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Scope of the talk

* Magnetic properties of ball milled powders
v'Two regimes in the milling time dependence of magnetic anisotropy
v'Factors affecting magnetic measurements in ball milled powders
v'Magnetocaloric effect in ball milled powders

e Conclusions
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Ball milling

* Mechanical energy transferred to the
powder trapped during collisions
typically leads to crystal size reduction
and, in some cases, to amorphization.
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| 1966
ODS Ni-based alloys

1981-1983
amorphization

relative number
of publications

1987-1988
)‘ Nanocrystalline phases

1960 1970 1980 1990 2000 2010
year

Fig. 1. Data obtained from Web of Science database. Results
searching “mechanical alloy*” OR “ball mil*" as topic divided by
results searching “matenal*” and normalized to the comesponding
value in 1965.
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Planetary

Sevilla, December 11t 2015

Different types of ball mills

Shaker (SPEX)

Mainly collisions

Attritor

Mainly friction




Large number of parameters involved

v’ Prevent undesired contamination (tempered or hardened steel, tungsten carbide, silicon
nitride, corundum, agate...)

v’ Beware of impurities (e.g. 6 % Co in tungsten-carbide! or traces of Fe,0; in agate)

* Milling atmosphere
v’ Reactive milling, mechanochemical syntesis

* Process control agents
v’ Surfactants reduce cold welding phenomenon

e Temperature of milling
v’ Cryomilling (reduce cold welding phenomenon)
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Approach to dynamics of planetary ball mill:
An equivalent time approach
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Schematic view of planetary mill

Collision point

0.15 - Collision point 0.02 -|

Detachment point
at the collision time

Strong approximations!
 Single ball approach
* The movement occurs in a plane.

e After collision, the ball moves
N stuck to the wall.
000 005 010 015 00 ' 0.00 ' 0.02

X (m) X (m) | * No sliding is allowed.
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0.10+

~—
;E: 0.054 Detachment point

Initial ball position

0.00 Initial ball position
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350 rpm

250 rpm 150 rpm
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time (s)
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Power released during milling

as E = CQO?

colission

P — d_E — d_N colission — C 'QB
dt dt
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(2 dependence of vial temperature

QMech — A£23t
— Qo _ AQ® —BAT =C an
dQ,... dt dt
517 |3|TIN ~Tour | = BAT
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[/ ]
(. =150 rpm)
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In situ measurement of AT: GTMII

_t A0S itim-
I(t)—!ATdt—BQt B(T(t) T(0)) :

3.0

T T 1
100 120 251
2.04

Slope: m(Q) (K)

1.5+
1.0+

0.0 50x10° 1.0x10" 1.5x10" 2.0x10" 2.5x10” 3.0x10’
3 - 13
Q" ([rev/imin]’)

300 504

200+ 0.

I(t) K-min

] -70-
1004 e
50

-90

0 — /I/ T T g T T T T T T 1
0 20 40 60 80 100 120 -100+

time (min) 110

intercept: 1(0,Q) (K-min)
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T_-T(0) (K)
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o
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Sevilla, December 11t 2015



Microstructure of ball milled powders
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X-ray diffraction: global microstructure

S
L 50-
> (Fel-xcox)75Nb10815
19h o, m x=0 m g
TE ¥ 8% ® ©WR §N ©WY bee Nb 251 © x=015 LI
g8 8 8E E EB B BE  buke o w0 Y
0 T T T T LRI | 1
40 60 80 100 120 10 100 1000
20 (degrees)

[ (h) [©2,=150 rpm]

Ipus et al. J.All.Compd.496(2010)7
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>’Fe Mossbauer spectroscopy: local neighborhood of Fe

(Fel-xcox)75Nb10B15
m, 0 x=0 AR
304 0 x=0.15 P
A x=0.3 %L

8,
Yo

80+

bcc Area (%)

M, (emu/g)

12 18 24 30 36
X (%) <HF>(T)

v (mm/s)

