a room for improvement; their theoretical
(BH), .« 1S 36-49 MGOe and they have excellent temperature stability; Artificial Alnicos!

Compound Structure Saturation Curie temperature Anisotropy (BH),,
magnetization (°C) constant K,

(MJ/m3) (MGOe)
Co hexagonal 17.6 kG 1115 0.53
FePt tetragonal 14.3 kG 477 6.6
CoPt tetragonal 10.0 kG 567 4.9
Co,Pt hexagonal 13.8 kG 727 2.0
MnAl tetragonal 6.2 kG 377 1.7 9.6
MnBi hexagonal 7.8 kG 357 1.2 16-17
BaFe,,0,, hexagonal 4.8 kG 450 0.33 3-4
Zr,Co,, orthorhombic(?) =70 emu/g 500 ? (H, =34 kOe) 14
e-Fe,0, orthorhombic =16 emu/g ? ? (H, = 23.4 kOe)
Alnico Cubic (shape) 12-14 8-11(36)
SmCo, hexagonal 11.4kG 681 17.0 25-30
Nd,Fe, ,B tetragonal 16.0 kG 312 5.0 30-57
G. Hadjipanayis, Delaware University, Energy and Materials Criticality Workshop, Santorini 2013




New magnetic phases without rare-earth with high magnetic propertie
applications as permanent magnets and magnetic refrigeration.: Fe-Co si Fe-
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Our recent research in these directions

1. New magnetic phases without rare-earth with high magnetic properties

v' MnBi
v' MnAl
Mnsg.5Al50.5: 6=4
¢ MngAlg, :X.; 5=4, X=Ni, Zn, Ti

2. Soft/hard nanocomposite magnets =» Spring magnets

v" hard magnetic phases of SmCo., SmCo,Cu,, R,Fe,,B

« SmCo: large anisotropy
« SmCo,Cu, large coercivity
R,Fe,,B best magnets

v' soft magnetic phases of a-Fe, Fe-Co (~20 or 10 wt%o)
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MnBI magnetic phase |
Weight Percent Manganese
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Some previous works in MnBi magnetic compound*
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Magnetic properties of MnB1/Sm,Fe ,N, nanocomposite powders
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s Hybrid magnet powders exhibit

* H, and M, values intermediate to those of pure
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« anisotropic magnetic characteristics with M, /M, ratio
greater than 0.91

G. Hadjipanayis, Delaware University, Energy and Materials Criticality Workshop, Santorini 2013




Our main results

MnBiI

Synthesis:
v" melting : Mn and Bi of 99,99% purity (1 wt % Mn in excess)
v annealing : 258-420°C/ from 2 hours to 4 days
v" mechanical milling: of bulk MnBi phase for 2 hours

X-rays powder diffraction:
v K, radiation of copper in the angular range 26 = 20 - 100° and
v K, radiation of cobalt in angular range 26= 20 - 80°

Magnetic measurements:
v’ extraction method in a continuous magnetic field of upto = 10 T



MnBi: influence of annealing

Weight Percent Manganese
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MnBi T,=420° Cl/4days
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MnBi: influence of annealing; XRD Cu K, radiation
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w MnBi T,=400° C/24 h
A MnBi T,=400° C/2 h
MnBi T,=300° C/2h
A MJA_WA ) W0 N Y S SR w "
MnBi T,=258° C/24 h
A

H ‘ ' MnBi_as melted
|n} l.AAjhn]uJ.... " e .

T T T T | T T T T T T T T T 1
20 30 40 50 60 70 80 90 100
2 6 angle (deg)

Intensity (arb units)

MnBi: influence of annealing; XRD Cu K, radiation

l ~ +2h MM T,=400"° C/30 min.

il
|
W L«J %«WMWMMJ W} “'«WA‘VWW/W«M [T NV SNV R VPT, SO A

+2h MM T,=350° C/30 min.

