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Effect of Reduction of Cold Rolling on Secondary Recrystallization of
Grain-oriented Electrical Steel Produced by Single-stage Cold Rolling

Process

Shozaburo NAKASHIMA, Kunihide TAKASHIMA and Jiro HARASE

Synopsis :

Previouly, authors reported the effect of the reduction in cold rolling which is an important factor for
secondary recrystallization of the grain-oriented electrical steel produced by the single-stage cold rolling
process by varying final thickness.

Then, the effect of the reduction was overlapped with that of final thickness. This time, a study has
been made concerning with the effect of the reduction on secondary recrystallization by varying the thick-
ness of hot-bands, i. e, by keeping final thickness in the same level. The following are conclusions.

(1) With the increase in the reduction, at first, the size of the secondary grains gets larger, then, fine
grains begin to appear among large secondary grains, and finally, fine grains occupy all part of the
specimen. 8

This phenomenon is considered to be attributed to the decrease in the nuclei of (110)[001] orientation
accompanied by the increase in the reduction.

(2)With the increase in the reduction, the orientations of secondary grains concentrate on the ideal (110)
{001] orientation.

This phenomenon is considered to be attributed to the increase in the intensity of the X9 coincident
orientation with the ideal (110)[001] orientation in the primary matrix.

Key words : single-stage cold rolling process; electrical steel; grain-oriented Si steel;
reduction ; secondary recrystallization ; primary recrystallization.
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Table 1. Experimental procedures.

(1) Melting : 300 kg vacuum furnace — 50 kg ingots

(2) Slab making : 1 250°CX 60 min— 40 mm( )

(3) Hot rolling : 1350°CX90 min 40 mm(¢)—1.5,2.0, 2.5, 3.0,
4.0,5.0 mm(#)

(4 ) Hot-band annealing : 1 100°C X 120 s— Air cool to 900°C —
100°C water quench

(5) Cold rolling : 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 mm (#) = 0.30 mm ()
Aging : 250°C X 10 min X 5 times (After reduced equivalently in
ratio)

(6 ) Decarburizing annealing : 75vol % Hy+ 25 vol % Na,
Dew point 63°C, 850°C X210 s

(7 ) MgO coating : 95 mass% MgO+5 mass% TiO»

(8) Final annealing : {Heating> 85 vol%Hz+15 vol % Ng,
15°C/h <Soaking> Hy, 1 200°CX20 h

(9) Sizing for SST : — 60 mm( w) X200 mm({)

(10) Stress-relief annealing : 850°C X4 h
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Fig. 2. Average grain sizes of primary grains.
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and for hot-band-annealed specimens.

m (110)C001) vA{111}<112> J{a11}<o11>

Fig. 4.

) B LN <12>EBICEHMIROOND.
ET%88% Tit, {111} <12>EEICFE LM H 5.
ETFZE92.5% Tit, EHMA 11111 <112> 25 {554
<225> O FHA~AT L, 1100} <012> % O HAL A5
mLTwab, %8, ETHESE% OFHEIIoE, ﬂirqﬂ
L3S 80 um EDEEHI D VT {200] N % #I%E
7. ZOBEDOFHIGH OBE I Fig. 6 @iz%é}kieam
LTHY, Fig. 6 OBA I~ (111 <112> A
AR L, 1100} <012> W) Pr sy A A 4 &
nr.

Fig. 7 12, T TX 88% 0iH 0, BlKEESIHZDO &)

o {110}
6 . A {111}
r , \ O {100}
T 5 A/ e A\
Q
3
3
X 4r
=
%0,3 3+
-
=
202 2f
a
'z
0.1 1
{111}
{110}{100} H 1 1 1 1 Il
80 85 88 90 925 94
Reduction of cold rolling (%)
Fig. 5. Pole densities for primary-recrystallized

specimens (1/4 t).

Reduction
92.5%

Reduction

88%

{100y <011>

{200} pole figures for cold-rolled specimens (30-110 um below surface).

— 174 —



— B R R i M B O R R RIS R TROEE 1713

RD RD
Reduction
88%

Reduction
92.5%

Reduction

M (11000017 AV {111K112> OO {1003<012>

Fig. 6. 1200} pole figures for primary-recrystallized specimens (30-110 um below surface).

