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Description

Amorphous and nanocrystalline tape
wound magnetic cores have a number of
advantages as compared to conventional

magnetic cores made of crystalline
materials, namely:

- higher stability
- lower weight
- smaller size




Goal
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To improve the magnetic properties of cores of Feg,SigB,
amorphous alloy by doping and heat treatment.

Samples for research

Number Content

1 FegoSiB14

2 Fe-oMo;S1:B 14
3 Fe-sMo0-,S1sB 14
4 Fe--Mo;S1sB 14
5 Fe-sN1,S15B 14
6 Fe-sN14S15B 14
7 Fe-4N14S15B 14




Rapid quenching from liquid state for [ 4 |
obtaining amorphous alloys ZAE:

Equipment for rapid quenching of the melt (cooling rate of up to 10°
K/s) enables us to obtain amorphous ribbons 25-30 um thick.

Melted alloy

/ T=1300-1500 °C

Rotating Cu wheel Ceramic nozzle

e O
T=50 "C Amorphous ribbon|

V=25 m/s

Rapid quenching scheme Amorphous ribbon



Thermal stability Feg,SigB,, alloys with dopants Ni and Mo
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Table 1. o | O”SE Tons?2 ]
Thermal stability 8 0 b T K -
characteristics (v,=20 K/min.) T
of amorphous alloys. 400 600 800 1000 1200 1400
Content | Tousr, K| Zono. K 12 K Tone/ T2 || Fig. 1. Calorimetric curve for
FegoSisB 1y 761 806 | 1459 0.522 || FegySigB,, alloy at heating rate
Fe:sMo SieBrs | 765 | 808 | 1449 | 0.528 || V=20 K/min. The insert shows the
R WP TR R s a0 03537 feature corresponding to Curie
et I i 22" || temperature.
Fe:Mo;SigBys | 786 | 844 | 1439 | 0.546
FessNixSigBy, | 747 | 800 | 1450 | 0.515
FesNisSigByy | 752 | 799 | 1442 | 0.522
FeNigSigByy | 752 | 794 | 1437 0.523




X-ray phase analysis of Feg,Si;B,, amorphous

alloy
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Fig. 2. X-ray diffraction patterns




Small angle X-ray scattering method

>

The size of clusters was estimated using the formula L=211/q,,,, where g, IS
a diffraction vector the scalar value of which | g,,,| is equal to 41 sinB_/A.
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Fig. 3. Sample and the co-ordinate
system for the X-ray diffraction and FMR
measurements. The falling X-ray beam
was directed along the x and z axes.
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Fig. 4. Small angle X-ray scattering (SAXS) from
the Feg,SigB,, ribbon from the free and contact
surfaces of the ribbon.

Structure and magnetic anisotropy of rapidly quenched FeSiB ribbons / G.S.

Mogilny, B.D. Shanina, V.V. Maslov, V.K. Nosenko, A.D. Shevchenko, V.G. Gavriljuk // Journal
of Non-Crystalline Solids. — 2011. — V. 357. — P.3237-3244.




Magnetic susceptibility y(T) of Feg, ,M0,Si B,

(x=0, 1, 3) amorphous alloys
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Fig. 5. Temperature dependences of normalized

magnetic susceptibility y(T) of Fe-Mo-Si-B alloys

at heating rate v,=8 K/min.
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Curie-Weliss law :
2

_ . Nm
A=A 3T —6)

where y,— temperature
Independent part of
susceptibility, 6 —
paramagnetic Curie
temperature, m —effective
paramagnetic moment
per atom of the alloy, k
and N — Boltzmann
constant and Avogadro
number, respectively.




The influence of molybdenum dopants on Curie temperature
and magnetic moment of Fegy ,M0,SiB,, amorphous alloys
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Fig. 6. Dependences ¢ o Ty K | Tpo K | mpgmp | T.K
of Curie temperature
TC on the content of F6808i6B14 771 804 6.07 648
dopantin FeeoSlsBua | fo Mo,SigBy | 773 | 815 | 581 | 613

alloy.

