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Studies on the Cold Rolling and Recrystallization Textures in Single
Crystals of 3 % Silicon Iron Having a <110> Rolling Direction

Osamu HasHMOTO, Nobuo Ouasui, and Katsumi FujimoTo

Synopsis:

Single crystals of 3 95 silicon iron with a common axis of [110] parallel to the rolling direction and
with rolling planes rotated about this axis from (001) plane through angles, 4, equal to 0, 13, 22,
28, 35, 43, 55, 64, 78, and 90 degrees, were cold rolled by 60 and 809 and subsequently annealed.

After cold rolling, the initial orientations of the crystals of 0°<#<55° are macroscopically mainta-
ined and the orientations of the crystals of 64°<<#<90° are rotated into (111)[110]~[112]. The
feature of texture, the dislocation configuration and the hardness of cold rolled crystal can be explain-
ed semiquantitatively in terms of calculated shear and/or rotation components of the tensors of the
displacement gradients.

Primary recrystallization at 600°C initiates earlier and proceeds more rapidly in a crystal as its
initial orientation @ is approaching towards 90°. The crystals of 0°<#<28° hardly recrystallize up
to 1100°C and large grains having a few restricted rotational orientation relationships with cold
rolled matrixes grow at the edge parts of specimens annealed at 1200°C. On the other hand, the
crystals of (1) 35°<A<55° and (2) 64°<H<90° recrystallize into the textures of (1) {011} <100} or
{011} (211> and (2) {111} {uvw) preferred orientations, respectively, after annealing at 600°C.

(Received Aug. 28, 1970)
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Table 1. Chemical composition of crystal (wt 25).
c s [ Mn P | s Cu Ni Al N o)
0:003 3-01 i <001 0001 0001 <0-001 003 0-005 0°003 0-002

6=0°: (001)[170]
Photo. 1.

6 =28°:(338)(170]
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Profiles of transverse side-edge sections of crystals cold rolled 602;.
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Fig. 1. Dependence of hardness of heavily cold

rolled crystals on the initial orientation.
RD denotes hardness measured in long--"!
itudinal cross sections, and TD in trans-
verse cross sections.
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Table 2. Cold rolling textures in the central regions of crystals.
Initial orientation Cold rolli?‘i)reduction Cold rolling texture*
0°<O<43° : (001)~(223)[110] 60 Initial orientations are maintained
pes - o S =
" 0 oy
: ) o
: (o=, 0o

* {111}<112~10°> for example stands for the texture in which a <11Z> direction rotates about the rolling plane normal {1l1* from

the rolling direction by 10°.
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Fig. 2. Repres:ntative (110) pole figures for the central regions of crystals cold rolled 609
Marks X give the initial orientations.
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Photo. 2. Representative electron transmission micrographs and diffraction patterns for the substructures
in the central regions of crystals cold rolled 60%.

The foil surface is parallel to the rolling

plane.
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Fig. 3. Isothermal recrystallization curves for ten crystals, cold

rolled 60% and annealed at 600°C.
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(c) 6=78°:(331)[170]
Photo. 3. Microstructures in the longitudinal cross sections of three crystals of #=43°, 55° and 78°
after completion of primary recrystallization.

380 7=Initial orientation ety (C=0-0119, S=0'0089, N-=

— 55 4 0-0029%, Si=3-49) 7 B4 L7 Bkt Sic o

— 64 .l\\ WTOEBRBERDERT. Z 0 35° i

g L an (011)<100) SBOTFAEASEID BN, %7 43°
$ NSNS BT C OB OERASIERICHR. [
SR 5 NN NG E8 2 Bl o7 17Cr SIMEES (A%
3 ER N \\‘\~Q ~= BEHD) O 35° 351X 55° SO — WS,
> RN N A Bt N e ot MBI S T OO FHR BB
RN | ] ] 71,1 55° S (021)¢312) FHroAl

Ne—— T % DY, i 80% WIEHOEETHERIC D -

e e R—— DER DN ERSTD e, 64° B
ol——a—L— L =L L 3000 ogmmc, xx 780 x o0
pecd o5 1 2 4 8 15 30 &0 fafabx {(111}KUH~I0) DL e 2T

Annealing time (min)

Fig. 4. Change in hardness of unrecrystallized (recovered)
matrixes in the crystals shown in Fig. 3 during

annealing at 600°C,

e Side-edge of specimen)

e

i F

Rolling direction

Photo. 4. Macroscopic structure on the rolling
surface of the crystal of §=28°, cold rolled
60% and annealed at 1200°C for lhr.

