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Effects of Cold Rolling Reduction on Secondary Recrystallization of Fe-3%Si Alloy

Tukahide SHIMAZU, Satoshi ARAL, Tomohiko SAKAl and Harushige TSUBAKINO

Synopsis : The principal subjects discussed in this paper are the effects of cold rolling reduction on secondary recrystallization and magnetic properties

of Fe-3%Si alloy. One-stage cold rolling process, which is known as a production method of high permeability grain-oriented silicon steel

containing AIN precipitates, induced very unstable secondary recrystallization with too high cold reduction above 87 %. Sharp deterioration

of magnetic properties because of high reduction is related to the presence of fine grains, which mean poorly oriented grains deviating widely

from the {110}{001) grains. This incomplete secondary recrystallization is supposed to be caused by the steps as follows:The higher cold

rolling reduction causes the weaker {110}{001) orientation in primary recrystallized texture, and the secondary recrystallization temperature

increases. The surface grains coarsen prior to secondary recrystallization. The larger surface grains, which are poorly oriented, consume the

subsurface grains of the {110}(001) nuclei. Therefore the more fine grains were observed in the finally annealed structure with the higher re-

duction.

The two-stage cold rolling process was studied to clarify the effects of the first and second cold rolling reduction on secondary recrystal-

lization. The second cold rolling affected magnetic properties rather than the first cold rolling in the two-stage cold rolling process.

Key words : Fe-3%$i; grain-oriented silicon steel; crystal structure; cold rolling; secondary recrystallization; texture; MnS; AIN.
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Table 1. Chemical composition of the steel (mass%).
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Two-stage cold rolling
process

One-stage cold rolling
process

Hot band
Thickness: 2. 20mm
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‘Thickness:l. 60~5. 45mm

1st cold rolling
* Reduction: 7-85%

High temperature High temperature
anneal anneal
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2nd cold rolling
¢ Reduction:73-90%

Cold rollin,
¢ Reduction:83-91%

Decarburizing anneal
¢ 1113KX 240s

Decarburizing anneal
¢ 1113KX 240s

Final anneal
Heating rate:50K/h
1473KX 20h

Final anneal
Heating rate:50K/h
1473KX 20h

Fig. 1. Processing conditions of laboratory test.
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Fig. 2. Effect of cold rolling reduction on core loss Wis0
(a) and magnetic flux density B, (b).
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Fig. 3. Macrostructures of finally annealed
specimens. Cold rolling reduction: (a)
84.1%; (b) 87.3%; (c) 90.0%.

Fig. 4. {100} pole figures at a depth of 17% thick-
ness in decarburizing annealed specimens.
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Fig. 5. Microstructures showing grain growth during secondary recrystallization at the heating stage of final anneal. Cold rolling

reduction: (a-1)~(a-6) 85.5%; (b-1)~(b-6) 87.3%: (c-1)~(c-6) 88.9%:; (d-1)~(d-6) 90.0%.
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Macrostructures of finally annealed
specimens of 0.23mm thickness.
The 1st—2nd cold rolling reduction:
(a) 0%—89.5%; (b) 22.3%—86.5%;
(c) 34.9%—83.9%.

Fig. 8. Microstructures of specimens annealed at
1373K. The Ist cold rolling reduction: (a)
0%, (b) 22.3%; (c) 34.9%.
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Fig. 9. Texture gradient in specimens anealed at 1373K.
The 1st cold rolling reduction: (a) 0%; (b) 34.9%.
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@ {110} <001>, A {111} <112>, < {100} <O11>

