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crystal and (b) grain-oriented electrical steel of {110}<001>
secondary recrystallized grains. (Online version in color.)
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Table1 Characteristics of the three manufacturing process of grain-

oriented silicon steel'037

High permeability grade
Nol No2

Conventional grade

Steelmaking Steelmaking Steelmaking
(MnS) (MnS+AIN) (MnSe or MnS, Sb)
Hot rolling Hot rolling Hot rolling
slab reheating Te mperature slab reheating Temp: slab reheating T
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Annealing Annealing Annealing
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Reduction 87%
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Table2 Factors that affect the iron loss of grain-oriented electrical
steel. (Wt: total iron loss, Wh : hysteresis loss, Wce: classical
eddy current loss, Wae: anomaly eddy current loss)
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Fig.3 Manufacturing process of grain-oriented silicon steel.
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Fig.4 Secondary recrystallization behavior of grain-oriented electrical steel'?.

Fig.5 Transmission electron micrograph which shows the pinning of
grain boundary by precipitates?.
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Fig.6 Schematic illustration of the statistical model of grain growth;
microstructure and three forces (P1-P3) that affect the
specific Goss grain'®.
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Table3 Characteristics of the two manufacturing methods of inhibitors923).

Inherent inhibitor method

Acquired inhibitor me thod

Inhibitor MnS, MnSe, AIN

Inhibitor preparation

* High temperatute slab reheating

(ALSHN

* Nitriding before secondary recrystallization

* Heat treatment through steel making

to hot band annealing
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Fig.7 (a) Chemical composition of the materials, (b) electron

micrograph of precipitates after decarburization and (c)
relationship between annealing time and grain diameter?”.
With permission of The Japan Institute of Metals.
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Fig.11 Variation of cold rolling and annealing texture of pure iron
with the cold rolling reduction and initial grain size”.
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Fig.12 Experimentally obtained primary recrystallization texture changes in the various cold rolling reductions*".

(Online version in color.)
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Fig.13 Experimentally obtained secondary recrystallization texture change in the various cold rolling
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Fig.14 Calculated secondary recrystallization textures for the various cold rolling reductions based
on CSL (Coincidence Site Lattice) model*”. (Online version in color.)
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Fig.15 Texture change during grain growth. (a) and (c) : specimen before grain growth (750°C) , (b) and (d) : specimen after
grain growth (830°C  for 30 min.) and (e) : texture subtracted (c) from (d) “4.
Upper ODFs were obtained from XRD method and lower ODFs from EBSD method. (Online version in color.)

FROLEAAEPMEND THEE D3m0 T & &ERRE A )
RLTWAEEZLNSLZ LML TW5, {111)<112> H1
& {411)<148> Jifiid, I h g Goss S & ke i B FRIZ
b 5729, Goss JIfiiD kG AIEHET S LE A 5N
5, BESIIRE 2 58 TRIBUR X B TFEAN 2 {111)<112> 2 5
{411}<148> 12 L L T &, Goss i —kFEkS S AL E L
THET D, LA LAENS, 2O KIS NLO 5T —
WIS E SO ZLITRIS L TELT 2 Z & il & h
Tn3Y,

45 sHoIc

Fea ik SR T I FE SR A O C B X 4 5 D — 12D
T L 72, iR s ARG, S T3 T AL &
12282k~ b)) v 20K AHE &S0 b & L d
2.4 vee s —ROMA M EEHT 5 Z L2k D,
Fi7s Goss AR & RGN & U CGERRE S TE
BERBEELAER L T B8DEELZ BN,

BRSO X 241, HERTEE LA B L L
LIZESHEEAMARI B TE 2, BV 2T AITRAIRD
BT & 2 5tk E RS, Z 0 100 F-O RIS -
PIBRR) 7 7" 0 — 12 & ) kA KIS S 2 C & 72, 51k
DILZDOFER L CO, /7 AHIR (CN) 0 HIERBRET ] 2 [ 3.

152 |

30

XH B2, FAEERESRIE. Zh2 5 e HIZETx L
F—IROENPRIORTE - W AT, #ERITERIL T
W Z e E NS Y,

SEXB

1) W.F.Barrett, W.Brown and R.A.Hadfield : Sci. Trans.
Roy. Dublin Soc., 7 (1900), 67.

2) K.Honda and S.Kaya : Sci. Repts. Tohoku Univ., 15
(1926), 721.

3) N.PGoss : U.S.P 1, 965, 559 (1934).

4) V.W.Carpenter and J.M.Jackson : US.P. 2, 287, 467
(1942).

5) M.FE Littmann and J.E.Heck : U.S.P. 2, 599, 340 (1952).

6) HIEE, SO, mRsa8c HAREET i 40-15644, (1965).