+2h MM T,=300° C/30 min.
MnBi T,=300° C/2h

MnBi: influence of milling; XRD Co K, radiation

WEIZIIL PETCENL MAallEalEse

1 1 20 30 40 50 B0 YO0 80 100
1400 ; . e L AR A S e
/
: Ly + Lg ]
: 120600 {1248
1200 ; {dMn}—t
K ~1138°C 1198
*} 1100°
. ~IOT
/ Moy
1000 4 / S
L
o {(BMn)— )
Y oo
= .
—- ~TETC PRVl
o
St
g,
500
B
€
i
44870
4004 |_k j
355°¢ [ ABiMn nanec
2714429 282°C
3]
=00 s
. 2: {oMn )} —w-)
[—(Bi} =
m
41
0 T T T T T T T T
a 10 20 30 40 50 50 70 B 80 100

Bi Atomic Percent Manganese Mn



M (Am */kg)
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Mn-Al magnetic phase

Weight Percent Manganese
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Mn-Al magnetic phase

Weighl Percent Manganese
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Mn-Al magnetic phase

Weighl Percent Manganese
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Phase formation, microstructure, magnetic properties of the Mn—-Al-C; bulk or MM*
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Fig. 4. XPS spectrum of an annealed MnsgAlys The inset is the
corresponding spectrum of Mn2p.

r-phase nucleates almost exclusively at
the e-phase grain boundaries

*Q. Zeng, |. Baker, J.B. Cui, Z.C. Yan, IMMM, 308 (2007) 214-226



Phase formation, microstructure, magnetic properties of the Mn—-Al-C; bulk or MM*
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» DSC: the transformation £(g”)» T phase,
» 1 —phase stabilized by C doping,

» C doping cannot prevent the formation
of the equilibrium phases from the
metastable ¢ -phase during annealing.

22X
100
# = 25°C/min
0 1
3
E 1]
§ -100 T
.g \:I
g = g
é d)
; | IMn52 3C1.78M

MnS4-Bulk |

I B B I B e s S S S B m
400 500 &00 TOD BOD 900 1000 1100

200 300
i Temperature [°C)
140
120 B, * Mn e
100
£
E a0
E o«
g
= B
B
20 i v
W L».L.LMAJJ [
o LN ..
20 i 40 50 (1] To aa
in 20 (deg.)

Fig 7. () DTA eurves for (2) MM MngAly, (B) MM MngAl, (e
Miisz 14l Cy s, amad (d) bulk MnsAls The heating rate was 25°Cimin.
(1) XRD pattem for MM Mg oA LGy 5 hested 1o 760°C at the heating
rale of 259C  mm and quenched.

*Q. Zeng, |. Baker, J.B. Cui, Z.C. Yan, IMMM, 308 (2007) 214-226

O Feng et al | Jowmal of Magnetion and Mognetic Materials 308 (2007 ) 214-226

T T T
*— Mn5iC3
1204 * . O MRS23C1T |
O— MnS4.351.7
Mn5553
100 " 2 Mk
- - -h— M54
ol 7 MnSE
= 307 &, # WS4 bulk |
. @
5 a0 : S
= .
i *
ELE
- "
g ! \
wd g . . g
V- -'T:!
N —— .
350 A0d A50 S0 550 00 [

Annealing temperature (°C)

—_— e T
—0—MnE2. 3011
54 . o M54.3017]
m— MnSSC3
. - 2 MnSD
e . - A& M54
44 % o 1 T-MnsE
g . —— M54 bule |
=, ®
= a
=
o v [ . )
g 2 ; wm 7
U r
L -— -
14 . - o N . -
0 %
T T T T T T T T T T
350 400 450 500 550 [0 G40
(b Annesling temperature {*C})

Fig 8. Dependence of My and Hy on the annesling tem peratunes for MM
and bulk samples with variows compoditions &5 mdicated. The anneabing
lime was Ilmin.




Phase formation, microstructure, magnetic properties of the Mn—-Al-C; bulk or MM*

Weighl Percent Manganese
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The optimal magnetic properties for the MM samples, H.=4.8 kOe, M,=45 emu/g and M= 89 emul/g,
were obtained for Mn.,Al,; annealed at 400 ° C for 10 min
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Our results
Mng,Al NI, and Mn;,Al .