Fig. 10. {100} pole figures at a depth of 17% thickness
in specimens annealed at 1373K (a-1, a-2) and
decarburizing annealed specimens (b-1, b-2). The
Ist cold rolling reduction: (a-1) 0%; (a-2) 34.9%.
The 1st—2nd cold rolling reduction: (b-1) 0%—
89.5%; (b-2) 34.9% — 83.9%.
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Fig. 11. Fraction secondary recrystallized as a function of
temperature of specimens withdrawn from the fur-
nace at the heating stage of a final anneal.
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E & A ERHE DB & & 572 (Fig. 3). HEEEO B THI
RARZ ZHEEE LTiE, Table2iZRd & 512, MAELT
TRESSRTARESESRAIZC T T H I EICK- T,
T REAESEROMBIZ BT, REMNSRIEZED 1/6 5
ST TRAEBLRILKEAZILICEHELTVWE EE LN
%, LI, WED /61 X HikiD Goss ik 7 o
= —ERUBIRNICEBRRE T A0 T, K&l
DREERIAKICERHREREREL V6 S L EICETRAL
TLZZIE, Goss HfifiA 44 R THERE &N, Goss
HAALZO BRI — RIS X DRI L 255 56T
b3, kb, ZENOEHNMIE, Fig 4 & Fig.10 DBLR E
i E R OB X2 ST LT, (111(112) i E A
55,

TRERSSEOERT, RRBO/BENESHALT SR
HEFRZBNT, Sl aBHEOY 4 Xk LU0 mIREE
ZRBEB MBS THEL 72, RN -BIREE TO LR
87%, XA AT O BLR BESINR 0.28 mm /B & FHVy, &
25 10um & 40 umEXDONDHE A B L7z, ZO/RE,
Fig 122" ¥, 20~150nm % 4 ZDOKRT A, FKimi»
540 umEX L) TEHRBEE I NH, ZHH S 10umE S
(a) TRERFHEIBIETIZ A 72, TDRD, KiE
TOMHAEMEA D HODT, ZREHBSEIOEBIZE
WTBREROMERALE VB Shy, EFERREL -
LR EN S,

—RENCHR R B &, T REEERIAGEIRINIZRET S0
BP9, RS SERTOBRS I\ T, Mok
MIZE D —XRESSE~ MY v o2 23R EHR S T0h 5
AR T, T REESRAOH 1 O—REESR LD & K
FNWIETHD, 2O RBHEISENBOFIIR LD &M
fEEBMEE LT, EilD @ Goss B ALK DM

55

Fe3%SiAED T REEMHEYIZIE JNITTHEHEOHE

Table 2. Dependency of cold rolling reduction and heating
temperature during a final anneal on grain growth
of the surface grains toward ND.

Cold Surlace grain size ai Neailng iemp., d/4m_ 1/6 ol thickness
reduction 1253K 1303 1323K 1343k 1363K 1373K t/um
85. 5% 13.2 19.7 * * * * 53.3
87.3% 10. 6 16.9 19.5 * * * 46.7
88. 9% 16.4 21.8 26.8 30.8 * * 40.0
90. 0% 10.9 18.2 21.9 26.7 36.3 * 36.7
* : Secondary recrystallized grain
La)
¥
. & H
. .
* e
. L
Sy

Fig. 12. Dispersions of precipitates in decarbrizing an-
nealed specimens in the surface beneath 10 um
(a) and 40 um (b).

(a) (b)

Surface

Surface

. Goss grain Goss grain
o 5' -

Fig. 13. Schematic illustration at the stage just before
onset of secondary recrystallization showing the
potential abnormal grain growth (a) and the po-
tential normal grain growth (b).