Erh.oofase (10 EERT Fig. 71CRT. ©
T 3° MO B RR AIEE L L D ES5ES
ZHERLEDTHEFEYTHO/-DT, NTHEL-AR

WHAHs, 90° fERDIT S BSHMKE .
(9) 55°< 0 oGO EMIARIERIC
17 5 TERERT VX, Photo. SITRT X 5K
FREAIFIEZ B DTV HHAEERIC E b
HEnBRARSHEINS. COmMEDOFMNEHRY
WBHHZOWTHRIE L2, TOFERE< MY v 2 2T
WTRINLDRA OERMWGEESHEIC ST 5E

Axis of
.g rotation
> 10
s T Eg----<123>
%' &I EA----<nzs>
& 6F C3-—-<to>
g af ‘ .
s 2 ]
L
‘g o : by | ‘
2
=z 10 S0 S5 100

Angle of rotation (degree)

. Histogram of the angle of rotation between

&2
o
o

recrystallized grains and cold rolled (and
recovered) matrixes in the crystals of 0°<
§<28°, cold rolled 602 and annealed at
1200°C for 1 hr.

— 62 —



.../

110Y B EIE S FIC FiT7 3 % HEAHESROBEEL S XU HRERE S HER 1161

Number of recrystallized grain

5(6)/5(6)mex—=0 02 04 06 OB 10

12

Number of {110}<lll> slip system

Fig. 6. (Above) : Number of recrystallized grains
having orientations of rotation relationships
about (110> axes with cold rolled (and
recoverd) matrixes (Specimens are the same
as in Fig. 3).

vs. $(6) /S(0) max ratio for the S(8)value
of the {110}{111) slip system normal to
each (110> rotation axis.

(Below) : Number of {110}{111} slip sys-

tems described above, vs, S(8)/(6) max ratio.
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(e) 8=78: (331)[170]

and {111}{112, respectively. The figure for §=35° is obtained on the crystal of another

melted in air.
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Fig. 8. Coordinate systems. XYZ denotes specimen
(rolling) coordinates, and xpz crystal (unit
cell) coordinates.

X T 0 <55° DFEFATIE 80% WIEHE DAL AL A5 HE
XN TV 50T 2 OWIEERRE £ TEFRITRIFIAAL
BT @SR T 5 &EX bR £2TC, EDOT
N RLERYECHBRE—E L, ELFHEOEEL,
5L —Do0kERTIXFig. 9To S@) EORRKDSDHRIH
01 BVWHDFETOTNDFRELE (2x) BELhLho
SO EDHMPIAE I HEILTHEBT DL RE
3% &, ND a0 BHERDICHEOTHEET~ER
F&kl: LToME yz(@) EHRERE Rrz@)
i (3) XX (4) XX SILERbES.

- é’;{;)’YZ(ﬂ) 'S(ﬁ)}p/é‘;{lezz(ﬂ) S},
v (3)

I'yz(®

S (8)-value

(f) 8=90: (110)[170]
Fig. 7. (110) pole figures for the central regions of primary recrystallized crystal of 35°<<#<C90°, cold rolled
602, and annealed at 600°C. Marks ll, A and @ give the orientations {011}{100), {111}<110)
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WTFNHEL, FREREORSELIZNIEEE LR
W, Zhix Fig. 9icx 3¢ TD %o S@) {EH RDE
CHERTELIKRENL DT, BEMET N BATEE
THIESARICHNRER R Z I X550V, £D7
DIERREOERIIS HERI Vx0T AR LB

DEEILND. ZOHE 64° T RD %3 —5
EBT 2 EMBH Y, T4 90° 5T TD Zoi
TRHLHHBX ZEEET R I R50T,
THRLFAEERICIEPTE 4 U (35 90° f# 5 TS IERR
REO—ERCTP SR E DTV B), —F 78° EHT
BEHTND FTB TD ROHTLID FHREASE W
DHMEERIESH IR I B EZZIONS. ZORDBEE
EDEHHEV (T2 & 21860%) & XV Z 5SRO EE
BRI DM, WERPIAEL LD (o & 21380%)
& 64° 2 90° H G TIREESDSIWTRZ DAL,
78° fEan TW EEstho b {(1113112)~110) To%
ERBRKEL LD -DFEEINEEAEE Db D LAE
RcEs.
DERBMERA 2T D &, 0<28° DEEEHITW
THLAE B IEERILT 52 S EEAEIER TR hic
<, 0=0° fERITHET 2% OB RO-DLHELIL

