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HI3E fERLRREL R FHEFERRE
i

%1 ECTHRR KOS, 7 U —THERR R MEE S LTz Fe-Cu-Nb-Si-B 7/ fif fh i fir 1 &
RERER R 2T O/ - SERERICBA LT, MWART vy L2 B LTND &%‘z%hé. al
DB O EAEIZIT TIX, SERARMEIZERIER T LINERD L. KERTHWD
Fe-Cu-Nb-Si-B R G 3L/ KU E 2 R T 2 S IE T TR HbNTEY, EMK%LT@
HEamORMIT VRN EE X HILD. Fe-Cu-Nb-Si-B R A& DKHEM R E1T 512

O BRI S BEEERES Lo B
@ (TR BRI

HRENTRENTHDEEZLOND. OIZBLTIE, BE#HO Fe-Cu-Nb-Si-B RG&~DT Y —
TGRSR BB D RER 14N TRRE I TH D e AT U U A= ARENTND
ZEND, EAT U VRABRIVNEL R ERTHISND N, KB LT ORI KR
DOFHIITERE SN TE LT, EKEKBEENGONDLIFZMITOMFAPKLETH L. £, QOIZELT
%, 7 U =7 HERKER T OFFEINTEEHI R N BB 2 i T LB B 1, RS BMLBERF O K
RN, BHS LOBMLBER IS E A~ DA L R 5720, DRVIRSTTRERBGTHEZED
T EDNEHRIEBORREOMFLICEMT 5 B2 6ND. £ I TAETIE, RAMEOFHEEREL
FAICHEIL, O, QZEXTEL2RMEWAMICTLIZLEZHNE LT,
KE’C 1% Kraus 5 35 J O Hofmann & O 25 PEITAE SR LW O B BEICFHE S 5 & v 5 s (1, 4]
(2, AEan iR & BT PERR R 2 S 728 5, Kraus %ioJZU“ Hofmann © X U & 3£#
K?’r%%ﬂ:kﬁ'\:ji@%ﬁ@&ﬁ%%fﬁﬁ L7z, 7z, SFEER & 0BRSS 72 2 RO MERE
HOFE TN, BAFMEOBZEN & bOBRZ R L7z,
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32 BULEBIASREE SR 5% BB

321 EBFE
(@) TENT 7 ZOHRE & KRR E DT

HA2JE L0 R bW o 72N 7ol o B Rt &2 2.8 HiOFNAICIEWRE Lz, 15 b 7B
SEEN S,

O TELTZF7ATHDHIZ EDOWHR
@ BB S IR EE DR
® #HEtDx 2 U —IEE O

72??0 7. ffﬁﬁ%ﬁf@i, /%E.EE Fe73_5Cu1Nb3Si15,5B7 @ 5 mm rl]ggi*q'%‘fﬂq AV
(b) BSLHE T

7 V) — T HERRETVEOM 5121E, BB ORFFNCIRT) 2 HIUIN L 72 A b BVLEE % i3 w0 22
W%, % 2T Fig3-1 [T BVLHEEE 2 (R L 7-.

& 20 cm FEEEICYIMT L7277 €V 7 7 A Feyy sCuiNbsSis By WHF O it & 4 @A CHeA, —Hi
EE, MAIXEEEZNLTCBLVERLTZET, REBOEFHFMIZENZHMLE. H60T0
DI|GFUNBYF %2 5 DIREE THIRL, REAZFNICHA L2 RIEADZINL, B0l 7-.
BULPRIF O H- () R TiE, 570 °C Z#UBHE A 10 min %O BARIRE T, L% E L, #EHHAE
BOFNOIEE (LIEOHIEE T, L ') % 440~640 °C OFPHICERE L= (Fig3-2). BVLE X
AEOB L Z T 5720 Ny 7 o —HTITV, BVLBERER] ¢, 70 & NCTEIINIE /1 o 134 4, 30 min,
200 MPa — & & L7z, t, 1ZFBF 24 NI A L, BREHZEE ) ZFIN L72HE S A Omin & L7=. 7235,
Fig3-2 (TR L7zA i, B2 PRI A LR ZFIINT 5 £ TICET DR A& L TH Y, 10 sec
BRETHDL. BB THIENZFM L, B2 B 2> b NGRS (A58 ) ICBEh S
H, Ny 7 —HTHaomAI Lk, FASEO L. ZoRDEWEIZ LY, BEoRFHMN
ZxF U CHE G AN LA B & R LTz, BRI, 3 O BT URRIE 2 =53RS CTRIE L,
BT RN X — % RE L.
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Temperature controller

\

Amorphous ribbon

1]