Ipus et al. Intermetallics 16(2008)1073

Ipus et al. J.AIl.Compd.496(2010)7
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Estimation of compositions of nanocrystals from Mdéssbauer
in supersaturated solid solutions

5 at% of Nb
Bldzquez et al. J.All.Compd.610(2014)92

0.15

44444444 o

SO0 SO . ko
+ + | |

** **** 0 22 oa 26 28 30 a2 a4
000000 HF(T)
*H*H* Probability of n Nb atoms as NN or NNN

141

P(n):(14_n)!n!C(Fe)“‘”c(Nb)”

v'A pure bcc Fe neighborhood has HF=33 T

v'Fe atoms in the vicinity of Nb impurities have a reduction of AHF ~-3 T per Nb atom
as NN or NNN

Sevilla, December 11th 2015



Estimation of compositions of nanocrystals from Mdéssbauer
in supersaturated solid solutions

0.15

0.10

- |
T
o
0.05

+ +4 b ¢
. ‘ * * 0-0020 22 24 26 28 30 32 34
4 HF(T)
.\ 44444446 Probability of Fe atom at interface

0 0g%000 ~4b

v'Fe atoms at interface have a reduction in HF

Miglierini and Greneche J. Phys.: Cond. Matter 9 (1997) 2303
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Estimation of compositions of nanocrystals from Mdéssbauer
in supersaturated solid solutions

20 22 24 26 28 30 32 34
HF(T)

v'The highest HF contributions are less affected by interface
v'Composition can be extracted from the ratio of these contributions

P(1) 14[1-C(Nb)] c Nb) LG

— ‘ W P(0
P(0) [1-C(Nb) | Sy 5 C(Nb)= 1: (le)
{“*P(o)}
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Estimation of compositions of nanocrystals from Mdéssbauer
in supersaturated solid solutions

* Experimental application to mechanical alloying of Fegy, ,Nb: .

o 12h d |
d 0.15- A 6
0.10+ 4 i 1
] . A A A
0.05+ | A% & .
] ~ A
0.004 o o P (1) E\o/ 2- AK
0.15- 10h c F io A(30 TYA@3 T) ||
2 d 197 0 14 P(O) E 0 § rom ratio A(30 TYAB33 T) ||
@ 0.10- — = —
] 6 A
£ 0.05- 15 P(l) s &
—1 0.00 14 + O zZ 2 A \ .
/| 015 ( ) | &
0.101 2] 4
. 12
0.05+ 0 | From Vegard's law |
5 3 0 3 & 0007 0 10 20 30 40

velocity (mm/s) milling time (h)

v'Spectra fitted using two hyperfine field distribution to determine the experimental
HF distribution, HFD&xP

v Fitting of high field range of HFD®** using Gaussian functions at fixed HF (B-free) and
at free HF (B-containing)
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[Electron microscopy techniques]

Two length scales

v'Micrometric powder particles: SEM
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 Sample preparation: Scanning Electron I\/Ilcroscopy]

Dispersing powder on carbon film:
v'Particle size distribution, morphology (secondary electrons)
v'Detection of inclusions (back scattered electrons)
v'Microanalysis: compositional homogenization

v'Polished surface of a smglepowder patlcle '.
v'Detailed view of |nclu5|ons

Fe,cNb,,B,:: Initial stages of milling: powder
particles formed by chips of the starting phases

Ipus et al. Intermetallics 16(2008)1073 Cog,Nbg Zr2 o Iong mllllng BSE in conventlonal SEM (left) and SE in FIB (rlgth)
Sevilla, December 11t 2015 Moreno et al. J. All. Compd. 585(2014)485  Bldzquez et al. Met. Mat. Trans. E 2(2015)131



[Sample preparation: Transmission Electron I\/Iicroscopy]

v'Non-trivial sample preparation

v'Using lift-out method in FIB allows us to study a sample with constant
thickness from a single powder particle

v'Detailed information on the nanostructure

Lift-out method in Focus lon Beam (FIB) lpus et al. Phil. Mag. 89(2009)1415
Sevilla, December 11th 2015



