Nanocrystalline/nanostructured magnetic
materials obtained by mechanical alloying/milling

V. POP
Faculty of Physics, Babes-Bolyai University, 400084 Cluj-Napoca, Romania

I. CHICINAS

Materials Sciences and Technology Dept., Technical University of Cluj-Napoca, 103-105
Muncii ave., 400641 Cluj-Napoca, Romania

mechanical alloying: powder alloying by high energy milling;
it results new phases

mechanical milling: powder milling without producing

chemical reactions; conservation of the
initial phases.



Nanocrystalline materials (d <100 nm) obtained by:

* vapour - inert gas condensation, sputtering, plasma processing, vapour deposition
* liquid - electrodeposition, rapid solidification
* solid - mechanical alloying, severe plastic deformation, spark erosion

. . ard
mechan¥cal a“f’?‘“g’ ‘ ‘ nanostructured/and magnetic materials
mechanical milling
J soft
ANNEALING modifies
the structure and microstructure
hard . soft
permanent
:> magnets :> n >=>0

magnetic cores
magnetic circuits

H, — HIGH ~102:10% A/m H,— SMALL~0,001+10 A/m
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Material *milling of the powders in a high energy planetary mill
prEpal‘ation *heat treatments (temperatures and duration)

Starting materials:
* hard magnetic phases :
SmCo,, SmCo,Cu,, R,Fe,,B
ingots — prepared by melting

* Soft magnetic phases:
Fe NC 100.24 powder (Hoganis), (<40 ym), 123-carbonil nickel (5-7 um),
NC 100.24 (Hoganas) Fe powders, (<40 um) Mo powder (Sinterom SA) (<10 um),
Cu powder (Tehnomag SA)

Mechanical milling

* in Ar atmosphere for 1.5-52 h

Annealing:
* in vacuum/450-800 °C for 5 min. up to 10 hours



Material

characterisation

*X-rays diffraction (XRD)
*Electron microscopy (SEM and TEM)
morphology
chemical composition checked by EDX
‘DTA, DSC
Magnetic measurements

*Mossbauer spectrometry



I. Hard Magnetic Nanostructured Materials:
hard/soft nanocomposite exchange spring magnets
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All this magnets have the same energy !
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Best magnets on the market:
(BH)max = 500 kJ/m3

(BH)_. = 1090 kJ/m? for
nanostructured multilayers
Sm,Fe -N,;/Fe..Cos,

R. Skomski, J. Appl. Phys. 76 (1994) 7059

Kronmuller & Coey Magnetic Materials, in
European White book
on Fundamentel Research
in Materials Science
Max Planck Inst. Metallforschung,
Stuttgart, 2001, 92-96

Experimental realisations: ??22?7?222?



Inter-phase Exchange coupling
Hard/Soft nanocomposites magnetic materials

SmCo;+ o-Fe Mechanical milling
SmCo;Cu, + a-Fe n

R,Fe, B+ a-Fe annealing
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1BIectron mage 1

Cobat Kal Iran Ka

SEM — EDX — composition homogeneity of SmCo5 +20% Fe 2h MM

2pm

1 Electron Image 1

Cobalt Ka bl

SEM — EDX — composition homogeneity of SmCo5 +20% Fe 8h MM




SEM: SmCo; + 20% a-Fe

Milling time €4 » Composite homogeneity

15kW  Z8um
8 h milled sample annealed at 550 °C 6 h milled samples a_nnealed at 600 °C

A -

[EI=p=) 15k 18 m

1SkU 18 mm

SmCo./a-Fe SmCog




SmCo; + 20% o-Fe

For 6 h or more MM sample D < 30 nm

Milling
+ 4P Crystallites dimension
Annealing

Intensity
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8h +500°C/1.5h

8h +450°C/0.5h
» 8h MM
30 40 50 60 70 80
L 2 elg[))
Fe crystallite size from X
Annealing (Pro.9sDYo08)2F€14B | (Pro DY 0e),F€1,B | (Ndg o,DY( g),F€1,B
Temperature /a-Fe-6hMM /a-Fe-12hMM /a-Fe-6hMM
(°C)/(time) (nm) (nm) (nm)
550 (1.5 h) 20.3 17.7 16.2
600 (1.5 h) 21.6 -
650 (1.5 h) 24.4 29.4 26.4
800 (5 min) 33.2 33.5 36.6




SmCo; + 20% o-Fe
Fe Mossbauer spectroscopy: Co in Fe and Fe in SmCog ?