Thermocouple

[A. ...................
C [
/ Pulley

SiO, tube Metallic plates
Resistance furnace /
Weight for tension

Fig.3—1 Schematic representation of annealing equipment using a resistance furnace.
Tensile stress was applied to a ribbon with a weight. Stress—annealing was carried

out in N, flow for suppression of oxidation of a ribbon.
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Temperature

A
: With tension
- = = . Without tension
T ; A «— T
: : AN
. . N\
Heating time : \
7, : , 7/ “
: Holdmlg time To room temperature
20 min
>
30 min
)I >
Time

Fig.3-2 Schematic representation of change in temperature during
stress—annealing. Heating time and holding time were fixed at 10 and 20
min, respectively. At indicates the time interval between insert of a ribbon
into the furnace and application of the tensile stress to the ribbon.
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322 BEKEHICEATENL T 7 ZAOMER L X 2 U —BER X O IR O

AN W RBGLBRORE (FH) DT EL T 7 A ThDH 2 & OMR, BIOREOX 2
U—iRE T, fESCIRE T, Z53HB3 272912, 5 mm I Fess sCuyNb;Siys 5By i OB XU %
HIE LTz, O % Fig3-3 127 . fEliid 30 °C (23T 2 BAL O Msy THAS(L L7-. BibiX
320 °C fHET—EEVHIR L, 500 °C fHE 6 E5, 600 °C £ THHM L 7.

F7 320 °C FHEDOBALDOWA X, Fess sCuiNb;SijssBo %m@?%/u7 7 AFOF 2 U —iREN
320°C[5|THDHZ D, TEALT 7 AR FT 2 ) —REIZELLEZDTHDHEEZ L. 320
°C TR L= Z & D, RNV RBWLELORENI T ENL 7 7 AHMTH D =
EMNTRESID. 500 °C FHE A 6 OB{ED EFIX, bee Fe-Si s ah O HIZLE 2 Bk o LH-TH
L. ZOZEND, REEIORESLIEEIL 500 °CHiETHD Z ENTHEIILD. 600 °C 13T DR
LD, bee Fe-Si FHAF = U —iREIZEE LTZ[5]72D THD. a-Fe OF = Y —iAE|T 770 °C
BRETHY, Tl s LWL 7eo72. ZHUE Si A Fe figaPIIRATH7-20OTH 5.
SHZAENEIINT D122k, F= U —IRE T3 56]. HiFICLiUE, -/ fifMmibi 20 at.%
FEEED Si a-Fe WIZEAT D [7-10]. AEBRTEHEONT-F = U —EE & SCIR[6]2 HWTHEH L
72 Si B 21~22at% L eV, BEHMOME K L.

KOVBEIZ T.BLO T, i i+ 25720, WALOBEMS dM/dT %315 L= (Fig.3-4). Fig.3-4
£V, KB OTENLT 7 ZMD T, % 325 °C, #EsnbBAGRIRE T, % 520 °C, Fe-SifimtHD T,
% 580 °C LRE LT
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Fers sCuiNbsSiissBa| | \feasurement conditions
' ! | Applied field : 0.1 kOe
Heating rate : 6 °C/min

1

0.8

T, of amorphous

l T,, of bee Fe-Si
T. of bee Fe-Si

| /\L ! I_
0 200 400 600 800
Temperature ( °C)

Reduced magnetization M/Mj3,
O
N
I

Fig.3—3 M-T curve of a Fe,;;Cu,Nb,Si,;;B, ribbon provided by Hitachi
Metals Ltd. Magnetization, M, is reduced by the value at 30 °C.

0.03 —— -
0.02 _ T, of amorphous T, of bee Fe-Si _
0.01 - _

S _

\

0 _

S _

-0.01 _
-0.02 |- T., of bee Fe-Si .
oo3b— v v )]
0 200 400 600 800
Temperature ( °C)

Fig.3-4 (dM/dT)-T curve of a provided ribbon. The Curie
temperatures, 7., of amorphous and crystalline phases, and the
crystallization temperature, 7_,, were determined from the curve.
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323 PIHIEENEFMICE 2 DR
(@) BATTOBLEIZL D AT U VAL—TFORIRDOEL

WIHNRE N R GVEC G 2 2 BT 2 MFHI - C, IS FTOF /fEdba ks 7 U —
THEWSR BTV DOW TR, Fig3-5 ICRGFMEFED 1O OBULBZ T, FEHIEIINT %
Mo 220 SEEVLFRZ i L 7-30B D & 25 U 3 2 b—F &R, BULBESAHIE Fig3-2 2%
W T;=T,=530°C, &itOELIIF ¢, % 30min & L7-. Fig.3-5 XY, £/ F COEULERZ &
D EBRA 2 RAL RS D, o DREEEZ D Z L THBEEAHIE A THDL Z N THSN
%. BT FLX—K, & LTiZo=200 MPa THJ 1.5 kI/m’ NG5z, Z OMEIZFEMERICE
WC, BT EVLER T B D BT XV F — K, [11-13]8 L OV fiffb % fEb s nw 7 e 7
7 ABRBE LI ELEE R O D BT RNV T —K,, [14]E 0 b 1~2 HiKERETH S

(Fig.3-6) .