TWhb. ZhiHl 35°< 6 DRI VWTFhi 600°C
THEHERSERIS. ZogEFig. 3IRLA-L S5

REVEESE TR DR ETT 2 M8RBCRE /N
FWZ EiEETRE, COBERERLRORKEEE
DEX VDL ULAZOBFEREOZIGERL TS &
E2bhb. —HEGEEE (Fig. 1) 2h5%, 55° &
fal 60% BEH hTh oL DIV, FTOFRESEC
NEXDORKELTHEOENEDHAF XD IBLL,
POFEESRAMEV. F7z 55° R TIE, B TR
DR 31F 2 kA7 Fhr5 3 (Photo. 2 (b)) x5
PERA S IEEAERE (Fig. 2 (¢)) ByERIox
ETHRVEGERITVWBDIIHL, 64°<8 D
fEem TIWIIC X v EXRPA BAERESHFZ D £ D725
SHEDBEHITAEL LoT w3 (Fig.2(d), (e), ().
oD &y, —KEmESHROEHA 2R T
PHREGHNORED L2 T ISR EFEED LREL 25
LTwW3, stz R efkoFEmie STl s ry—
DOEMEVS XS HRBEREEMTEIFE ST ST, X
RN BERF O THABOEELTDOIDIT X >TH
HENhTWBZ EEFRBELTWAS.

TOFERT 0 <28° Off KIS EMEBOR S EH—T
SO ULrbEMITELT< MY v 2 2DEEERK{LIFRV
(Fig. 4) =B PRKI P EES LIt v
Zz2bh, Thick LBIEI X 5B k% 5
REVWHEKFIED»SEEBEMIC X DI UDTH L Rn
BT D LB TITD. itk Dunn 5 i1 (110)
//RD ZRFNOEKEOFH BT OWT RO ERZ TV,
2120 110) g b ) DREBHER BT R D FOEES
CannN'® & FLHE ST EELTWS. LELE
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EBRCELNIWL 250 (110) mEEkE, U {112}
FRYEHESL B ETIUELN SR WT LD ERIE
LI P2 tEZONE3DENDTHD, Fod
LI EEoEIRDicESLbDLTHE, FF
FlogERoE4s RD T TD RO+ FREFEEFITE
R rEZzRIENRGT, WThHBHEBEETHS. Th
HORVIERS IR > SRAERE L 2D OO THER
DRICETAEMARVBVIIRBETHED T &, AL
NEOENE “RELE WTHH LAIEELLTNE
ERX b TWS 110) b D 25° [ExiTE
WERD S DRSO EREZDBE, FELLTN

COBEEREOFMNFig. 50X SICEEINS IR

7w, L L Fig. 6 ItiRLiz Xk Hie, SO EBKE
W {110} FRYTEiIRRELEO b b OEiREREZ D
HOMEPDIT EVE, b ULEEROTDHNRELELT
BE AR OEHIC LTI 2k ET D L ZOBRD
Fhik dOWS RSN LA REERHHDT, Zhb
OBEEAHOS TR D BEBORFED T D ROME
FHEEDELTRAE L EEZ D ENTES. nkHM
L0 0 =0° SRCEATIERER GO0 2HD
Fig. 7) oW b RRSRIRASTHETIX 25D 55 ?

S Xz 35°< 6 <55° DfEGICOWVWTHE, 35°<8 @
ET SO i (Fig. 9) »FHLIKREL LS (21D)
[I11] i @2DI $XVFEATHE, WERIT
LBk DRDOMSLICIER) L7 RS 227
g, £ MY v 22 LERLH [0IT] &
7ovx [I01] oo Eb v OEEEE £ L, {011}100) JHhL
EWER R S ORSTERK SN S A REESH 5. kL
ZiF 55° &SI (OID[211] F7/4p (10D [I21] 5
£r% b oWy OREBTRIN S, AFLOECHEE
SELWEE GrEPo 250 Fig. 16) iz Z 0B ~D
FLUTHEMEOER (Fig. 7 (0)) wd THIGEWIRIEE
s, {021} BIDHA~DERML L, £ DRREED
HBHTERTHEINS. EHITIOXSLHME DO
25+ 25ND #hoo Eb v icEizd 5 LiEiE {0113{100) Bt
(b BVITFRIGEWERD L bh%, FEK 35° & 55°
2RO EESESHERIC 2 DO FRA~DERNEEIR
HENDL0LH Y, LKA EHOEEITIEEL
{011}100> HREMSERENBFADENZ LR EHESh
5. ZOTEXDWCTIRFIBDTHRT 5.