- Ingots were prepared by arc or induction melting
- Different heat treatment to stabilize the desired magnetic phase

Measurements
- Differential thermal analysis (DTA)
- XRD on Briker D8 Advance diffractometer
- Thermomagnetic measurements up to 800 K



D TA_MnAlNi, and Mng,Al

Weighl Percent Manganese
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Fig. 1. DTA curve for the as-cast Mng,Al,Ni, alloy. Al Atomic Percent Manganese Mn
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Paramagnetic behavior
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The effective magnetic moments W, the spins S, of the Mn atoms, the T-phase content ¢, the

average Mn moments in the ordered state U, the paramagnetic Curie temperatures 6, and
the Curie temperatures 7, of the T-phase of the MnsyAl4Niy alloy.

Weff /Mn C. Uex 0 TC
Sample SMn P
’ (is) M @ | @) | ® | ®
As-cast MnspAlygNiy 2.98 1.07 35 2.06 629 624
Mn;AlN1, annealed
ot 470 °C for Sh 3.04 1.1 43 2.09 624 635




S1 P42

Electronic and Magnetic Properties of Mng,Al,sM, (M = Mn, Ni, Ti) Alloys
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Abstract: in this study we present the results of electronic structurs and the exp ions on the structural and magnetic properties of the MnsAlM, (M = Mn, Ni, T)) alloys. The
highest magnetic momant was found for the Mng,AlsNi, alloy. Total energy calculations point to a mora stable antiferromagnetic configuration of the Mn'>-Mn2 pair. DTA measurements peinted cut the formation of the

metastable T phase around 470 °C and its decomposition into the stable 1, and i-Mn(Al) phases at 850 °C. The t phase was found along with the «* phasa only in the as-cast sample and the ones annealed at 470°C.
A maximum 1 phase concentration of 50% was found for the sample annealed at 470 °C for 6 h. The close values of the theoretical and experimental eflective magnetic moments confirm the existence of the «* and +
phases in these alloys.

Experimental and Computational Details:

> Electranic structure calculations were performed in the framework of the Local Density Approximation (LDA) of the Density Functional Theory by means of the SPR-KKR method using the experimentally
determined lattice parameters for Mng,Al,, (a = 3.84 A, ¢ = 3.58 A). All relativistic effects have been taken into account, including the spin-orbit coupling, in the ferromagnetic (FM) and antiferromagnetic (AFM) spin
configurations of the Mn'-Mn?* pair.

The Mns,Al,s and MngoAl,sNiy ingots were prepared by induction melting of the starting components under a purified Ar atmosphere.

The samples were annealed in an inert Ar atmosphere at temperalures between 470 and 850 °C for different times followed by quenching in water.

XRD investigations were performed using a Brilker DB Advance X-ray diffractometer with Cu K, radiation,

Differential thermal analysis (DTA) was performed between 100 and 900 °C under Ar almosphere with a temperature ramp rate of 20 °G/min

The mag n and magnetic i measured with a Weiss-type magnetic balance in a lemperature range of 300-800 K.

YV Y v v

Electronic Structure Calculation Results:

Calculated magnelic moments for e 1 phase of MiscALA, (M = NI, Ti. Mgsfly; and Myl allays.

Mn-Al system SEEp Mn and Al atoms are situated in alternating planes spaced at a distance of ci2 1) Mn Al v Total
my(pg) | mifug) | my mylug) | my (ug) | mylug) | mlug)
Mn atoms situated in adjacent planes (Mn'-Mn? pairs) S AFM coupling. M b ‘:"‘ + l)‘E':: p :: (ke ba) | me . s:: ";:; 1
i i i ions for Mn i ) M| 243 | 0.007
In order to decrease the weight of the AFM — NiorTi Main MagAl, Mgl () 3 [ooor | ) - | sz | oo

Mn's| 239 0.04
Mn?| -317 | -D.01

Smaller Ni or Ti moments ™= increase of the tatal magnetic moment for Mn,AlM, (M = Ni, Ti).