Velocity (mm/s)
-11 0 11

Sm(Co,Fe), Starting sample
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=
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e
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0.99

a-Fe phase contribution, with the possible insertion of Co in Fe structure, named a-(Fe,Co) phase
the second one, different to a-Fe, is given by a Sm(Co,Fe);

V. Pop, O. Isnard, I. Chicinas, D. Givord, J.M. Le Breton, J. of Optoelectron. Adv. Mater. 8 (2006) 494.
J.M. Le Breton, R. Lardé, H. Chiron, V. Pop, D. Givord, O. Isnard, I. Chicinas, J. Phys. D: App.Phys. (2010)
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isotropic bonded magnets <~ magnetic powder

100

50 ; ; e e .

M (Amz/kg)

M (Am”2/kg)_800/1%

M (Am”~2/kg)_600/1%

M (Am”2/kg)_700/0.5%
M(A*m”2/kg)/magnetic powder

0.5 1 1.5 2

Research in progress:

Obtaining of bulk spring magnets by
SPARK PLASMA SINTERING
from mechanically milled powders



I1. Soft Magnetic Nanocrystalline Materials




soft magnetic
nanostructures
-

Random Anisotropy Model: D <L _*

small ferromagnetic crystallites

coupled
by exchange interactions

The local anisotropies are randomly averaged out

by exchange interactions
anisotropy net effect on the magnetisation process.

so that there is no

< Lex >
nﬂ\\/

low coercivity
and

high permeability

H, (A/m)

@ Fe-CuNo 8L B, |
& Fe-No,Si B,
w Fe-CuVaeSl,.B,
v FeCuV.8i, B,
0 FeCuy,ZrB. o
O FegCoylry,

10

100 100
Grain size, D(nm

* G. Herzer, IEEE Trans. Magn. MAG-26 (1990) 1397
R. Alben, J.J. Becker, M.C. Chi, J. Appl. Phys, 49 (1978) 1653




I1. Soft Magnetic Nanocrystalline Materials

NiFe

Supermalloy (9Nil6Fe5Mo , 77Nil4Fe5Cud4Mo, wt%)
Rhometal (64Fe36Ni, wt%)
Hipernick (50Fe50Ni wt%)
Mumetal (76Ni17Fe5Cu2Cr, wt%)

In progress

Why Ni-Fe and Ni-Fe-X-(Y) systems? s B
y! (Y) sy 5% ¢

— |—50% [86, 96, 100]

Why mechanical alloying techniques?

!

Flyerylling WH 2l NEFe-2S Nanocrystalline materials have 1%; -
Alloys have very good SMP very good SMP

\
It is possible to combine the
properties of Ni-Fe and Ni-Fe-X-

(Y) SyStemS Wlth the propertles Fe Atomic percent Nickel ——» N
of nanocrystalline state

- F11.11% [84]
— 14.4% [94]
—{ |-85% [93]

I-90% [86]

|

=

@
— [—80% [86, 115]

C < — [—60% [86]

+fce
C

j{_

NS ;
i SM powders produced

by MA in Ni-Fe system

Y-fec

100]

Cc

<

4
bee+fee [99

Temperatt

I. Chicinas, , J. Optoelectron. Adv. Mater. 8 (2006), 439-448
V. Pop, I. Chicinas, J. Optoelectron. Adv. Mater. 9 (2007), 1478-1491



|| || || || NiFe  oNi,Fe phase formation
Ni +the first order internal stresses

Fe Fe \

- . — peaks shift to lower 26 angles
A - M 1h+330°C/1h
1 N U, N

. peaks shift to HIGHER 20 angles
SR W ) |
3h+330°C/1h

L 4h

4h+330°C/1h

= o aoecn  relaxation of the first order internal stresses
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8h+330°C/1h
e (1)

10h+330°C/1h
o 12h
A 12h+330°C/1h
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1h+ 330°C/1h

2h
2h+330°C/1h

3h
3h+330°C/1h

4h
4h+330°C/1h
6h
6h+330°C/1h

?

]
A\

.