Powder particle size: SEM

Fe75Nb5C5e20

¢ 150 rpm
250 rpm

2 T T T L LI | T T T T T ot T L | T L
1 10 100 1000 1 10 100

equivalent milling time (h) equivalent milling time (h)
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[CO Nntam | nat | on: S E M & T E M] Bldzquez et al.J. All Compd.469(2009)169

0.6+

v'Fe and Cr using steel milling media o) a-smim J
v'Depends on powder composition ClF OIS S L)z g o] v
P P P time for Fe,sNb;Ge,, 5 ojoﬁégﬂ&%
v'Following €33 law alloy using hardened g osf T T
steel balls S }'}
oo E?Iﬁ%ﬁ% :
1 1Ot.[Q/ngO(h) 1000
Cr content vs milling o N8
time for Fe-Nb-B - (3.6£0.3) 10 at. % Crhh
alloys using hardened 5
steel balls 06

2
(7£2)" 10 at. % Cr/h

0.0

e p it ey A et 0 100 millisc;otime'[h] 300 400
HAADF images and Cr EDX-maps for Fe,:Nb,,B;: alloy
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How different elements incorporate to the alloy?
Ductile materials: Fe and Nb

DF image EX Fe map EDX Nb map DX G map
Fe,sNb,Ge,,: Supersaturated solid solution a-Fe(NbGe) nanocrystals after t, =46 h

Ipus et al. J.All.Compd.86(2009)505
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How different elements incorporate to the alloy?
Brittle materials: B and Ge

Ipus et al. Phil.Mag.89(2009)145

L TR et E R
BF imagen EFTEM B map EFTEM Fe mep

Fe-Nb-B: Inclusions highly enriched in boron after t.,=508 h milling

Ipus et al. J.All.Compd.86(2009)505

F imae | EFTEM Ge map EFTEM Fe map
Fe-Nb-Ge: Ge completely disolved in matrix after t,,=508 h milling

Sevilla, December 11th 2015



[Boron integration]

e Present in both soft (e.g. Finemet) and
hard (e.g. Nd-Fe-B) magnetic
compositions

SAD on
amorphous
matrix + a-Fe
nanocrystals

CBED on
crystalline
inclusion

BF image, SAED and CBED patterns
of Fe,cNb,,B,: alloy milled 400 h

Bright field TEM image of a Fe,cNb,,B;:
sample after 40 h milling

(-101)

91.77° ';

Ipus et al. Phil.Mag.89(2009)145 BF, HRTEM images and CBED pattern of a (121)

boron particle in Feg:Nb:B,, alloy milled 400 h

Zone axis [1 1 1]
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EFTEM B mep

EFTEM Fe map

Cr /m\,\,v::vm,——?.v_
AT T
U eRs |
B 1 /’1 N~
0 20 40 60
distance [nm]

Ipus et al. J. All. Compd.553(2013)119

50 nm

counts [a.u.]

A

W
W, Wy et i g, T S
T L T L2 T

HAADF image

EELS

Boron particle

Matrix

200

300 400
E[eV]

500



Effect of starting B
microstructure

g ‘ } l ’ az2-B

. ' . FeB

0 6 40 60 40
20 (degrees) 20 (degrees) 20 (degrees)

commercial
amorphous-B

intensity [a.u.]

et e i c-B alloy
50 h milling | (110) o-Fe H 4 a-B alloy

I ° 0. a2-B alloy

——— FeB-orthorhombic

(Pbnm) . . FeB alloy
el L . .
20 40 60 A b ¢
26 [degrees] 0.0 ' . ' 4 + 4
0 10 20 30 40

milling time (h)

Sevilla, December 11th 2015 Ipus et al. Intermetallics 49(2014)98



dH/dt
exo (0.4 [W/g))
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Wt'spun

FeB
/\/__82'8
-B

c-B

1 M T

400 500
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— /—\H-B

700 800 900
T (K)