Mn, FM] 007 | - - - 438 | 008
AlaAFW [ 28 | ooa
= Smaller total energy for a mixed 1a and 2e Ni occupancy than for an exclusive 2e Ni MngAly, Tiy 234 004 | -008 - 066 | -0004 | 443 0.07
» A lower total energy was found for the alloy with the AFM coupled Mn'>-Mn?* pair. MngeAlgNig 245 | 004 | -008 | - 063 | 006 | 485 | 0.08
Experimental Results:
During the formation of the « phase, the following transformation occurs [1,2] The & phase is an ordered ¢ phase [1,2] BEE XRD peaks of these two phases superimpose.
¢ (disordered hexagonal) — ¢ (ordered ortharhombic) — 1 (tetragonal) Magnetic measurements can confirm whether the phase is e or ' .
o
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14 Conclusions:
02 » The largest calculated magnetic moment was found for the M gAlNi, alloy.
. = A lower total energy was found for the alloy with the AFM coupled Mn'*-Mn™ pair.
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asecast MAs AL, Sloy and he sampie snesled SLTDCIOEN. | o aoing experimental work is currently being conducted to obtain the  phase as a majority phase in these compounds.
1110 H. Par ¥ € Hong, 5, 638, J 3 Les 481,55 ADo, . Newes, 5. . KIT, G 4 Crk, . 6. Lo8, J A7l Py, 107, 19731 (2010} Acknowledgment

P21 T E. Prast.* PD Thsis ropertios Sty of ho M e of B o Witing Technicues”, This work was supported by the Romanian Minisiry of Education
Universty of Hebraska - Linceln, 2012. and Research, Grant No. PN-1ID-PCE-2012-4-0470.




« Nanocomposites magnets=Spring magnets



a magnetit magnet (1750)

A ferrite magnet (1940)

10 cm

rare earth based magnet (1980)

$—__ exchange-spring magnets
(207?)

All this magnets have the same energy !



Nanophased materials behave differently from their macroscopic counterparts
because their characteristic sizes are smaller than the characteristic length
scales of physical phenomena occurring in bulk materials.

2Asc / Dipolar interaction \

/ Exchange interactions \

Isc =

u M 2 (demagnetised field)
$: :: nelgFLrsgurs & ° ; {'»(0-] {*‘} {..) _.,}
Ef "5 B 55 | B

~1000T
000 l.~3—=7nm

e k /e uoHp~1227T /

A
Fe:d~30nm 5=”\/; l

Nd,Fe;,B :8~5nm

R —— -
- ~o

d~4-100 nm
f p Magnetic configuration N
Magnetocrystalline anisotropy b in magnetic nanostructures: 1
___y' domains, walls, vortex, confi '
M 0 1 uration magnetic '
<Energy dependent of 8 ' el 9 /
. N anisotropy, etc y

E. De Lacheisserie (edit.), Magnetisme, Presses Universitaires de Grenoble, 1999.



(BH) max

Theoretical predictions:

[kJ/m?]
A Best magnets on the market:
b FegsCozs+X O (BH)max = 500 kJ/m3
900 | 50
800 (BH) .2 = 1090 kJ/m?3 for
700 | nanostructured multilayers
600 | Sm2|:el7N3/|:e65(:O35
so0 [ R. Skomski, J. Appl. Phys. 76 (1994) 7059
/ :
400 £ (Nd,Pr),Fe,,B
\ Kronmuller & Coey Magnetic Materials, in
300 £ Sm,Coyy - European White book
Sm,Fe;7(N.C) on Fundamentel Research
200 |- SmCos in Materials Science
Max Planck Inst. Metallforschung,
100 |- Stuttgart, 2001, 92-96
Steel = ;
1T ee?— T i 1 ? lhardiferrm: ~>1 1 1 o
1900 1950 2000 An

Experimental realisations: ??7??????7?7?
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Structure
Microstructure