7) Ghdh—, EFEE, MR, EREEC: HARRERE 6 51-
13469, (1976).

8) T.Nakayama and Y.Ushigami : Proc. 7th RISO Int.
Symp. Met. Mat. Sci., Riso National Laboratory, (1986),
463.

9) Y.Ushigami, T.Kubota and N.Takahashi : ISIJ Int., 38
(1998), 553.

10) “FRrgdT « FEAGSEY - BEOHLEE & T ORRREIEE A~ DILH,
HASS 2, (1999), 245.



11) Y. Ushigami, T.Kumano, T.Haratani, S.Nakamura,
S.Takebayashi and T. Kubota : Mater. Sci. Forum, 467-
470 (2004), 853.

12) AT, hAHE
179.

13) AFRhAT BT DR, 392 (2012), 26.

14) Y. Ushigami and S.Nakamura : Mater. Sci. Forum, 715
716 (2012), 122.

15) Y.Ushigami, F.Takahashi and T.Tamaki : Proc. of
WMM’16 (7th Int. Conference on Magnetism and
Metallurgy), (2016), 233.

16) Y. Ushigami : IOP Conference Series, Mater. Sci. Eng.,
1121 (2021), 012019.

17) M. Hillert : Acta Metall., 13 (1965), 227.

18) J.W.Flowers and A.J.Heckler : IEEE Trans. on
Magnetics, MAG-12 (1976), 846.

19) A.Datta : IEEE Trans. on Magnetics, MAG-12 (1976),
867.

20) N.Takahashi and J.Harase : Mat. Sci. Forum, 204-206
(1996), 143.

21) Y.Hayakawa and J.A.Szpunar : Acta Metall, 45 (1997),
1285.

22) H.Park, D.Y.Kim, N.M.Hwang, Y.C.Joo, C.H.Han
and J.K.Kim : J. Appl. Phys., 95 (2004), 5515.

23) T.Kubota, M.Fujikura and Y.Ushigami : J. Mag. Mag.
Mat., 215-216 (2000), 69.

24) J.E.May and D.Turnbull : Trans. AIME, 212 (1958),
769

25) FAREZE gk, 53 (1967), 1007 .

26) TARYIG, BERE— - HASIEYA 258, 38 (1974), 708.

27) HORVEER, Voikls, AR HASIR 268, 43 (1979),
175.

28) HURTVEER, Voikls, AR H AR A28, 44 (1980),
419.

TrARE A @ BULE 50 (2010),

HREMEERIFRD 25—

29) P Horky and P Pacl : J. Mag. Mag. Mat., 41 (1984), 14

30) /IVEAEE, PYBF  $k &8 71 (1985), S1220.

31) Y.Ushigami, F.Kurosawa, H.Masui, Y.Suga and
N.Takahashi : Mat. Sci. Forum, 204-206 (1996), 593.
32) Y.Ushigami, K.Murakami and T.Kubota : The fourth
Int. Conf. on Recrystallization and Related Phenomena,

the Japan Institute of Metals, (1999), 559.

33) FFMIESR = $kL 5, 70 (1984), 2033.

34) C.G.Dunn : Acta Metall, 2 (1954), 173.

35) HHRARSE, dbks—, Prfi « Sk, 54 (1968), 162.

36) D.Dorner, S.Zaefferer and D.Raabe : Acta Mater., 55
(2007), 2519.

37) M.Matsuo : ISIJ Int., 29 (1989), 809.

38) M.Matsuo, T.Sakai and Y.Suga : Met. Trans A, 17
(1986), 1313.

39) Bu[ECAE, /N, PMIEDR, MUKTTHE: H A SIR A 20,
44 (1980), 84.

40) T.Kubota, K.Kuroki, Y.Matsuo and N.Takahashim :
Mater. Sci. Forum, 204-206 (1996), 539.

41) T.Kataoka, H.Atsumi, M.Yasuda, N.Morishige and
K.Murakami : ISIJ Int., 61 (2021), 960.

42) M. Tanino, M. Matsuo, T, Shindo, T Sakai and F. Matsumoto:
Proc. the 6th Int. Conf. on Textures of Materials ICOTOM-6),
ISIJ, (1981), 928.

43) BRG], AR, PRBRRAE, RSROHE =K © $hl i,
70 (1984), 2042.

44) M.Yasuda, T Kataoka, Y.Ushigami, K.Murakami and
K. Ushioda : ISIJ Int., 58 (2018), 1893.

45) Y.Ushigami, T.Kubota and K.Murakami : Proc. the
12th Int. Conf. on Textures of Materials ICOTOM-12),
NRC Research Press, (1999), 981.

46) “IAPFRAT - Sz 5T, 4 (1999), 15.

(2022411 A 22 H321)

| 153