CeCCEEREEER8E3RAESSS T P T B 29 O FAEE (FRHXTIE 29 ox
moér;?;'ﬁl'gﬁ'%'%“:f FHNESESSESETEE  WHNMEL I LRY) BRT. Coss FHIH T2
J, v E Ic "BRRCHD. ETHE0~9M% NDEMIZONTDH,
150° BiRBESIE DB HOIHTT B I #5HE L 722%, Goss i
OJf 4 9 a5 Ip PRIIFRATH 5 72,
120 —E]~‘20 | Fig. 8 12, BETFHICoWT, BREEED Goss
y st N B % Lo %77F. ETROMMCE bk Io @&
[+
Axis of
Y Q\Qa rotation
B 40t o ND
9 '_g_ = A TD
T w & W 15 o % 5 0 g;f, 20k B R
—o(¥=45")  Y(w=45")« w (¥=0")— R SRR _
Reduction 88% \\‘D\-A_/_.__D_—---D

Fig. 7. Intensities of 29 coincident orientation
with each orientation for primary-recrystallized
specimen (30-110 um below surface).

Reduction 88%
Intensity of 39

=
2 w0
22
(=]
~ )
° g0 2
* S o
.= o =
Gt 3 N
=] = >
=8 80 gz
nE g5
L 2z
H= S 20 i ! 1 1 1
0 5 10 15 20
1 1 L 1 ‘ Angle of rotation from
80 85 88 90 925 | (110)0001) (degree )

Reduction of cold rolling (%)

Fig. 9. Intensities of 29 coincident orienta-

Fig. 8. Intensities of X9 coincident orientation tion with orientations near (110) [001] for
with (110) [001] for primary-recrystallized speci- primary-recrystallized specimens (30-110pm
mens (30-110 pm below surface). below surface).

—175—



1714 X W 877 4 (1991) B10E

BMAT 5.

Fig. 912, HFETHRIZOWT, Goss HEEEFLIHTS
% Ic 27R9. ETEROEINICE b R WE Goss HiL
~NDERBEFERLTWE. Ic ORI, RS
(ND ) 0 i dKRE L, R -CHUEH E (TD )
\DICKEL, REH@H (RD @) B ) 1Kk AS v,
3-4 HEBSAEOY I OAE

Photo. 1 2, fE LBEstitcn <y i+ Ry, ET
HOWIMZ & D B W REESRORZEIIRKRECRD,
HTHESB% THRALED, HETH 0% T—ERICH
MHoN, FETEI2.5% THIKATEML, FTFH 4%
TSR E 2 5.

3-5 ZREHARNDH

Fig. 10 (2, KRB GAL O Goss FHLHm H D4y
BMERT. @8O0 L b KBS 10° LNTH S, E
THEOWMIZE b %V ND 85 X0 TD @ikl ) o5
BT B DERS S b, RD @l ) o5 EIic 0w
Tid, @[ﬁjﬁﬂio ED L.

Reduction of cold rolling

E GOL AXiS of
S rotation
%é /R O ND
o // \
= ©  40F A TD
Z %, N O RD
g 3=
T 5220
N 2w

D Gy

Ay ©

ot

2 60
N
«Q &
®
g o 40r-

Ze
ERR

i

O 4

[

L 60F \
2B
NE
5% 401
S e
o
T e
Ay ©
1 .
0 26 51 7.6 10.1 126
§ § § § § $
25 50 75100 125

Angle of rotation (degree)

(@) 80% (b 85% (c) 88%
d 909% () 92.5% () 94% Fig. 10. Deviations of orientation from (110)
[001] for secondary grains (20 grains for each
Photo. 1. Macrostructures after final annealing. specimen).

— 176 —



— [Bl 5 B EE R — Uy [ P B D —

KRR RIS SHMEREE TROEE

1715

1.9+
18+
S
L LTk
/m
16}
1.5}
L 1 1 1 1 i
80 85 88 90 925 94
Reduction of cold rolling (%)
Fig. 11. Magnetic properties for stress-relief-

annealed specimens.

3-6 SIS

Fig. 11 i, FEAIBEMEOMKERE By ¥ /~"d. B
i, ETEoMMzLEbRwEEL, ETHE% T
BEnY, ZO%, BHIKTT 5.

4. E %

4-1 AEZOESES

BIEARBESI L DR AMBEIBEIC L > TRKEL VO T
(Fig. 3), SEBOELAMBOEVIF L L CGFEET
BILLBbDEEZOLNS, {200) A (Fig 4) 12
BWT, ETEOBIMIE b 2w (2111 <011 >HEEH»
5 {100} <O >EHE~DEFMOBITHRDO OIS,
Bennewirz!? 13, KR EHIC O VT, BT T 30~90%
DHEPHIZB VW TETEROEMIZ L & v, WHKA
(110) [011] A% {554} <225>—1{211} <011 >—1{100}
<011>, M<K >AFEHMIBITT S EHME LT
WA, RERKRE, EREEIZITEUOER ER L
TWwhEnz b,

