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Microstructural Changes and Magnetic Properties of Nanostructured
Fe-Si-B-Cu Ribbon Cores Containing a Small Amount of Ca and Zr
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Abstract: Nanocrystalline Fe-Si-B-Nb-Cu Finemet alloys show low saturation magnetic flux density
compared to amorphous Fe-Si-B alloys. In the Fe-Si-B-Cu base amorphous alloys, Cu atoms form clusters
which act as heterogeneous nucleation sites for a-Fe crystals. The addition of Ca element atoms, distributed
along grain boundaries, helps inhibit grain growth and increase resistivity. These alloys can be crystallized
into fine nanograins through proper heat treatment, with increased saturated flux density and decreased core
loss. According to previous studies, the addition of Zr element can also reduce nanograin size and suppress
grain growth by its distribution mainly along the grain boundaries. In this experiment, the effects of added
Ca and Zr on the microstructural changes and magnetic properties of Fe-Si-B-Cu were evaluated in detail.
Fe-Si-B-Cu alloys containing Ca, and Zr elements were melt-spun to make rapidly solidified ribbons ~20 pm
in thickness. The ribbons were then wound into toroidal shaped ribbon cores and heat treated to obtain the
nanocrystalline soft magnetic ribbon cores. The microstructure was observed using TEM, and the magnetic
characteristics were evaluated using an B-H meter and impedance analyzer. Based on the results, the Fe-
Si-B-Cu ribbon core containing 0.037 wt.% Ca and 1.68 wt.% Zr was determined to have the lowest core loss
among the alloys, when annealed at 440 °C for 30 min. It was also confirmed that the added Ca and Zr
elements were distributed along the grain boundary, and suppress the growth of crystals. In conclusion, the
addition of minor elements Ca and Zr to the nanocrystalline ribbon core was very effective at reducing core
loss, and the saturated flux density of the core also increased pronouncedly compared to the Fe-Si-B-Nb-Cu
Finemet alloys.
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Table 1. Chemical Compositions of melt-spun alloy ribbons
analyzed using ICP.

. Additional Elements
Alloy Ribbons
Cu(wt%) Zr(wt%) Ca(wt%)
Fers-Sio-Bis - - -
Fe-Si-B-Cu-Ca 1 - 0.03
Fe-Si-B-Cu-Ca-Zr 1.15 0.78 0.011
Fe-Si-B-Cu-Ca-Zr 1.12 1.68 0.037

* Reference Alloy (Metglas 2605 S-2, Amorphous alloy) : Fess.
SigBi5(at%) [FeqSi;Ba(wt%)] optimized after annealing at 430 °C
for 37 min

Coercivity: 9.96 A/m, Core loss : 2429.5 mW/cm?, Bs : 1.61 T

Fig. 1. Melt Spinner equipped with the gas inlet, in order to increase the Ar gas pressure in the chamber.
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Table 2. Temperature of Tx1,Tx2 of Fe78-Si9-B13 using a DSC.
Txi Tx2
Fers-Sio-Bis 4973 °C 537.6°C
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(a) Core loss of ribbon cores

I (b) TEM Image of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr

Fig. 2. (a) Core loss of the Fe;5SigB,; annealed at 430 °C for 37 min, and the Fe-Si-B-1Cu-0.03Ca and Fe-Si-B-1.12Cu-0.037Ca-1.68Zr
ribbon cores annealed at 440 °C for 10 min (at f = 200 kHz, Bm = 0.03 T, 0.05 T, 0.07 T, 0.1 T), (b) TEM Image and Selected Area
Diffraction Patterns (SADPs) of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores annealed at 440 °C for 10 min.
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Fig. 3. (a) The Bs of the reference alloy and the ribbon cores containing Ca and Zr : Amorphous Fes-Sig-B); ribbon cores was annealed at
430 °C for 37 min, and the both crystallized Fe-Si-B-1Cu-0.03Ca and Fe-Si-B-1.12Cu-0.037Ca -1.68Zr ribbon cores were annealed at
440 °C for 10 min ribbon cores (measured at f = 50 Hz, Hm = 800 A/m) (b) The Bs of Fe-Si-B-1.12Cu-0.037Ca -1.68Zr ribbon cores,

annealed at 440 °C for 10 min and 30 min.
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Fig. 4. (a) Core loss of the alloy ribbon cores : the Fe;3-Sig-B 3 annealed at 430 °C for 37 min, and the both Fe-Si-B-1.15Cu-0.011Ca-0.78Zr
and Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores, annealed at 440 °C for 30 min (At =200 kHz, Bm=0.03 T, 0.05 T, 0.07 T, 0.1 T) , (b)-
(c) TEM Images of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores, (d) Selected Area Diffraction Patterns (SADPs) of the Fe-Si-B-1.12Cu-

0.037Ca-1.68Zr ribbon cores.
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Table 3. Magnetic properties of the Fe-Si-B-1.15Cu-0.011Ca-0.78Zr and Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores, annealed at 440 °C

~ 460 °C for 30 min.