(literature) Fe,n,.,B
600 - 100-y~y
[ ]
n
500 - F B L
- -
X
X Ri
3w = B - ’._’,-' Rlbbon
aB .
azB  x— -, Fe1001Nb1oBz
X
c-B
200 T T T
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Magnetic properties of ball milled powder
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Effect of packing on hysteresis loops

—0— glued powder
—8—free powder

in
[}

M [2 o]

2

K 106 lpus etal.J Al Compe 509(2011)1407

Fig. 1. Low field region of hysterezis loops for free and glued powder samples, The
inzet shows the first quadrant to appreciate the differences at larger fields.
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Spontaneous magnetization and coercivity

10% Nb ®m 150rpm O 350 rpm

[0)
5%Nb @ 150rpm O 350 rpm 10% Nb O 150rpm ® 350 rpm

5%Nb O 150rpm @ 350 rpm

0 100 200 300 400 500 0 100 200 300 400 500
ty (h) [2,=150 rpm] t, (h) [©2,=150 rpm]

Ipus et al. J.All.Compd.509(2011)1407
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Magnetic anisotropy K ~H-M¢

pK,, (10° I/m’)

Shen et al. Phys. Rev. B 72(2005)014431

3 2 3 2 D3Ke3f./fz
Keff =\/(Eﬂ’so-maj +|:(Eﬂ’so-mi) +XCZK12:|T

_ 05 _ 1.0
Maximum microstrain (%)

0.0

15
v' Long range magnetoelastic (powder size) E L
=)
v" Two average magnetic anisotropies o
—
e short range magnetoelastic (crystal size) N >
e averaged magnetocrystalline . | | | |
characteristic of nanocrystalline materials O S e e
Y D’K_** [107°(3 m)*”]
Hernando et al. Phys. Rev. B 51(1995) 3581 Ipus et al. J.All.Compd.509(2011)1407
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Magnetocaloric effect on ball milled samples
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Some examples on ball milling samples for MCE

Gd,Si, ;Ge, gSny , Hysteresis reduction 5 3 Sol. Stat. Comm. 147(2008)107
GdNiAl . . New phase 5 8.9 36 Appl. Phys. A 80 (2005) 601
: Crystal size reduction
Gd.Si,Ge, o 2 045 220 J.Mag.Mag.Mater. 320 (2008) 1479
Pr,Fe,, ; & 5 45 295 Acta Mater. 57 (2009) 1724
EugGa,.Ge;, enhancement 5 10 5 J. Appl. Phys. 117 (2015) 033903
Ni, ,sMn ¢,Ga, ) _ Different melting points of the 2 16 310 Sol. Stat. Comm. 148 (2008) 289
= : One step (mechanical alloying) .
Ni,;Mn,,Sn,, constituents 2 43/23 210/318 J.All. Compd. 598 (2014) 6
Intermediate st 5 6.3/53 159/234 Phys. B 406 (2011) 2731
foss-toos nrermeciate step Ayoid volatilization of As / / vs (2011)
2 6.5 264 J. All. Compd. 479 (2009) 189
MnAs; o,Pg 03 Hysteresis reduction 5 5.6/44  208/253 Appl. Phys. Lett. 100 (2012) 112407
FegCo,5),sNb, B 1.5 0.85 450 J. All. Compd. 496 (2010) 7
(FegsCoy5),5Nb1Bys Amorphization p ( )
Cog,Nb,Zr,B,, , , 1.5 0.35 550 J. Appl. Phys. 115 (2014) 17A302
: Mechanical alloying
(Fe,oNiz)geZr;B, 0.5 0.18 342 IEEE Trans. Mag. 47 (2011) 2494
1.5 0.65 363 J. Appl. Phys. 113 (2013) 17A918
(Fe,oNiz)Mo, Metastable phases 5 1.67 300 J. Elect. Mater. 43 (2014) 137
1.5 043 225 Intermetallics 26 (2012) 52
5 1.6 270 Phys. B 328 (2003) 295
. Precursor step
. L " . . 5 18 200 J. Appl. Phys. 102 (2007) 093906
— aQmogenization of composition) Reduction of annealin .
2 24 200 Intermetallics 18 (2010) 2301
LaFe,, 5,Si; 43H; Final step Reactive millin 2 18 346 J. Appl. Phys. 102 (2007) 053906