‘ Soft-hard exchange hardness

high
anisotropy
+

large

- Nard phase
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exchange
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DCr ~ 25h
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Exchange spring magnets

O =7 Ay T K,

D., = soft phase critical dimension
&, = width of domain wall in the hard phase
A, and K,, are the exchange and anisotropy constants




SmCos/a-Fe Core-Shell Nanocomposite Magnet

1000 Fukunaga
I Trilateral Workshop on Critical
Materials, Tokyo, March 2012
800 -
8 600 |-
£ Nd,Fe,,B
L
3 400 -
200 -

0 20 40 60 80 100
Fraction of o-Fe [%]

< Fukunaga predicted a drastic increase in (BH)_ ., of SmCos/a-Fe as a function of
a-Fe fraction. The Dresden Group (Neu et al) obtained similar results in
SmCo5/Fe multilayers (Intermag 2012). Very recently Hono’s Group
fabricated Fe/Nd-Fe-B multilayers with (BH),,=61 MGOe (Advanced
Materials, 2012).
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\olker Neu, Energy and Materials Criticality

micromagnetic simulations (1) Workshop, Santorini 2013

+» code: OOMMF, version 1.2

ZIL

-

++ 1-dim approach; no x-y discretization

25nm

++ discretization in z-direction: Az =0.5 nm

++ intrinsic parameters:

A(pdim) | J (T) K, (MJ/m3) - 07
SmCo, 12 1.0 10 1
Fe 28 2.15 -1.84 £
&
++ strong coupling at interface: A, =20 pJ/m '
< geometry: 2 x 25 nm SmCo; + t, nm Fe (nominal)or .
reduced SmCo; + increased t, (diffusion)
ation
+ field axis: parallel e.a. or tilted (texture) oa
19nm__==°NM 4
11 s 20—
15 | LU anm == 7 s
| nominell Fe thickness = _ P s
10f o S st T
p r 5 | oo
= 051 ) g 0.0 |
5 'Ir / 2 05
2 00 L
= : ; / A0 bt
% 0.5 effective Fe thickness —iTexp bt ]
o F I ' no tllt -], [ amsamesARA R meAn L
1.0t i - = filt s . s s ‘ ‘ . .
’ ' -2.25 -2.00 -1.75 -150 -125 -1.00 -0.75 -0.50 -0.25 0.00
15 ‘ ) ) applied field poH,,, (T)
-4 -3 -2 =1 0 13 M. Kopte, VN, et al. IEEE Trans..Magn. 47 (2011)

applied field p H (T)



Effect of different on the formation v oleylamine (OY),
and morphology of 0. nanoflakes™* v'trioctylamine (TOA)
Flake thickness and length, intensity ratio fpoa/fy1 values and average grain sizes of the hard SmCos phase. 0|e|C aCld (OA),
Orngmal powder Balls Surfactants Milling Flake Flake lcngtmugc grain
time (h) thickness (pm) I s17e (nm)
(nm)
SmCos ingot after Mixture of different 0w OY 3 20-210 .5-13 2.5 21
crushed and ground diameters: ©4-12 mm
4 15-170 0.5-11 2.4 16
5 B850 01.5-10 1.5 13
& B850 0.2-8 0.6 10
30wt OA 3 20-210 0.5-13 26 21
4 15-170 0.5-11 26 21
5 B0 0.5-10 1.8 20
& B8O 0.2-8 0.8 15
0w TOA 0 140
5 0.5-20* 2 11
10 0.5-20*
100 wi % TOA 2.5 B0-300 (1.5-110 34 21
5 30-150 0.3-8 2.5 11
40w TOA 0.25 1-17 22.8
0.5 5001600 1-17 19.5
1 B8 1-15 1.2
2 B0-420 1-12 4.0
2.5 BO-200 1-10 38 21
3 60180 0.5-10 2.0 21
4 50-150 0.5-10 1.5 18
5 30-120 0.5-8 0.8 11
Jet-milled SmCos Single diameter: @4 mm 5wt OA 0 0.5-10* 63.6
0.25 0.3-10* 43.1
0.5 0.3-10* 22.2
1 20-350 01.5-10 16.5
2 10-200 0.4-10 4.3
5 #1350 0.3-10 1.4 9
2wt OA 5 10-210 0.3-10 0.4 9
Swtle OA k] 8150 0.3-10 1.4 9
10wt OA k] 5-100 0.3-10 2.0 9

 Particle size.