Coercivity [A/m] (measured at f =50 Hz, Hm = 800 A/m))

440 °C 450 °C 460 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 70.8 63.45 57.285
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 15.824 69.84 52.896

Permeability (measured at f=100 kHz)

440 °C 450 °C 460 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 914.4813 781.4706 774.8078
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 6150.69 717.5877 682.3505

Core loss, Pcv [mW/em®] (measured at f=200kHz, Bm = 0.1 T))

440 °C 450 °C 460 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 2030.2 1767.4 2282.6
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 228.413 1725.7 1875.8
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Fig. 5. (a) Core loss of the alloy ribbon cores : the Fe;-Sig-B 3 annealed at 430 °C for 37 min, and the both Fe-Si-B-1.15Cu-0.011Ca-0.78Zr
and Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores, annealed at 540 °C for 30 min (measured at f = 200 kHz, Bm = 0.03 T, 0.05 T, 0.07 T,
0.1 T), (b)-(c) TEM Image of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores annealed at 540 °C for 30 min, (d) Selected Area Diffraction
Patterns (SADPs) of of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr in ribbon cores annealed at 540 °C for 30 min.
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Table 4. Coercivity, Permeability and Core loss of Fe-Si-B-1.15Cu-0.011Ca-0.78Zr, Fe-Si-B-1.12Cu-0.037Ca-1.68Zr ribbon cores annealed
at 520 °C ~ 540 °C for 30 min.

Coercivity [A/m] (f=50 Hz, Hm = 800 A/m))

520°C 530°C 540 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 198.2 149.94 259.27
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 38.79 54.12 31.176

Permeability (f= 100 kHz)

520 °C 530°C 540 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 176.4282 119.4516 141.8323
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 1255.34 1761.114 2448.038

Core loss, Pcv [mW/em®] (f= 200kHz, Bm = 0.1 T))

520°C 530°C 540 °C
Fe-Si-B-1.15Cu-0.011Ca-0.78Zr 4037.1 4800.7 5061.4
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr 1284.8 745.65 606.51

0.037Ca-1.68Zr=01¢] FAES 2448.0382.2 208 AXE 540 °CollA] 3087F Ix]E] & TEMS ARgsiol&edst A}
Z7VslA RE, 440°Col A 304 B9 IA2]8 Fe-Si-B-  Zo|th. FesSioB 39 A2} vlwsle] 3] 2o 4

b Y
1.12Cu-0.037Ca-1.68Zr2] FARE©] 6150.69%1 A v|wsl  AHES 7KL ot Zrd Cad] I BEE IRIsY]
A oF 13 =9l Aoz BRI o) 440°CollA & $18ked EELS Mapping 8 234} Cax= 2 YAl EE3s}
Z2]et Fe-Si-B-1.12Cu-0.037Ca-1.68Zro] w2l A4 &= A=z IRIHW Zr2 Yuld= FEIXA|T T2 YA

of Hal| 540°CelA EA gk Fe-Si-B-1.12Cu-0.037Ca- T¥eh= A0R ERIFJTE 28 72 440 °CollA 30
1.68Zre] wHZZ o] AAEo] v AA A7) gEese EEot Ix]2]3 Fe-Si-B-1.12Cu-0.037Ca-1.68Zr¢] TEM
vhte ), image(Z¥ 4(b))Z EDSE mappingdt A#42M, F2 4
YA Cadt Zr 5] U&7t Bol B33l = e &

3.2 Fe-Si-B-Cu-Ca-Zr gf3a2[230{2| O|M|=%] £Hat A& 4 Qrh. ol mMEAF EDS #4], 18]a A4
298 62 Fe-Si-B-1.12Cu-0.037Ca-1.68Zr &S EA AHES v o= 43 HH, Fe-Si-B-Cu F=l

=

Fe-Si-B-1.12Cu-0.037Ca -1.68Zr, at 540 °C and 30 min
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Fig. 6. (2)TEM Images of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr annealed at 540 °C for 30 min. (b)-(c) EELS Image of Fe-Si-B-1.12Cu-
0.037Ca-1.68Zr and EELS mapping of Ca and Zr, distributed along the grain boundary.