100 MPa
-<«+— 200 MPa

B(T)

| |
-3000  -1500 1500 3000
i H(A/m)

-1} | Stress-annealing
conditions

L | T;,=T,=530°C
t,= 30 min

Fig.3—5 Dc—hysteresis loops of ribbons annealed under
various tensile stress values.
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2000 . . — 2000

1000 1000

Anisotropy energy
3
Kuc: Kuﬁ Kua ( J/m )

0 100 200
Tensile stress during annealing o ( MPa )

Fig.3—6 Dependence of anisotropy energy, K., and relative permeability, 4., on
tensile stress, o, during annealing, together with the results of field—induced
anisotropy energy, K, in a nanocrystalline Fe,;;Cu,Nb,Si,, B, ribbon[12] and

stress—induced anisotropy energy, K, in an amorphous Fey,B,, Si, one [14]. 1,
was calculated from Eq. (2-3) using the value of K.
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— RGO E AR T D72, =200 MPa TR/ BRLEE % Jifi U 72 3B O BEIX A 2 8155 L
7. ZTORER%E Fig3-7 Rt EHBWELC L > CREOEFTMICH LT, ([ JIFEE ) )7
FHCRERENS TR STz, E 30BN CIE, 90° REBESER 419", BEXIEDORANC LD, HiER
TR —FDEETNDZENTHIND. BXBIZEMEEN O b AL ORI —ifih 72
FHEOFHEE PR I N

(a) Edge of a ribbon

Ribbon axis

(b) Center of a ribbon

Fig.3-7 SEM micrographs of domain patterns observed at edge (a)

and center (b) of a stress—annealed ribbon.
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(b) FIHHEEED RIFHIZE X 5 &

BHVEOFHEREZ R HI12H720, bR E T, 1288 LR 21772, 372bbh, AR
BD T, ThH 5 520 °C 2552, BVUPLBRIAIERE T, % 440~640 °C O T E L= (Fig.3-8).
321 HiCR LBV AECIE T % T, 10 b @< RE LSS, B E2FERNICHA L TR %
FINd % & ClIoBE 2R A ORISR S, fidbnETseZx 005, ZO®ENT
TOGERIZ X DGR 525 2 288 0 TREF L.

480

440 Crystallization temperature

400 1 | 1 | 1 | 1 |
0 10 20 30 40

Annealing time ¢, ( min )

A To room temperature
\
\

\

~ 680 |

g_) L

Z 640

=

5 600

2 560 s
2 520 k!
YN —

3

=

E

Fig.3—8 Schematic representation of change in initial temperature,
7.. T.was changed from 440 to 640 °C. Annealing temperature, 7,
was set at 570 °C.
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BLPE 2 it U 72 5080 B G M L X — O W HNRE (K7 & Fig3-9 1. BAMET L ¥ —

1% T; <520 °C CTIXIFIE 4K, 520 °C < T; < 620 °C Tld T; OHIIZHEWED, T, > 620 °C TiX#E T
BN L7, T2 620 °C TIZRFMET LT —FTM L7260 D, 10 A/m ZH#8 2 5 KX 28 /)5
BUAI S Hu, BREZRAFFEDRSIE LT, R OO & U CIEBEE 22 BB K 2 # bk o e
RAER Fe-Si UIADIL AW O IHEFREZ b D.
AR X 912, T28520°C £V @< 72D & K A3 Uiz, 20 520 °C 1IARE OfE b LIR
T, 2595, +72bb T, L0 BEWIRED ORDEINDS, KRBT EESD720IC6%)
THHZENHBA L. 72, T, L0 bEWTLERET D &, BB A FNICHEA LIESZENS
HETOMAITHRERIEDETL, FRMNICKRERETENMGONR VN E TEIND. Hofmann 5
113G Al & H 72 Fers sCuiNb;Siys sBo iR ~D E G AT 5T 2 Mgt 21772, T OREE,
BRI OB GERICT TN T 7 AOREL U b 60 %FRE DK E TR 508, BAGVEL A5 A6
ThHhHERELTVD[4]. L LN LARERTIE, T,=500°C & T,=600 °C OfEF 0 HfzH &
O L2, —ERRE LB~ R B FEORE SIX 50 %5/ E->THY,
Hofmann 5 OME LV /It D L7 o7,

"E 2000 - .
)

~ - -

>

oy

2 1000 - .