Liyun Zheng, Baozhi Cui, George C. Hadjipanayis, Acta Materialia 59 (2011) 6772-6782



Effect of different on the formation v'oleylamine (OY),
and morphology of 0. nanoflakes™* v'trioctylamine (TOA)
Flake thickness and length, intensity ratio fpoa/fy1 values and average grain sizes of the hard SmCos phase. 0|e|C aCld (OA),
Orngmal powder Balls Surfactants Milling Flake Flake lcngtmugc grain
time (h) thickness (pm) I s17e (nm)
N\ (nm)
0wt OY 20-210 0.5-13 25 21
15-170 0.5-11 24 16
B850 0.5-10 1.5 13
B850 0.2-8 0.6 10
20-210 0.5-13 26 21
10 pm 100 nm 15-170 0.5-11 2.6 21
= B850 0.5-10 1.8 20
] 880 0.2-8 0.8 15
0w TOA 0 140
5 0.5-20* 2 11
10 0.5-20"
100wt TOA 2.5 B0-300 0.5-10 14 21
5 30-150 0.3-8 25 11
100 40 wi% TOA 025 1-17* 228
R0 nm 0.5 500-1600 1-17 19.5
1 B0-80M 1-15 7.2
2 B0-420) 1-12 4.0
2.5 B0-200 1-10 R 21
3 60180 0.5-10 20 21
4 S50-150 0.5-10 1.5 18
5 30-120 0.5-8 0.8 11
5wie OA 0 0.5-10* 63.6
100nm 025 0.3-10° 4.1
0.5 0.3-10* 22.2
1 20-350 0.5-10 16.5
2 1020 0.4-10 413
5 B-150 0.3-10 1.4 9
2 wtle OA 5 10-210 0.3-10 0.4 9
5witle OA 5 B-150 0.3-10 1.4 a9
10w OA 5 5100 0.3-10 20 9

micro-size powders became flakes. ™ Liyun Zheng, Baozhi Cui, George C. Hadjipanayis, Acta Materialia 59 (2011) 6772—6782



(kOe)

Effect of different on the formation v'oleylamine (OY),
and morphology of 0. nanoflakes™* v'trioctylamine (TOA)
Flake thickness and length, intensity ratio fpoa/fy1 values and average grain sizes of the hard SmCos phase. 0|6iC aCid (OA),
Orngmal powder Balls Surfactants Milling Flake Flake length I/ Average grain
time (h) thickness (pm) I s17e (nm)
N (nm)

SmCos ingot after Mixture of different w0 3 20-210 .5-13 2.5 21
crushed and ground diameters: ©4-12 mm
4 15-170 0.5-11 2.4 16
5 B850 01.5-10 1.5 13
& B850 0.2-8 0.6 10
18 30w OA 3 20-210 0.5-13 26 21
; 4 15-170 0.5-11 26 21
16+ 5 B0 0.5-10 1.8 20
14-1 & B8O 0.2-8 0.8 15
) 30w TO 0 140
124 5 0.5-20* 2 11
0l 7 10 0.5-20*
IN 100 wi % TOA 2.5 B0-300 (1.5-110 34 21
5 30-150 0.3-8 2.5 11
T 40w TOA 0.25 1-17 22.8
&b | 0.5 5001600 1-17 19.5
4 1 80-800 1-15 7.2
. 1 2 B0-420 1-12 4.0
—r T xr - £ T r r & 2.5 BO-200 1-10 38 21
. ‘ EM”“ng . [h}4 S 3 60-180 0.5-10 20 21
4 50-150 0.5-10 1.5 18
5 30-120 0.5-8 0.8 11
Jet-milled SmCos Single diameter: @4 mm 5wt OA 0 0.5-10* 63.6
0.25 0.3-10* 43.1
0.5 0.3-10* 22.2
1 20-350 01.5-10 16.5
2 10-200 0.4-10 4.3
5 #1350 0.3-10 1.4 9
2wt OA 5 10-210 0.3-10 0.4 9
Swtle OA 5 8150 0.3-10 1.4 9
10wt OA 5 5-100 0.3-10 2.0 9

 Particle size.