AR08 Az (D Goss TR & 89 5 o Rk
EORED 29 5 EOM}ILFMOBKT, £330
20~45 EOBIEAR R E#ER L T3 1330 2 EDE L ik
i, BEINR TS,

AR TR, ZREHEGEE O~Q O L OM#E T, fil
DOFR LD B KEL EBDOPHALATEWL, LU,
AHETOMKREEOEMIZBEL T, WERD ANT R
ERAER OB RES BRELZZEFHOLIILE-72, Z
hE, BAMITFig 131387, Fig.13(a) &, Goss THiKLA
BRIZRE 2B SERTOBRE ToOBmEETH D, AN
Bz awa = —JRIZTEE T 5 Goss i i [d] £ 23 2l A9 12
AERLT, AL RS E THRELZREEZRL
TR L2 - Z DRREN S H &1k, T REESEETH
B A% Goss Ak, B OOk 2 &E L LH
LEFRMIZEFERKEL T, I3y 4 XD
Goss HBiKiA» 5 & 2 TER Eh 5., 7, Figl3(b)d
P D Goss 5 Rk Rl L A M 22 IC Bk 258 T L 72 BFE
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TOWHMEETH B4, ZOAKRL7=Goss Hhikik b &
REHROESNEISHKNITRRE L TH D, T RESS%
Td 5 Goss Fifi ARk aREmAIZEAIhES> &L
TWb, 2D, Goss HAK D REIRM 5 BERK R
AT, REMBOEERKESEZE T, #&EMICH
Imm¥ A ZOMK & % > TELL BEAHESLHILT S,
ARMOFSR A AIL T 2R A, @aiticks s, —
KREHESR AR RICK R AFBT2REN EH L, it
WMOLHECBRERRRNASRKE LR T W Lok b L HiwX
ha,
4.2 —RAAEERE_AAEED_RBHR

—REGHE L ZRGHE L OF T HEE Y & RO GR %
A9 Fig. 61213, —BERFEEkE “BIAEEE OWE DK R
NEENTWD, ZD7¥, Fig 6T, —HIHEEE — [
WHEEE D REEHENR TSI LM TES, —OImit
B (—XREEE%) OBE, BERIHEW,,<1.0Wkg
i3, 2.15mm/E X OB % FH U 72 88% (T HED A K 3D
WIKTHRLO Nz, _HEEHEETIE, FL w,5<1.0 Wkg
Ay, TIRVTHERR 85~87% D& THEMLEIZH LT
5. &7, Fig. 2 D—[AEETIE, 87%WETRE EH
AL THWSE, ZhEDZ EhE, —MAELE,
THHEENThOBATY, BRBEMETO W ER D
85~8T% A HE Ch b, T/, Mmitiks & BRBEMETD
AIEHRIL . 87% A4 5 & " RERSARTH 2K AR
L, 85% RIMDWEETIZ, MKIZRE L 5 VAR E
KT L7,
—RAEFIZONTIE, 0~35%D A A WE T

WEEORKHHY S5, 7=, —RAEEERL -5HE,

—RGEEZE D 30% LU CERBEMRO FLIBIE, BRSS
ML -7z (Fig. 8(c)) A%, ZOMMELLE725F K
B SBEOBARENOREBREY 2 RIZHS 2~ Thdr 5
oo BlLEDZ EA 5, —RGHEE, " RAEIZEIZIT X
FRESIZEEL W EWEEZ LN,

Bk, B ERTAIN 2 5L SR TR, —EIZTOM™
WHE (80% LA L) A%, IEHEZ Goss AL ANDEIRK K
AR T-OORANFEHE AL XN TERLY, Li
L, “ESEETE, ZRWME%EMEIZHE (85~87%)
EATHUE, IEMEZ Goss HALANDRBIRK R G2 E
bNBZENbhotz, EHIIED ALIE, RESNHI
DRAZDFIEENEETH - T, —Bl&H» _EOHLEDM]
BrodDIZid, XEEERBEVWEEZZILND,

5. #E

Mn, S, Al & N % & 3 Fe—3%Si ZL4ER % PV C, —[BlmiE

56

Bl AR T L, RS RIETHIERDR)
RERE L7z, ZOHR, UTOZ ERHL 7,

(1) T REGSBTORERIT, 85~87% DEHIH THEN
RSBSOS, 7% AL B L, MIRARAEL
7z ZREHESTOSRAROMGESZ 2 ST LT, M
KAFA T 3 ERIT, MHES 3 & ZREMS& A E SR
BEREL 50, RESSRAE D oo HRik Lk D &
KIZKBHENC, RREDOFHERAMEKICIEERNEEL, N
Blid 5 _REMSAEAER I NS 2D TH B,

(2) PEROBEET —BERAFEELSC, RiFZRO "OlH
MEHE T & IERE 7% Goss H IO BIRK R EH M1AB o h
7zo ZHIBHEEICBWNTE, —RGEE LD B T RGHER
DOFH, TREFEFITN U TKER 53R E KITT,
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