‘; Annealing temperature

e o T,—570°C

g | © Lossy hysteresis I
< 0 ! | ! |

500 600
Initial temperature 7; ( °C)

Fig.3-9 Anisotropy energy, K., as a function of initial temperature,

7.. A sample was inserted into a furnace at 7, and then a tensile
stress was applied to the sample.
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Z I C, AREBRMERE L Hofmann & O#AE & ORIICA BT, —EREM L L7=3EHI AT 5T Ee 7
BIFMEORE SICETIHECOVWTHRETS. Hon Uikt afmbiEE LY bEWRET
EJLER (Pre-annealing) 92 Z & TRk &1, ZOkEaL S B 725l ~E I BVLEL A i L7=. 98
FEVLELRT O O d AL 2 28 b S8, KL & 2 D% ORGBLEIZ L0 1557 05
RESORERERE L.

B2 F PSRN LIRIFIINS 2 £ TORNZ, BAEER Sibd b s T35 2 L 2EL, 570
CC IR > T RPUINBYFNIC CESR ) FCRBERFZB A ML, T/ bS8, 2Ok, BRFERH
lo ®RALSE D Z & THREIOR I LE 2 2L S E 7.

AHFTETIX, FERCEICBE L7 BE A2 55 -0, BEE LR B oESIETIE, % 2.11 i
TR 4 S FIEICTHIEL, 208 Ey 2H M Lz, —RICHERRETIET LT 7 28
;D%%bm#$ﬂTﬁétw y IS ICBET 5 B2 b D, Fig3-10 12 570 °C 2

L DpDELE, pOBLENSCR M Licy 237, y X7 /LT 7 ZREOBZIHITE pumo
BIWNEIZEp DBANET LIZEEBZHILD ty =120 min OFRELOBELXIGLE p2 VT,

7= Pamo — P %100 (%) (3-1)
pamo _10120

ELTHRIE L. 22k, BUWHZOMERICET 2T X TOWEIFHIRIZTIT 2.

~ 1.6 —2100
E ~
. ¢ R
- X
%i 1.5 Exposure at 570 °C 80 o~
— ( For crystallization ) o
N {60 22
2 s >
ﬁ 1 .4 I~ A = =
2 X S .8
RZ °* p 140 5 o
o Q
.g 1.3+ ‘§§
2 ' 2
Q
ﬁ 1240 — L~ L () ?
0 50 100
T Exposure time ., ( min )

Amorphous state
Fig.3-10 Electric resistivity, p, and change in p, 7, as a function of exposure

time, ¢,,. The exposure temperature, 7, , was set at 570 °C. The degree of
crystallization seems to relate to y.
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Fig.3-10 £V, £, =1 min F2fE ORI 2K p DD T D Z ENTHRIND. ZDE, to=
20 min H72 0 225 p O FAIFI LEESD, =40 min LIRIXIZIE—E L 2o72. £72, 3-DA L
DR LI ICEBT D&, te=230sec T60 %IZELTEY, MHEFHE CRMICRRILETT S
CHERI SN D, FINREEC X 2L E O R ZRET 5700, BERHEIRELZ 530 °C L LT,
p DIEALER y Z 3l LTz, & OFE R % Fig.3-11 IR, 1%, 570 °C OEEFED BT 1, =30 sec
T 60 %IEETH 7243, 530 °C OBABEBEITEB O TIL 40 %fRETH o 7. AFERITOIHIRE 2 &
SERETHIZE, LM CRlRIEAETT 2L 2RRT500THY, BEEZFICHEAL
TR ZEIINT 5 £ TD 10 sec FEEDORITHEITT D iEMLOEEG WD, IR OEIC X v Hp
LHIEERETLHEDTHD.

2
g N
o p— N
h 2>
S2
o & Exposure temperature |
g5 A 530°C
& E * 570°C '
8 20 _
q) -
L L L L l L L L L l L
0 50 100

Exposure time #,, ( min )

Fig.3-11 Rate of change in electric resistivity, y, as a function of exposure time, ¢, .
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WIZ, &5 CHMEN T OB Gt s L S 72k~ BAVEM 5128 L TRt 21T - 72,
Fig.3-12 2R T BULBLEFE DA 2 W TFRIEZ I35, 570 °C 20k 7P RIZEEF 2 ff A
L, t.[MZEFE (Pre-annealing) 95 Z & ThEAL S W72, . & 10 sec~120 min O TEAL S+,
B OFE AL y 2 Z(LSH T2, ZD%, MY H 2 &<, EEERENBUWLEE~BIT LT,
RS ESLER DSH1E T, = 570 °C, t, = 30 min, =200 MPa & L7=. RABLEL T, £/ 2Bk
LEIRMEE THAN L7, BV X =25 L7z, 7od, LITBRTZL DI, 1,=10sec
IERBH P IR LIRS 2 FINT 2 & TIZ T DA IS T 2 BVREZE R Th 5.