4-2 —XRBER

— KRR OFIgREE, ETEOIMEVIE
BERMICELT 5 (Fig. 2)1®. ETEROBMIZE b %
v, BRIl SO FRBEAE L, B AL AT
Lzl bEzON%,

Hever 5 43, BERY & F#ICOWT, GHEET
O (70—97.5%) 12 & b &\ — KRB R EAHB
O FEFALAS {1111 < 110 > — [111} < 112 > — {100}
<OR2>DNEWZEALT A L HELTVAD, BHY I,
3mass% Si $IZD>WVT, HHEE TR (50—~87%)

KEbZV—RERHBEGHED EHF LA {1104
<001 >—1{554}<225> 2B LT B L MBEL T b, &K
FEERIC BT AHHEETROBMIZ L b % ) — KB AE
G oA (Fig. 5, Fig. 6) &, Thso#igLid
FEPOEMER LTS E VR D,

4-3 ZXRERES
—IAEEREHM D
—RKER SRR ORES A B L —

EETHA.
REBRIZBWTE, B—F v —I»H5EL 2R

FDA Ty b RHEME L, BEROHREL L E—

TRFAFCTRIE L. BEHRPEHE DO MnS 5 XU AIN

EHEE, RBCX0ELDIEL2513H 575, 13ITH

Hrhhesb (Fig 1). #-T, RERIZBWTH,
{1 ey —RBERIZOVWTIRIFRSZERA LTS
EEZOLNS.

WS OR R EEE 1, Hewerr'® (2 X huid dR/di=
aMo(1/Rer— 1/R * gz/a) (R: iR HA O, t: BFi,
a:EH, M: BEE, o WRTANVEF—, Rer: iEZT
ZZEHBOMRREE, g: WKW A, z: Zener WF) T
RaEns, KEHEGSOBZEHEBR ETAH. —REHS
< Yy 7 AROBEFRFFIFHHEFIEVWEEZLN

kﬁ&mﬁmﬁﬁuvbuv7zﬁ®¥ﬁﬁ&®

_%uﬁtwbnfw5& ZRFEH SO #EFTARI

W T REE SR — KRB s~ b v 7 AR < )

SR KELL S, T, ERXH»S, —KREERD

TREINE CHE, ZREGBEOBRERE IR E
<§D,:ﬁﬁ%mﬂthm§L¢?<&5t¥x6
N5, L2sic, REEBRICBWTIE, FTEROBEME

““%ﬁ%mhﬂ$ﬁﬁ@ﬁ¢é(&b(ﬁgﬂ
k%##b%fﬁT$9M€utf:%ﬁ%mﬁﬂln

1< {HoTWwh (Photo. 1). T Hhix, EFTFE 9%

DT, —RERSROFHREL ) EEGHBROTT A

TREAEBICEVCEEERITTILEERLTYS

JE T 80~88% D&EiPHIZ BT A, TR &
b7 S TREEBRRMORZEOA (Photo. 1), BELW

JETHE90~94% O&FICBITAH, ETEOMWINZE D

) MR OBEME, ETROBIMIE S %) — KRB

< b)Yy 2o {110} L (Fig. 5) L DEET

ROELHIZEZIOND, Thbb, {110] WEEH/NES

WIBEICIE Goss b v ERET IE, — KBRS

< bV oy 2 AFD Goss HEDORWAIC L ) REAEMBALO

ﬂ@éﬁ"%jﬁb RWT Goss EOMITENARLET HITW
CRERESR DI B bDLEZLONS,
7L, RS SRL & WKL & AYIRAE T A #IE (Photo.

KEAESIZE, A ey —,
REHE G D A MRS

— 177 —



1716 % o W

5 77 £ (1991) £ 10 %

1(d) (e)) B 5 RSB ORI, MO LW
%4 (Photo. 1(¢)) DRFELD L LABILTED,
COX) RERMEBIIB )L REEMERIICOWT
i, SHROFMEREIVUETH 5.

TURBHE RIS B VT Goss HLOMBARIIKIRE T %
DI, —KF#HEE< MY v 2 AFICBWT Goss HTIC
WA Ie b k& v (Fig. 7) S LiC& 5" L Hifg
b,

HETHEOBIMIZ L b %) KBRS OB Goss 77
L~OEHE O K (Fig. 10) &, ETFHROMIM &
) —KEHST M) v 2 AFICBITAHME Goss
VAZKES B Io DK (Fig. 8) BX U Ie @ Goss Jiiv
~NDOEBEOHKA (Fig. 9) KL LM BT
Ic D438k (Fig. 9) & RMH RO BH 798 (Fig. 10)
b4 5 L, ND #iB L0 TD #E[ 0 ic>W»Tid,
FIHTEPOMIE/RL TV, RD #E D 2o WT
X, Ic OGFZHEH/NEVIZS 2 2b 63, TR
bR O F A EG TD him ) & ES%SH» & L%j(é Wy,