/

e 0 e

the second order internal stresses

N\

broadening of the diffraction peaks

7

decreasing of the crystallites dimension

8h
8h+330°C/1h

,,,,, 10h
- 10h+330°C/1h
12h

S152h+ 330°C/1h




I1. Soft Magnetic Nanocrystalline Materials

SEM

The particles morphology of the Ni;Fe
powders
after 12h mechanical alloying.



I1. Soft Magnetic Nanocrystalline Materials

Magnetic measurements

4.5 L L L L Fel-XNix
14 E ® E in the reach nickel region™
~ 4.3 f— — —
3 : : X / Mg, / and My;=ct.
Ol :
- 4.1 F g
= b ]
4.0 F g A
: : My e / when Ni;Fe % /
39 ¢ =
N U U S E N . - | | "012h |
' I ———¥x10h |

Temps de broyage (h)

(e
p—
(el
[\
-

I. Chicinas, V. Pop and O. Isnard,
J. Magn. Magn. Mater. 242-245 (2002) p. 885-887

*H. Hasegawa, J. Kanamori, J. Phys. Soc. Jap. 33 (1972) 1599

0 0.5 1 1.5 2 2.5 3 3.5

V. Pop, O. Isnard and I. Chicinas, annealing time(hours)
J. Alloys and Comp., 361 (2003), p.144-152.




I1. Soft Magnetic Nanocrystalline Materials
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I. Chicinas, V. Pop, O. Isnard, J.M. Le Breton and J. Juraszek, J. Alloys and Compounds 352 (2003), p. 34-40



Someresults  77Nj14Fe5Cu4Mo wt%

thermomagnetic analysis

T _Ni
c

| T F
| T_NiFeCuMo o ©

10h : one T is observed by heating

4h : - by heating, point A correspond to T_ of
NiFeCuMo obtained by milling

- progressive formation of the alloys by
heating, B region.

M? (a.u.)

-at cooling, only one magnetic phase, T,

300 500 700 900 1100

SS : start mixture: T, of Ni and Fe Tempd
empérature en K

F. Popa, O. Isnard, I. Chicinas, V. Pop, J. Magn. Magn. Mater., 316 (2007) e900—-e903
F. Popa, O. Isnard, I. Chicinas, V. Pop, J. Magn. Magn. Mater., (2010) in press



I1. Soft Magnetic Nanocrystalline Materials

Mechanical Alloying and Annealing Combining technique

12.0

10.0

x
o

milling time (hours)
~ (@)
() ()

2.5 3

0.0
1.5 2

&
milling time—annealing time 0-5 ! o
combination required to obtain the annealing time (hours)
Ni;Fe phase in the whole sample

Milling — Annealing - Transformation (MAT) diagram

V. Pop, O. Isnard and I. Chicinas, J. Alloys and Comp., 361 (2003), p.144-152



Some results
Soft magnetic nanocrystalline composites

Composites Production

polymer layer

;_-.'*;'l.'
kP

polymer Ni;Fe covered powder Niske

. . o
dissolving nano (1, 1.5, 2, 3 wt%) L
S
\ // 26 k —— ; NiFe; B=0.1T
I\ p; Ni3Fe; B=0.2T 1 400
24 ;)/ —A—; NiFe; B=02T <
=3 —E&— P/f; Ni3Fe; B=0.05 T 1 300

Die pressed gy Polymerisatior . /% | 200
(600 - 800 MPa) (60 min., 180°C) " —— P NFo B0 T
- - -Ni3Fe — 1 100

—A— p; Ni3Fe; B=0.05 T 4 500
—— J; NiFe; B=0.05 T
—H— p; Ni3Fe; B=0.1T

P/f (J/m’)

0.5 -

- .6.0..‘8‘0..‘1000
—0.0 f (kHz)
. (i)
Research in progress: - y
-1.0- s

Obtaining of nanocrystalline compacts Paor :
by SPARK PLASMA SINTERING -100000  -50000 0 50000 100000
from mechanically alloyed powders H(ATm)

I. Chicinas, O. Isnard, O. Geoffroy, V. Pop, J. Magn. Magn. Mater. 290-291 (2005), 1531-1534
I. Chicinas, O. Isnard, O. Geoffroy, V. Pop, J. Magn. Magn. Mater. 310 (2007), 2474-2476
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