Degree of crystallization of a ribbon

Crystallization ) was changed for investigating effect
of pre—crystallization on available
A l anisotropy energy.

510 | ========

Pre—annealing

Stress—annealing

>
30 min (Fixed) P

Changed from 200 MPa To room temperature
10 sec to 120 min

—— With tension

(Exposure)

Temperature ( °C )

= = = = Without tension

' >

Time

Fig.3—12 Schematic representation of annealing procedure. A ribbon was
nanocrystallized by pre—annealing without tension in advance, and then
stress—annealed under the tensile stress of 200 MPa. The degree of
crystallization was controlled by changing pre—annealing time, ¢, .
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BT OIR IEVLERZ X 0 (5 CE - BT 3L X — OB FER RS Fig3-13 1OR
T RTBMAERIIAT T D RS EEHIME L 72 BARER IC T, BB IR 1, O ARV, 355
ST H T RV — K, DNEEBISMIZE LTz, Fig3-13 Offtlih % £, = 10 sec DFREITHS
NIZBFGVET RV F — Kygromioee CHAL L, FE TSR FHOEEG & LTI L 72 K23
Fig.3-14 TH 5. okt L=k (=120 min) TiX, .= 10 sec Dkl & il LT 20 %2
FEORGVELDFETE RN ENHLMNE 2257, AfE 81T Hofmann H DA L 72 60 % & Hifik
L, &L <AKWMHE & 72 572, Hofmann & O F1% 540 °C, 60 min OEAZFE 217\ Vb b S w7250k
2, WHABRHAETELTZEEO S D TH Y, BREREORNTHOME b L TWihololosd, A
RLERNECZEHERIESND.

UbDZ &b, RERBITMEOFHFEZZEMT HI121E, BULBLRE O PR E 2 /5 bR E LU T
ICRRET D Z LA, REOERE ) T TOBBETRIC L ofMEEIHEI L, AITHH I ERHLMN
Lot

o 2000 ——— Exposure at 570 °C .

o0 ( Crystelllization ) ]

Q

q .

o 71500 Stress-annealing -

> ]

8! E T,,=570°C ]

g — 5 t,= 30 min -

2 & 1000 - o= 200 MPa .

= X -

< o~ |

S I

Q 500 ~

,g _

E = 4
o

0 50 100

Exposure time 7., ( min )

Fig.3-13 Induced anisotropy energy, ;K,., as a function of exposure time, ¢, ,

under stress—free state. Stress—annealing conditions was fixed at 7,, = 570
°C, t,= 30 min, and o =200 MPa.
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o ——— Exposure at 570 °C ,
&0 1 ( Crysteillization )
] Q
S 2 .
g < 0.8 Stress-annealing
S I T,,=570°C
£ T o6l t, =30 min
ERS N o= 200 MPa
o -
= 204F
3 <
5 0.2 -
(D]
& I
O 1 1 1 1 | 1 1 1 1 | 1
0 50 100

Exposure time 7., ( min )

Fig.3-14 Induced anisotropy energy as a function of exposure time, £, , under
stress—free state. Induced anisotropy energy, ;K , was reduced by the value at

t,, = 10 sec (At).

/ uc?
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(c) AERPRGTHICEX DR

3.2 Hi(b) CHIWRERLEE T, & fE S LIREE T, LA FICRRET 5 Z &%, |7 DRGIET KL ¥ —
DA THLZEPHA LIz, e, FEINDLIRTEDORE SI1%, RIBSLHFTORE:
DOFERALEEICEEZ T D 2 ENRHL N E o T2, AREITHE, iR COBULE SN E X
NHBRITFEDOKE SICTEZDHBORMND 1 L LT, BVLHFFOFIRBRICBIT 5 A ERNE
FYEIZ B2 DB HET 5.

Fig.3-15 (TR T BB N7 — 2 2 I T, ARSI 1T 2 FIREN R G MEIC G 2 5 B2 et
L7=. T.=500°C, T,=570 °C & L, HiR@REOREM 223852 & THIEER % 2.3~14 °C/min
DO TE LIz, 7235, Fig3-15 FUTR LI ER BRI/ 1,5 (Effective annealing time) (%, 2
U — 7 HEKEETTYED T, L ETOBME THE I N5 2 & 2 Xk SH 72 520 °C @ik OEML
HIFHTH 5.