Bldzquez et al. Met. Mat. Trans. E 2(2015)131
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Non-negligible demagnetizing field

— N_-0.00
vmimN_=0.25H
v N_=0.50
-=aN_=075]
—N_=1.00}

1

10

0.5
0.5k L L 1 ] ' I Np !
200 250 300 350 400 450 500 550
T (K)
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Non-negligible demagnetizing field

a

. Cog,NbgZr,
'0.30'I'I'I'I'I'I'I'I'I

B3

20 - —i- MA uncorrected unH¢=0.5 T —=—n(T_) MA uncorrected
N i * —{1 MA corrected |.l°H“=0.5 T 12- —0—n(T,) MA corrected
18 - , A —A— MA uncorrectedp H_=1T o= MA corrected
nk —— MA correctedp H _=1T —=— MA uncorrected
A RQ

-m-RQuH,_=05T

161 7

—e— n(330 K) MA uncorrected|
—0—n(330 K) MA corrected
1.1 —=—n(T) RQ
1.0 'MH

Kﬁ%m:ﬁ:&%gzgzgz%

Cog,Nb¢Zr,B,,

0.9+ 1.2

Exponent n
o
L

—A—A—A—A A A 4 a4y

Exponent m

1.0 - ,
0-8 7 071 %
T T 0.6 T T T T T 1.0 T T T T T

460 ' 5&] 60‘0 0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4
b () H ()
T (K) ’

T T T T
100 200 300
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Analysis of multiphase systems

18, =aXH" +a,(1- X)H"
pk _ d In(ASrEk) _ a.n.XH e +a,n, (1_ X ) LA

-0.24

S
w

48, n™ (Ikg'K™)
S
®

&
o

AS,, [J kg K]

b=a,n,H™

k k Ne
n*ASH =(anH™—a,n,H™)X +a,n,H™

—=—0.013 ——0.370

Ln (b [Jkg"'K'])

1.6 —e—0.059 ——0.476
c v'n, independent on the technique used -, n,=0.7576+0.012
1.2 . . .
to measure X o5 | 44 0z 0o
Ln(H [T])

u M=(anH™ —a,n,H™)X
u

v'Cancel the effect of impurity phases

-
'-! -0.6 1
2

T

E .
(b)
-0.7 T T T 1
1.00 1.05 1.10 1.15
Ipus et al. Appl. Phys. Lett.105(2014)172405 HO% 7]
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Distribution of Curie temperatures

R zample MA sample

do/dT (emu g'K™)

S 204 RQ-sample MA-sample 030 T T T T T T T T T I '
g 100 200 300 400 s00  GOD
® o, T K]

To 20 a0 a0 soo oo Moreno-Ramirez et al. J. All. Compd. 622(2015)606

7 (K)

Sevilla, December 11t 2015



H1/7 _ a(T _TC)Mll}/ +bM 1Uy+1l B

300

SU TNy 0 pasnasag
>"_ e ROzample .
RQ sample 054 Tﬁ?:é:ﬁ;ea fit {singleT,)
0 T | . . 0 —Arertt-Nl:akes fit (TFdiS’cributian witl': 3=30K) |
160 180 200 220 240 260 200 100 0 0 00
T T-T_ (K]

[
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MCE software developed
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" Conclusions |

 Mechanical alloying, a succesful technique for metastable materials or prealloyed systems.

Understanding dynamics to optimize process and to compare results from different labs.

Composition of supersaturated solid solutions measured indirectly.

Microstructure characterized by two size scales: powder particle size and crystal size.

Two regimes affecting magnetic anisotropy evolution with milling time.

Demagnetizing field affects MCE, particularly the field dependence of MCE parameters.

Information from individual phases extracted from field dependence of MCE.

Broadening and reduction of MCE of milled powder explained using a distribution of T..
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