Fe;sMooSieBiy | 781 842 5.26 574
Fe7:Mo;Si6B14 794 852 4.75 552




Table 3.
Coercive force H, and
specific core loss P, of
FegoSigB14

The influence of heat treatment on characteristics
of dynamic magnetization loops of Feg,Si;B,,

alloy

amorphous alloys

after

f=1000 Hz

—— — — — —

t +
40 ... 60

annealing at temperature | ... f
T —a— as-cast
] — — — — — a— T ,=600K
T,.K H..A/m | P.,. Wkg s T, =650K
300 18.7 9.9 - & =T ,=680K
500 212 10.7 v T,=700K
600 13.8 6.4 g T,=720k
650 11.4 4.3 : = _
630 152 57 Fig. 7. Magnetization loops of Feg,Si;B,, alloy
700 1932 3533 at different annealing temperatures T,.
720 983.4 283.9 Annealing duration was 30 min.




Initial magnetic permeability and dynamic
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Fig. 8. Dependences of coercive force H. and Initial magnetic
permeability p;, of amorphous alloys on isochronal annealing
temperature T,. Annealing duration was 30 min.



The influence of heat treatment on structure of
amorphous alloys
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Fig. 9. Structural factors of alloys after isochronal annealing at
T, during 30 min. (radiation Mo K ).




The influence of dopants Mo and Ni on dynamic coercive
force of Fegy, TM,SI;B,, amorphous alloys in the as-cast state

and after the optimal thermal treatment 13
Wl =100 kHz | Table 4.
§ 8,=08T Coercive force H,, specific core loss P,
o and initial magnetic permeability p; for
T 20 1| Feg,,TM,Si.B,, amorphous alloys after
_n--- ]| isochronal annealing at optimal
0L - || temperatures T,..
= VARV x at. % H., A/m P.. W/kg U
" . | . | ', 1/ Content
0 5 4 6 (=1kHz) | (f=1kHz) | (/~100kHz)
FegosiéBN 8.7 4 _4 3200
Fig. 10. Dependen f H_ for :
g O epe de R & g F@79MOISI6B14 7_] 2_6 4800
Fego ,TM,Si.B,, amorphous
alloys on dopant content in the || FesMo,S15B14 7.4 2.7 9400
as-cast state_e (dark marks) and Fe--Mo;SigB14 6.6 23 7200
after the optimal heat treatment FeNLSiBL 104 33 3600
(light marks):
TM=Ni (m, O0) and Mo (¥, V). Fe7sN14516B14 16.1 5.6 4400
FC74Ni6Si6B14 18 .7 7_6 3900




The influence of dopants Mo and Ni on initial magnetic
permeability of Feg,,TM,SiB,, amorphous alloys ]
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Fig. 11. Dependence of y, for Feg, , TM,SizB;, amorphpus alloys on the
content of dopants in the as-cast state (dark marks) and after the
optimal thermal treatment (light marks): a) TM=Mo (¥, V) and b)
TM=Ni (m, O). At f=100 kHz and B,,=0.8 T.



Conclusions: | 15

. The high values of localized magnetic moments in Feg,SigB,
amorphous alloy are caused by the formation of magnetic clusters
enriched with iron which are characterized by nearest atomic
surroundings close to a-Fe and, as to their magnetic properties,
behave as superparamagnetic particles with large magnetic moment.

. Effective magnetic moment tends to decrease with increasing Mo
content in Feg,SigB,, amorphous alloy due to features of Fe-Mo
exchange interaction.

. The change of coercive force and initial magnetic permeability at
annealing of Feg, , TM,Si;B,, amorphous alloy is caused by the
atomic structure relaxation accompanied by local changes of short
range order. Optimum annealing temperatures for high magnetic
characteristics are determined.