A
t. (Effective annealing time)
. PP PP PP )g
) T = :
S AN
E PN
= \
£ oA
g
3 7'cr ...................................
5 . 7. =500 °C
Q : 2.3 °C/min 7..=520 °C
€ 7-’ o H cr
o 14 °C/min T =570 °C
o= 200 MPa
30 min (Fixed)
<€
)l >
A Time

Application of tensile stress

Fig.3—15 Schematic representation of annealing procedure.
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Fig.3-16 (ZH T R ¥ — O F RGN L RT . Fig3-16 T, FHRFBOIMIMES T K.
WHENL, FEROBMABEGEOBINCAH I TH D 2 L 2R HiER Lo 720, KRIEBRE
T, ESIEINGE OBVLERR R A 30 min & FEE L, FiRFFMEEZMLSE D L CRIBEEZE(LE
iz, FARROENN O EDBLELRH 1, NS5, £ D72, ZER SR PEDH
Z, FRBOMMOIZDTHDD, ty OWMOT=DTH 5, WRLIIERETHS. £ T,
WIS FHIBF O L 0 BIFVERBEIN L= BRI OWCTREHT 5.

2100 T T T T T T T T T T T T
= | 7,=500°C, T, =570 °C o |
= 2000 | z,=30 min, c=200 MPa .
N
-, 1900 .
o0
5 : _
5
2 1800 - .
Q.

g - 4
2 1700 ° i
<
< : _
1600 b L
0 5 10 15

Heating rate ( °C/min )

Fig.3-16 Anisotropy energy, K, as a function of heating rate.
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FIRZEZ 7°C/min & 23 °C/min & L, BAFEOFHERREZRF L. TORRE%E Fig3-17 [ZR

9. FHiEFEE 23 °C/min & L7256, FIEFE 7°C/min L LT, 27250 /E\:jﬂiﬁ\ AL I
HIEMNTRIND. £z, AEERERE 30min IZEH T2 &, HIEZE7°C/min © HIXITIEE S
OFENFIFIIE L TWA DKL, 2.3 °C/min O 7 138 7O FHE AT 2 izL\&bffHLTa%

AZENTHEIND. FIELRE 23°C/min & U7ZBULIRIZ B\ CEWLELRFE 2 50 min =TI X
WA, 2000 Im’ Z A D RGUHECRAF—IBLNRro7. Tbb, FRFEOHINIAE
RBRFEEEDL DA TH D EBEZOLND. F, BARRICRE LA, HAERN
\ZRGMEFENTE T T 5720, ?ﬂ%iﬁﬂ#%ﬁ@@%ﬁi:%ﬁ%’é%é EEZEZLND.

[\
S
S
S
I
|

Heating rate
A 23°C/min | 1
® 7°C/min

O 1 | 1 | 1 | 1 | 1
0 10 20 30 40 50

Annealing time ¢, ( min )

Anisotropy energy K,,.. ( J/m’ )
=
S
S
I

Fig.3—-17 Dependence of anisotropy on annealing time, ¢,, with
heating rate as a parameter.
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3.3 fhdnfb & RGMHEFE OB

32 HiOFERIE, — R L2 BHO I R E R B OB URRETH D Z L 2RETHHD
Thotz. ZOZ ENDRFHEOFE LiESILICITEBERBERH D EEZ LN, 2 TR
TlE, Fidfb & B FEOBMRAZ TN, L0 KRERBRFEEZED - OICA R 72 B ;% f
5.

3.3.1 EBRFIE

AREBRTIIE 5 mm OFLEL Fers sCuiNb;SiyssB; 7E /L7 7 A2 -, BVt - FIEIX
32,1 Bi L [EBET T,=500°C & L7=. 10 min VA FOBGLHERE 2 ZIckai L, BAMEOH SR L
WatL7-.

3.3.2 M b DET L B MFE O Bk

Fig3-18 [IZ B G HFEF O v A7 U 2L —T R OB A~ T, BULBRRER] ¢, 73 5 min DOFEL
DNL—F& t,=0min (TENLT 7 ) ORBON—TFZ BT 5 &, SFEEO I I, WL
SEFERH EL TV ZENRTMEND. —fRIZT BT 7 A EHTIT AR TR ) 2338
AL, BERFEDRSIET D, £ CTEAIY BESIC LV, FRAFIS ) A S SRR O U
I 5. ARREHZEBIT D 1,= 5 min OFETH SN RBERURFE O B, FRAFIG ) OfFFIIC &
HHDTHHEBZZLND.