Liyun Zheng, Baozhi Cui, George C. Hadjipanayis, Acta Materialia 59 (2011) 6772-6782



Our researches

*hard magnetic phases of SmCo;, SmCo,Cu,, R,Fe,,B

soft magnetic phases of a-Fe, Fe-Co (~20 or 10 wt%o)

SmCos large anisotropy
SmCo,Cu, large coercivity
R,Fe,,B best magnets




Our researches

*hard magnetic phases of SmCo;, SmCo,Cu,, R,Fe,,B

soft magnetic phases of a-Fe, Fe-Co (~20 or 10 wt%o)

SmCos large anisotropy
SmCo,Cu, large coercivity
R,Fe,,B best magnets

Magnetic Hard/Soft nanocomposites — Spring magnets

(SmCo., SmCo,Cu,, R,Fe,,B)+x% (a-Fe or Fe,Co,:

« composition, x= 10 or 22 wt % Fe
* milling time
 conventional annealing/short time annealing



Material -milling of the powders in a high energy planetary mill
preparation [l-heat treatments (temperatures and duration)

Starting materials :
« hard magnetic phases
ingots — prepared by melting

 Fe NC 100.24 powder (H6ganas), (< 40 pm) and
« Fe,Cogy Obtained by melting

Mechanical milling experiments:
« premilling of hard and soft magnetic ingots
* hard magnetic + a-Fe (or Fe,Cos:) mixed powders — milled in Ar for 1.5—-12 h

Annealing:
« conventional annealing: in vacuum/450-650 ° C for 0.5 up to 10 h.
« short time annealing: in argon/700, 750 or 800 ° C for 0.5 to 3 min.




Material
characterisation

«X-rays diffraction (XRD)
*DSC measurements
*Electron microscopy (SEM and TEM)
morphology
chemical composition checked by EDX
*Magnetic measurements
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Classical annealin
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The influence of the hard/soft ratio
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Abstract: This study prasents the sffect of different miling times and shart time annealing on the structural and magnatic properties af Nd,Fe, B10wt
% Fe nanacomposites prepared by high energy ball milling. The XRD peaks of the hard magnetic phase disappear after millng due to the damaging of the
Nd,Fa,,B crystal structure. After annealing, the characteristic peaks of the hard magnetic phase are restored with a limited growth of the soft magnetic
phase crystalites. The magnelic behavior was investigated from hysteresis curves and dMIdH vs. H plats. The best exchange coupling was oblained for
the 6 h milled sample annealed at 700 'C for 2 minutes with a maximum coercive field value of 0.44 T. Taking inta account the milling and annealing
conditions, the Nd,Fe,,B/a-Fe exchange coupling is analyzed.

Experimental:

> The No,Fe,,B hard phase was prepared by induction melting in an Ar atmosphere, followed by annealing in vacuum at 850 'C for 68 h. The ingol was
ground to a fine powder under 500 im. The soft magnetic phase (12 g of NC 100.24 commercial Fe powder ~ Higands product) was milled with 5 mi
benzene for 4 i in an inert Ar atmosphere with a ball to powder weight ratio of 10:1.

» The Nd;Fe,,B powder was mixed with the pre-milled Fe phase in a weight ratio of 30% Nd;Fe,,8/10% Fe. The mixture was dry-milled in Ar for 2, 4 and
6 h respectively with a ball to powder weight ratio of 10:1. The milled samples were annealed in an Ar atmosphere at 700, 750 and 800 'C for 0.5-2.5
min and quenched in water.