RERE AL ORI E RS OBSIEEEE LT
Goss MO mIZAL s, TREHHONLEELLT
HIEF AL OB SN D & v ) SEOEBRRRIZE

%%&Wﬁ%t~ﬁ7é.:n%uﬁ#%iimﬁﬁu
DWT, §HOBEEFL 2T E R v,
B, REERIZEWTIE, /K%*uﬂu%/ﬁ\?ﬁﬂ% 22w

THIEX 1/4 BIEH L CHAEL 2. Bals LU=

SKIE SRR O 80 um BLakEHE, SBEHEX 1/2 0

53% (MY L, Goss HAEHIR' B XU Goss KICH

RENBNEVEY » 72 bERAEL, 2RBTYE

ERERTEDLF 2. K0 IEML TRERMEB O

RO IHEF N EME S L OREAFEE L, &
T A 4% OB RE SRS NS,

4-4 BTSN
FETH 88% F CHOIETHOMWIZ L b & omim&
omE (Fig. 11) &, EFTHEOHMCIE L 4 ) R

umh@ND%kiUTD%UDk@T%%WGms
Fh~DEFEENIE KA (Fig. 10) LB EFEZHNL.
WALESETH A [001]'® HREALH 1 Td 5 H AL )7 1A
POFND EBERERRTT 5. ETE W% 25
94% 127V T DRHTEHE O 28 % 15 T 12 Goss Jhr &
B A EMOMRIDREIZILIALDTHD.

5 &

— ERF R — P ERESI > W T, R EE —

toHE (Iy) BEG Ie & Iy ok (Pew)'® 22wt b@RAE L
A, ISk UK SBAEEL LRI L olicix, B
BB R e h o,

nnf

L, 80~ m%mﬁﬁubu% FTREETHEO K
%WL& WEERNEL, ROKHREEL-.

(1 )I—T$®i§mk &b IR AR O RLEEATA
ELRD, RWT Goss HLL i3 R % H {7 O MR
&L#b AR AR & 24, Zhid, TTF%
DEEIZ & D7) —KREHEH~ MY » 7 2P D Goss
DWPICELBLDEEZ NS,

(2)ETHEOHIMICE b Ik % B < R
FLIZBRAE Goss HI~NDEHE L EH A, “hik, T
KOBMZE b v, —KBHE~< MY v 7 2 CBA
Goss K& X9 OB H BRI H B AT %
WX BLDEEZ NS,

(3)—kREE&~ M) v 2 20 X9 5ieT5 e
DI EE RSO L, ND @b X O TD #
| T EB oM E/R L, RD @ol) cix 29 xtish
LR D FEUC K B _RTKER T RLO D T AT &
vy,

(4)ETEROBIMIZE b %
L HESHEBLILO L
X,

29 — R SR D RIEEEAL
KA RITT K

X [

1) HEEL

2 ) N. P. Goss: U. S. Patent No. 1, 965, 559 (1934)

3 ) R. M. BozorTH: Trans. ASM, 23 (1935), p. 1107

4 ) J. E. MAY and D. TURNBULL: Trans. Metall. Soc. AIME,
212 (1958), p. 769

5) C. G. DUNN: Acta. Metall., 1 (1953), p. 163

6) HIO 1§, W& W8, WESAE: $FAEE 40-15644

7) PEIEZRMR, BKRREAR, WIEERSE, HIEEGRE: FHE
58-217830

8) B ER, iHK 5E,
(1990), p. 381

9 ) D. RUER, A. VADON and B. BARO: Texture of Crystallite
Solids, 3 (1979), p. 245

10) &K 55, EBITHE: HEEBaiE, 53 (1989),
p. 571

11) D. G. BRANDON, B. RALPH, S. RANGANATHAN and M. S.
WALD: Acta. Metall., 12 (1964), p. 813

12) J. BENNEWITZ: Arch. Eisenhiittenwes., 33 (1962), p. 393

13) L. W. Eastwoop, A. E. Bousu and C. T. Eppy: Trans.
AIME, 117 (1935), p. 246

14) R. H. HEYER, D. E. McCaBE and J. A. ELIAs: Flat Rolled
Products, I, ed. by E. W. EARHART (1962), p. 29
[Interscience Pubhshers]

15) WA WERFLFIAARL (1981)

16) M. HILLERT: Acta. Metall 13 (1965), p. 227

17) BB, #Kk 3t SBRE: HAREEFSEE, 52
(1988), p. 259

18) K. HonDA and S. Kaya: Sci. Rept. Tohoku Univ., 15
(1926), p. 721

HAREEFESW|, 18 (1979), p.8

EAIEE: HASE Y 2EE, 54

— 178 —