7 min 5 min

& min

\

Annealing time = 9 min

L | L N L | L | )
~1000 \ 1000 2000

-2000
H(A/m)

0 min ( Amorphous state )

Fig.3—18 Change in hysteresis curve due to stress—annealing. The
ribbon is in the amorphous state at annealing time of 0 min.
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ni-. F7, BULPRRERZY 10 min F2EE Cp OBV faf L, REEOFE LT 5 2 L 2R
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Beginning of Crystallization

)
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3
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1.4 1000

Anisotropy energy K,,. (J/m

1.3 A

0 10 20 30

Annealing time 7, ( min )

Electric resistivity p (u€2 * m)

Fig.3—-19 Development process of anisotropy energy, K, as a function of
annealing time, ¢,, together with change in electric resistivity, p.
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n=-"L"P %100 (%) (3-2)
Ps ~ Pso

Fig.3-20 [ E G VEFBERE O B E T 3L ¥ — L BXIRPIROELEOREGRE R T, t,=5~7 min
OFELIHIETE (7 <50 %) TIE, BIENFEIND Z L EERIEPETT 2 Z LN TR
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S
S
-
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I 10 min 7

Anisotropy energy K,,. ( J/m’ )

1000 - Annealing time = 5 min ]
i 7 min |
VN
0 | 2|O | 4|0 | 6IO | 8|0 | 100

Rate of change in electric resistivity 77 ( % )

Fig.3-20 Dependence of anisotropy energy, K, on rate of change in electric
resistivity, 7.
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ZOZ En DGR

(1) BIGENFE SRV E ERba L ETI 5l
(i) $I7MEZ TIIIFEE L2 b E T 5 iR
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: Measurement conditions
Applied field : 20 kOe
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Fig.3—21 M—T curves of ribbons annealed for various annealing times.
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T TLACBERESHETZ. £72, T,=T, L RE LU CIX 3.2.3 Hi(b) THat 217> 72 T;= T, = 570 °C,
0=200MPa & L7 (Fig.3-22). 725, IEORTEVUEE TH+SmH LR B 25 L=, 2D
fiti % Fig.3-23 127~ 9. Fig.3-23 12 T t, = 0 min OFEHI TR ITBALEE A i L TR 53, AL/L=0%
e L.

Two types of annealing pattern were used for
investigation on difference in the amount of
plastic deformation by annealing conditions.

A = With tension
- = = : Without tension
t. ( Effective annealing time )
$ 570 2 ., €« 7.
~ In FA
ps /" H "‘
E I’/ E ........................)E “‘.
© | SeeecessadtTecccccccccccccccccccccocccnnns . *.
o 500 I : [N : 4
g- /o '<—> To room temperature
S /7 t4min * o
= VA 520 ( Crystallization temperature )
/ ,’/ :
!y
II/I
1y .
i ) ¢,= 10 min
I
;1€ > ,
0

T Time

Application of tension

Fig.3—22 Schematic representation of change in temperature for the
experiment to investigate the elongation of a ribbon, AL/L.
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0 T,=570 oi‘
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: 1| Crystallization
3
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ug 0 ./?' T S (N S S ST S I R
20 A 5 10
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Fig.3—-23 Elongation of ribbons during annealing.

70



3=

T;< T, OEVLEIC 31T 5 BB BAGEZ O TR OWTRETT 2729, =&
TN T, T, DRI NZ — 2 TEULEL 2 i L 7-3UE O IE R 2 I E LTz, £ OfEHR % Fig.3-24 12~
R & HUNE I B 2 it U 72 380B Tl £, = 0~5 min IZRBI O ONER I N o722 &
5, T;< T, DEVLEICIIT 5 BB BIIGEZ O DT HRIENEIT ENLT 7 ADBER TH D &
EzoND. £ Fig323 10 OREND L DT, T< T, OBSLEE CTIXEMIZIEOT=%, #EHO#E
HOHER SN, ZOMAE, fHalbicis2b0ThoEEZLND. AREEND T,OMEICE
T, WEOLEN _k%ﬁ%£ﬁ$35:&ﬁwﬁb,%%m%%ﬁﬁfﬁﬂﬁk%<@wézk
ML MNE Tz,

PLEDOFER E 322 Hib)DOWMFT CHOLNFE RN D, —EIES) F CTOBRZEIC LY kL
REFCIIRERIEVOB LRGN EGELNAR NI ENTHREIND. O Enb, KRELBGME
ERDIIIRERIENEGLZENEHTHDLEZELLND.