» X-Ray diffraction measurements were performed on a Briiker D8 Advance diffractometer using Cu K, radiation.

» Magnetic measurements were carried out on powder samples fixed in epoxy resin using the extraction method at 300 K in applied fields up to +10T.
Assuming isolated spherical magnetic particles we used a demagnelization factor of 13 for magnetic data.

Results and Disc i
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increased internal stress and defect
density by MM.

Hard phase XRD peaks disappear even
after 2 h MM,

The NdjFe,B crystal structure is
restored after annealing.

No excessive growth of the soft
phase crystallites during the shunq
time annealing.

The crystallte sizes of the annealed

6 h MM samples are smaller than
those of the annealed 8 h MM
samples. [1].
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The crystallte sizes were determined using the Scherrer formula
for the peak with 26=82.3":
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d is the average crystallite size, K is the shape factor, A is the
wavelength, £ s the FWHM of the peak and 8 is the Bragg angle.
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- The coercivity of the short fime annealed 6 h MM samples increases with annealing time,

Prograssive restoration of the Nd,Fe, B crystal structure

HH,, ()

NOH v H curves Tor N Fe, B 10% Wl Fe sampies
2.4, and B h MM shorl ime annealed: My =H,-Mi3.

Progressive decoupling with increasing annealing
timeftemperature.

A 4

Increasingly larger soft phase crystalltes and

possible phase alterations.

0382010 00 Coarcivity decreases with increasing annealing temperalure 4SS larger a-Fe crystalites. XRI posks cenlere . 26 = 2.3 comesponding lo o Fe.
Hobley (T e —— A
Demagnlization curves or Kd;Fe, B+10% wL.Fo samplas
2,4,6 808 51 MM short lime annealed; Hy.=H,-MI3. Fo muan crystallte sizes (d), conrcive fek (jH,) and remanenl magnelization vakies: (M)
1500 for 18 M2, 10 W' 6.6 P W anneaiea sampies.
P——— ) Annealing  Annealing I
wmenwrcas| | Millog me. 1o mperature  time (n‘:n] u#*' ‘ M‘f

- ememrcs o ) kg) Cw
~ bpeiioiefl I 700 15 0 04z 114
= 1000 || = mwmemoces X . 2
= e 2 15 044 14 £°
£ A s 750 2 20 038 124 3
< 25 21 04l 17 0
T 800 15 2 017 o7
= s00 550 [3] 90 34 055 115 e
3 / R 700 15 16 051 103

s o 801 gop 15 26 054 %
PN :
= Low field peaks S badly coupled/uncoupled a-Fe Saturation is
0 not reached
- 08 08 04 02 L] Higher field peaks S8 axchange-coupled nanocemposite. upte 10T

Conclusions:

» Shart time annealing restores the structure of the hard phase destroyed by milling with a limited growth of the soft magnetic crystallites.
»The exchange coupling strength increases with milling ti

ossibly dus to smaller soft phase crystallites and a better homogenelty of the mixture.
»#The best exchange coupling was obtained for the 6 h MM sample annealed at 700 °C for 2 minutes with a maximum cosrcive field value of 0.44 T.

#The coercivity of the short time annealed 6 h MM samples s slightly lower than previously reported values on the classically annealed 6 h and short time
annealed 8 h MM samples, however, they show a higher remanence.

»The diminishing of the coercivity could be attributed to the pre-milling of the soft phase with benzene.
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Conclusions

MnBi LTP: large coercivity at high temperature —> a good candidate for performance spring magnets

MnAI: stabilisation of t with conservation of Mn moments

The structure and microstructure —> strong impact on hard/soft exchange hardness.

Intrinsic anisotropy —> the strength of the interphase exchange coupling

Annealing linked to the recrystallisation temperature of soft phases and hard magnetic phases;

recover the crystallinity of the hard phase and hinder the increase of Fe crystallites.

For higher a-Fe concentration the magnetic properties are pourer because non correlation with Fe

size crystallites.

The short time annealing is more appropriate for higher coercivity of the nanocomposites.
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