55°< @ DFESHOBRES T, <111) §#h//ND %5
RO EIEMEARTL O (111 #ho Fh D [@is LA
DOFEERR % L HEE . —HF TN OO MOGE
R IOFERESHER (Fig. 2% XUFig. 7) 3wt
HEEmMTFIT (1) @ORES»E DRV, L

DT LROFMBIROBERESRNIIH T L SRFEEL,
£ E LTBREAVBEET L RSP »22) D
HzDhDTHA5. bbHAMERROKILEEE
L IhODBE/KEMORER EOTHRMEEHTS
5. LEdrlkhho kBTHEINAE (L) WEbho
13°, 22°, 28° [al#zBEMRIE, MR EICET 5 coinci-
dence lattice site IRFRIC & > THFILEHRO—2>ThH
A,

DLE#$BET 5 E, —RBEEMESHBROEERT S
X O OEREY, BROMESDHIERD 5\ ITEBEHR
ELXrrioTbbbAARERZT 52, ERECi
B~ MY v & ADOBIBHIIHEERNE & T ORITHBIL
TRglcER SN s “EEMEE OBEESH, TL
CTEHEPEERING E< MY v 7 20FEFBROLOT X
KIXDOTEED T EMHEATED.

5. #& Eo]

(1) BERA OIEMHOMERAKL, EMHO 0 =
0° HERERTIEPRVTROEK LD, 55° fif
ETEORPEN—IRICHERT 523, 64°< 0 ORKdLT
ey 5.

(2) 609%IERRK OWEEVY, BAKED 0° fEad b
BEED 55° &R ETALRT L, 64° gRTIiEb
FHETFL, 78° #GETH/MEE eokdb e 90°
TR SFFo N2 bHT 5. 80% ¥iEigl: 78° fEanHs
R E & 75 B DMbOREE TR & A ZE A v

(3)  0<55° DREEITHIEH S ERIICIET OFL
BEDLEVD, I BRFVLOIEEHHBKRLLD.
64°< 8 ofEETIREESRL ), {111}1I0~112)
HRIANEEH»S. BHEERMS 60% & 80% LTRWTh
OFs T D EAMBITIEARR R

(4) 60%BIER S O FEMARLIC 31T HERATIFIZ, 0
<857 D CId FERE A TR IZE L CHRIY I A R EES)
LEFEIRAE » FHEATH DL, 43°<0 OFEMT
e S R DEHTIRE v PASRLBUDLDES
55 R TRAL B, YA DITRERNEL &
BENEL D e —

(5) DLofRZIZLTEMCOVT, WD
DTV FROEBHRFEE L/ & ST SN HEROZE
RrE)ER T v P VD H D\ EHERR S & 6 DR B
EER{TIL DT,

(6) —WFIHEGIDSILARIC 3517 5 BRI ELNDS
KEVHOT b BAMHRD 0 R E N DDELES
AT DA LTHSA V. L LEEROREIIeT
XPIEFELT L DB EEEOIERF & 13— L.
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1166 & ¢ W

w7 & (97) 75

(7) 0<28° ORI EEOMBHEESE— 7
B, PRIBERTHEERITEZ it v, 1200°C
Begtic X R ic O AR GERSER E RS, T
NOHOEFRIIEE (EE) < FY v o xico (110),
112} 3 B 123) @RI GRICH D, £DE»ThH
e (110) fliEd Dic 20~30° BEiEL7= b DS\,

(8) 35°< @ <55° T, (0113211 BB\
b {011}K100>, FH L ExihbitiEVWAROTFREAE
EHELE L BB E . TS O RIS ER IS
FED {21} TROFAEHT 5 L X OTHERE
ENDH T EATRINLL, FRAMEFIERIDT 5.

(9) 55°< 0 OFfEEHOTERMESHBITI—ICHE
AR L TEFFRICARTE & T/ {111} mEOERHIE
VWA, BRSO TEMEEC T (RER) «E
B 11 §iga S OREIERRO L » LoD Eb h o
BEORERSAIE D OBEEGNSE< RniEh, Zh
SOV DEFELEFEENKEPDORDLEELLNS.
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