EDS Mapping of Fe-Si-B-1.12Cu -0.037Ca -1.68Zr at 540°C, 30 min

Si Kal Ca Kal Fe Kal

250nm 250nm 250nm 250nm

Fig. 7. EELS mapping image of Fe-Si-B-1.12Cu-0.037Ca-1.68Zr annealed at 440 °C for 30 min.
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Fig. 8. The images of annealed ribbon containing Ca and Zr distributed the grain boundary.

540 °C, 30 min

Fig. 9. TEM images of (a) Fess-Sig-By; and (b)Fe-Si-B-1.12Cu-0.037Ca-1.68Zr annealed at 540 °C for 30 min.

Cad} Zro] M7FEo=x Axpg giaiole] Y dA 34
o] Ao} ofge A|FEAC] IA FEE AR 4
25 U = duh 28 8& I8 6(bc)e] RAEEA.
ARGA ] Cat Zro] FEFOEA A HAEo] A=
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B Ao M Fe-Si-B-Cu =l Ca®t Zr 94
A7kt A% AR R E Axsl, FEx
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A g3 22 AE8L At

1) §4-83% Fe-Si-B-1.12Cu-0.037Ca-1.68Zr2] £
440 °C~540 °CollX] GAl2]gt A3}, 440 °ColA 3027+ &
APe of 7P e AIAELS 4s 7 AU

o] FrFEle] mARZAE vAE R 7)Aol uHlAgH
10nm 2719 YedAgEe] FRHo2 #ds 2
Ho] Jd= Aom AT

2) H1AA FerSioBis &aE2(430°C, 37 EA)
Fe-Si-B-Cu ¢&°ll Cast Zr 94ES H713 =&
(440 °C, 305 EA2)EQ] FoJZE H|Wd A3}, FeySi
Bi;; ol 2429.5 mW/em?®, Fe-Si-B-1.15Cu-0.011Ca-
0.78Zr ZEF ol 2030.2 mW/cm®, Fe-Si-B-1.12Cu-
0.037Ca-1.68Zr g &I olE 228413 mW/em’E =3 & o]
Fe-Si-B-1.12Cu-0.037Ca-1.68Zr $HEa]®3o]e] Fojgxgh
o] Tk sl Hlal oF 90% A% A FHhske Aow
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3) Fe-Si-B-1.12Cu-0.037Ca-1.68Zr2] 23 ol= HAH 7k
o] 31.176 A/m, FAHE-E oF 615022 ZH 5o, P&
o] ARPIEAl Y S ZoE YEwTh 23U
¥alxEdEzlo] oF 1.4 Tesla AEE 7]£9] Y=AAA
89 1.23 Teslalth= S718t9 o, v A FerSioBis
SlFE]EF0]9] 1.61 Teslao] v+ A4St Fo=
UERstTE



176 g4 A

kil
e

a2

B ATe S rAde] AaAgel cFdE FA
FHAREE UdAA2A NHEAHE - 2017RID1A
1B03035425y 4 st = = om o] A=t

REFERENCE

1. G. Herzer, IEEE Trans. Magn. 25, 3327 (1989).

2. G. Herzer, IEEE Trans. Magn. 26, 1397 (1990).

3. Y. Yoshizawa and K. Yamauchi, Mater. Trans., JIM 31,307
(1990).

4. M. A. Willard and M. Daniil, Nanoscale Magnetic Materials
and Applications, pp.373-397, springer, Boston (2009).

F3] 2] #5949 A|3E (2021 39)

5. M.-R. Kim, S.-I. Kim, K. S. Kim, K. Y. Shon, and W.-W.
Park, Met. Mater. Int. 18, 185 (2012).
6. S. K. Nam and S. G. Moon, J. Magn. 19,232 (2014).
7. ). Y. Jeong, Thesis, pp.37-53, Inje University, Gimhae
(2019).
8. H. A.Im,J. Y. Jeong, S. B. An, K. Y. Sohn, and W.-W. Park,
Korean J. Met. Mater. 58, 633 (2020).
9. M. Kasai, J. Saida, M. Matsushita, T. Osuna, E. Matsubara,
and A. Inoue, J. Phys. 14, 50 (2002).
10. G. Herzer, IEEE Trans. Magn. 26, 1397 (1992).
11. G. Herzer, Scripta. Mater. 33, 1741 (1995).
12. K. H. J. Buschow, J. Less Common Met. 85,221 (1982).
13. C. R. Hendricks, V. W. R. Amarakoon, and D. Sullivan,
Ceram. Bull. 70, 817 (1991).