. Magnetic properties of Fe-,gsMo,SigB,, amorphous alloy after optimal
heat treatment, in particular high value of initial magnetic permeability
of 9400 at frequency 100 kHz enable effective use of the present
alloy for manufacture of high performance medium frequency
magnetic cores.



Thank you for your
attention!!!
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Bigomo, 1110 e(peKTUBHUIM MAarHITHUM MOMEHT /ISl BUHAJIKY
0araTOKOMIOHEHTHOI CyMIIll Ma€ BUTJISI; 2 S C.m 2
i A |

: : 5 i
e C;, M, - KOHIIEHTPAIIis Ta MapIlialbHUNA MAarHITHUA MOMEHT I-TO S
KOMITOHEHTA, JJIS1 HAllIOTO BUITAJIKY: P
m - 61/771 le??j

Sk B11OMO, MardHiTHMM MOMEHT aTOMIB 3ajli3a 3 KOOPAUHALIEK, OJIM3bKOIO 10
v-Fe (koopaunaiitne yucio N=12) BiamnoBiga€ TpbOM HECIIapEHUM
€JIEKTPOHAM, a OTXKE M; BBAXKATUMEMO PIBHUM 3,87M . [lami, o0 nmoscHUTH
aHOMAaJbHO BHCOKI 3HAaYEHHSI MarHiITHUX MOMEHTIB, HEOOX1THO IIPHITY CTUTH,
[0 aTOMH 3aJ113a, SIKMM IIPUTaMaHHe HU3bKE 3HAYCHHS KOOPAWHAIIHOTO
qyclia, YTBOPIOKTh MAarHiTHI KOMIUIEKCH 3 BEJIMKMMHM MarHITHUMU
MOMEHTaMH. Tomy M, MOKHA OL[IHUTH 32 PIBHSIHHSIM: m, =2 \/ ns(ns—1),

ne $S=3/2 — cmiH 130Jp0BaHOT0 aTOMY 3aJli3a, N — KIIBKICTh aTOMIB Y
MarHiTHOMY KJIaCTepi (KOMILIEKCI). 3BaKAIOUN HA 3HAUCHHS KOOPJMHAIIHHOTO
YKCIIa IS [bOTO TUITY aTOMIB 3aJ1i3a, IpUiMeEMO s oliHku N = 8. Toi,
OYEBHUJIHO, AKIIO KOHIIEHTPALILS cpepOMarHlTHHX KOMILIEKCIB CKIIJIa€ C, TO
c,=c,ac,=1-nc. ¥ pesyanaTl 11 MarHITHOIO MOMEHTY Ha aToM 3aJji3a mFe

MOKHA 3aIlIMCaTHh BUPA3. . 2 . _
m:, =m’/c,, =(1-nc)m +cm;

je Cg, = 0,8 — aromHa yacTka 3amsa B AMC, a0o miciist mACTaHOBKY 3HAYCHb
mlim2: 3
mr, = (Il —=nc)l5+4c En(zn +1)=15+9nc(n—-1)
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Puc. 17. 3anexHicte Temnepatypu Kiopi Big BMICTY
neryesanbHol gomiwkn B AMC Fegy ,M0,SiB,, (a) Ta
Fego  Ni,SicB,, (0). WBnakicTb HarpiBaHHA v, =20 K/xB.



R
YacTky KpucTtaniyHol dasm X, Lo YTBOPHOETLCA B 3pa3skax, niggaHnx
TepMoobpobui, Bu3Ha4anm 3 ToOYHIicTo ~ 1% 3a metoaukoto [107], B OCHOBI
SKOI JIEXUTb 3iCTaBNEHHA NMOBHUX PEHTreHorpam Big BUXIQHOro
aMopdHOro, aMop@HO-KpMCTanivYHOro i NOBHICTIO 3aKpuUCcTanisoBaHOro
3pa3kiB. [1pn goctaTHLO BUNpaBaaHoOMy gonyuleHHi [107] He3aneXXHoro
PO3CISHHA aMOP@HOLO | KpUcTanivyHow dpasamu.