2 —
i T;=500°C, T,=570°C, 0 MPa

<
3 _ Annealing time 7, ( min )
S 2 4 6 8 10
5 0 o—— ® n ® \ 1 s 1 s |
S _ j\'\\\.
=
L2 -1F
S

oL

Fig.3—-24 Elongation of annealed-ribbons without tensile stress.
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WIT T, T, OBVLERZ 3T, BAME L FEf b KORBIOE O OBIR At L. BAMEE
ERHPTER L OB O IE OO BRI K AP % Fig.3-25 12777, Fig.3-25 £V p DDA s F
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Beginning of Crystallization

2 — T T 2000
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Annealing time ¢, ( min)

Fig.3-25 Electric resistivity, p, anisotropy energy, K, and elongation of
ribbon, AL/L , as a function of annealing time, ¢,.
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BARHTS 2L bR OEE L B NG, ARITH, Rl L BRI BRE B
M.

3.4.1 EBFHE

fEmit & BGIEOREFOBIR 2 Etd 572912, 5 mm 1§ Fes; sCuNbsSijssB; 7€V 7 7 Ay
R B A S LR E A B LTk, BRERT 5 2 L CRIMABWEM S, BRI E
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EICTHEL, BT RV —K, 215372, 0%, 2 MEED T oRRE L, Bitke Bz
7o, BAEREFEIRE T,.13100~570 °C O] TEAb I8, ZAERFRREM 1, (TR R IC 2 L S,
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—ETH L. BREREIDREDSMIB L ONREZ DD IR W RFUINEYE 2 Fvy, 3B o Rk 2 Ji
TH-ON, 7 —HTIiTo 7.

3.4.2 FESLEEIC K B B MEEE0ZER

(a) B\BRBICLE D AT Y VA N—TDRIRDES

Fig.3-26 (Z T; = 500 °C, T, = 570 °C, t, = 30 min, o =200 MPa COZLE|Z L B AHMEA5 LT
HABtE, T,=570°CI2T0 (BUgBFE/r L) ~100 min BUETE L7-Bovr 257 1) 3 2)L—F a2 R1.
M ERE I A & B N2 L — T BB O AT IRV ERRICE LT 2 okt L (Fig.3-18),

STVERAEHIEARE 2 PR > 7o £ F RGN LTc, F72, OO min IZHRGPETRE <
EFL, ZoO®RITEFMEAMICH D Z ENTMHIND (Fig3-27).

73



Lor 40 min 10min 2 min
. 1F
5 I
=
0.5 [ Exposure time = 0 min
Exposure temp. : 7,, = 570 °C

L | L | L |
0 1000 2000 3000

H(A/m)
Fig.3—26 Change in magnetization curve due to exposure at 570 °C.
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(o0}

Exposure temp. : 7., = 570 °C
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Anisotropy energy K,,. ( J/m

O L | L | L | L | L
0 20 40 60 80 100

Exposure time ¢,, ( min )

Fig.3-27 Anisotropy energy, K., as a function of exposure time, ¢,,.
A stress—anneled ribbon was exposure at 570 °C.

74

i

il



3=

W L AR DO BVLIRSAFIZ L BA VA AT LT %, T, =450 °C T 0~120 min & TR
T LB AT U v A—T % Fig.3-28 IZ/”F. 570 °C TOERFEER (Fig3-26) & Hid 5
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Fig.3—28 Change in magnetization curve due to exposure at 450 °C.
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CTAK, o /K, & U TR U7z, Fig.3-29 1285 MR O BGRRIR R A~ 3. IR CR L
TIRFE I 3.2.2 Hi CA O NI AREI O fE S LIRE T, (=520°C) TH 5. Fig.3-29 LV, T,<480°C
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5 EF L, 570 °C Tl 60 min OEEFZIZ LD 50 %FRE O RGHENREM L.
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LB RE R B ITEOEMMBELC D Z e, BEHFICERA LT LT 7 AP EGED
FEFNZBIR L CTWD EE X HILD. Herzer[2] K H[15]1%, Fe-Cu-Nb-Si-B 727/ flgab EHZ F
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Fig.3-29 Relaxed ratio of anisotropy energy, AK, /K, as a function of exposure
temperature, 7,,. AK, and K, indicate relaxed anisotropy energy after exposure
at 60 min and anisotropy energy before exposure, respectively.

76



i
W
it
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Fig.3—30 Relaxed ratio of anisotropy energy, K,,/K,;. -,. as a function
of exposure time, £, , at 570 °C. The relaxation characteristic of
anisotropy varies with the degrees of crystallization.
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Fig.3—31 Crystallization and development of anisotropy processes
due to annealing.
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