I(S)= Xc IC(S) = (1_Xc)|a(s)’ (21)
ae I(s), 1.(s), 1,(s) - BianoBigHO IHTEHCUBHICTb PO3CIAHHA Big aMOpgHO-
KpUCTaniyHoro, 3aakpucrarni3oBaHoro i BUXigHoro amopd@Horo 3paskis. [1pu
Bigomux I(s), 1.(s) 7 1,(S) B LuMpokomMy Aiana3oHi BekTopa AndpakLii

Xz = (I(s) = 1,(s)/(1(s) —14(8))- (2.2)
3Ha4yeHHA X, BU3Ha4arnocs LWnAxXom nepebopy Moro 3HayveHb ao
OOCArHEHHA AKHaMKpaLLol BIANOBIAHOCTI OYHKLIT, pOo3paxoBaHOI Mo npasiu
YaCTWHI PIBHAHHSA (2.1), 3 o4epXXaHOoK eKCcriepmMmeHTarnbHO.

[2] MeToa onpenernenna gonu Kpuctannmydeckom goasbl B aMOpdHO-
Kpuctannuyeckux matepuanax / A.l'. UneuHcknin, B.B. Macnos, B.K HoceHko [u
ap.] / Metannodgusuka n Hoevwumne texHonormn. — 1999. — T.21, Ne12. — C.38-45.



Tabnuusa 5.1.

[ 20 ]

3Ha4YeHHsA BMCOTW MepLUoro Makcumymy audpakuiiHoro rano i(s,), HaniswmpuHa
nepLuoro makcumymy As,,, nnowa nig nepwum makcumymom OPPA A Ta
ob’eMHa gona KpuctanivyHol cpasun X, ana cnnasie Fey,Si B, ,; Fe,;Mo,SiB,, Ta

Fe_gNi,Si B, , nicna pisHux TepmiyHmx o6pobok, nporarom 30 XB.

-t @

. 1(57). | Aspo. | Ape - o
3pazok T,.K W(G:[. Al o, X %
BHXITHHH 3.66 | 0.44 10.9 0
) 650 403 | 0.40 | 12.3 | 1.5
FegS1sB1s 700 108 | 0.32 | 11.1 | 2.5
720 030 | 0.10 | 12.7 | 24
970 21.86] 0.07 | 12.8 | 100 |
BHXITHHH 3.86 | 0.44 11.5 0
. 650 4.04 | 0.41 | 12.4 | 08
FegMo;516B1 630 3.07 | 0.34 | 11.6 | 2.5
720 443 | 0.30 | 12.1 | 9.9
970 2062| 0.07 | 12.7 | 100
BHX1IHHH 3.62 | 0.41 11.1 0
650 116 | 0.42 | 12.6 | 0.5
= - 1
FeNiSiBy 50— 55007 [ 126 |53
720 11.18| 0.08 | 12.7 | 20
970 23.50| 0.07 | 12.8 | 100




Tagmums 3.12
JIOKaTI20BaHHH MarHITHHH MOMEHT Ha aTOM 3a7113a il g, KOHIEeHTpalia
depOMarHiTHHX KOMIUIeKciBE ¢, Temmeparvpa Kropi 6 T1a
KoOpAHHAIHHe 9HCeTo NV [105] 118 AMC FegBsSiy.. oJep:KaHHX NPH

Pi3HHX pexHMax TepoMYacoBol oGpoOKH po3ILIaBy.

Hoxep 1. °C,
M. Mg | ¢ % 8. K | N.[105]
Ipa3ka I3 XB.
1 1350 5 5.10 2.2 665 12.6
2 1450:6 | 5.47 3.0 665 12.8
3 1450: 20| 6.07 4.3 645 12.5
14 1550: 5 5.82 3.7 648 12.3
5 1650: 1 6.16 1.6 644 11.3
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