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Formation of Cold-Rolled Texture and Recrystallized Texture in

Single Crystals of 3% Silicon Iron
Part 1 Cold-Relled Texture

Tadami TAORA, Ei-ichi FURUBAYASHI and Shin TAKEUGHI

Synopsis:

Systematic studies were carried out on the formation of rolled textures in 3% Si-Fe single crystals
with a number of preselected orientations. The rolled textures were determined by the X-ray pole
figure method at successive stages of rolling, and the operating slip systems were determined by obser-
vation of slip bands on the rolling, side and front surfaces. Among all the crystals used, those in
{100} <011}, {111}<211) and {112}<110) orientations maintained their initial orientation almost unchanged
during rolling, while the others changed their orientation towards any one or two of the three with
increasing reduction by rolling.

To describe the results comprehensively, the crystals were classified into three, i.e., the first series.
consists of those crystals with a common {100} plane parallel to the rolling plane, the second series.
with a common (011} direction parallel to the transverse direction and the third series with a common
{011} direction parallel to the rolling direction. In the first series, the crystals rotated around the normal
of the rolling plane {001} towards the {001}<110) orientation with increasing reduction. In the second
series, the crystals oriented between {011}<100) and {211}(111) rotated around the transverse 011>
direction towards {111}{211) and those between {211}<111} and {100}<011) rotated towards {100} 011>,
While, all the crystals of the third series maintained their inital orientations almost unchanged during
rolling.

The way by which the crystals change their orientations with reduction was semiquantitatively ex-
plained by geometrical considerations of the actually operating slip systems having large Schmid factors.
for compression and tension, taking account of change of their factors with rotation of the crystal.
According to the geometrical calculation, the {211}{011} orientation has been proved to be uncondi-
tionally stable for rolling, while the {100}<011) and {111} {211} orientations can not be stable unless some
restrictions are imposed on the operation of slip systems.

(Received 4 Nov. 1967)
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BRI EEReEE L 0L, &kEhTl150°C Table 1. Chemical compositions (wt%)
FETIHEI N THrHEHE Shic. HEob %4 Ek _ )
e . = . Specimen Si C Mn P S
Table 11z, W& B O, RO, FESE
#:4x Table 2 T Polycrystalline strip| 2:80 {0017 | 0-04 [0°015 [0-014
2-2 FEIEAHEK Single crystal 2-68 [0-001 [0-035 [0-005 [0-002
BEGOREFMCHCmE 22 x Fie—5 R EE
Table 2. Initial orientations of crystals and their rolling procedures.
Series and|Initial orientation Rolling condition Strip size
M * L3 3
specimen | 0%, ¢** (deg) |p cduction | Number | Thickness [Width (mm) or its Symbol
(%) of pass (mm) widening (%)
0-86 273 mm
24 1 0-65 0:02,
51 2 0-42 +2:99; D <]
75 6 0-205 +4:09%
SI-77 (001) [100] 86 10 0-115 +5429
2° 3° 95 25 0-043 +6:6%
50 8 0-42 +1-8%
65 15 0-29 +1-82%
76 21 0-19 +2-9%
85 29 0-12 +-7:0%
0-78 18:0 mm
SI-33 (001) [410] 29 2 0+556 +2-29,
2° 2° 60 4 030 +1-19
’ 73 6 019 —-0-59%
0-73 291 mm
SI-37 01 1ol 29 2 0525 | - +0-0%
74 8 0-19 +2:19 O
0-69 170 mm
(oo1y [110] 25 1 0-51 +0-09,
SI-109 1°° 30 56 2 0-32 +1-29,
’ 75 4 0-182 +5-39,
' 0:8 30 mm
SI-232 (001) [110] 74 8 0-21 —
' 0-765 97-2 mm
SI-107 (015) ([1o0] 47 2 0-403 +1-49
3-5° 4° 74 7 0-203 +4-49,
77 9 0-116 +5-99,
0-90 206 mm
sros4 | (104 [401] 924 1 0-68 +2-99,
1-5¢ 2-5° 55 4 0-40 +5°39
76 8 .0-22 . +6'8%
0-75 275 mm
(011) [100] 25 1 0-565 —0-49 ,
S11-108 30" 5-59 58 5 0-32 +0°6% ED [
75 10 0-18 +3:69
0-603 267 mm
(011) [1007 47 2 0-32 +0°'79,
$11-23 90" 9o 71 10 0-175 1612
86 25 0-087 +11:69;,
) (011) [100] 0-62 31'0 mm
SH-31 6o 20 82 1 0-57 £0°0%
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Series and |Initial orientation Rolling condition Strip size
i 6%, o** (d -
s;;lel;:rxnrrll)zr; ¢ (deg) Reduction | Number | Thickness [Width ( mm) or its Symbol
(%) of pass (mm) widening (%)
011) [100] 048 18-3 mm
11-2 ( |
SI-29 3-5° .50 21 2 038 +3-19
0:62 30 mm
sirss | (O30 1300 32 1 0-42 —
58 3 0-26 —
: (011) [100] 062 970 mm
SI-37 9o” 30 71 7 0183 +2-6%
' 0-87 28 1 mm
31 2 0-60 049,
SII-104 | (233) [311] 52 4 0-42 +0°7%,
6° 250 73 9 023 +4-3%,
79 13 0194 +6°12,
0:85 292 mm
SI-214 ((2)?'?)2, [gu] 42 3 0°50 +1-79
60 6 0-34 +4-19,
3 (11 [211] 0-85 28-3 mm
SIF102 1 %5 50 “Tgo 74 8 0-23 +3-205 ® @
__ 0-83 283 mm ;
SII-302 %]_}))O [2})})] 9 1 0-76 10-025
72 9 0-23 4599,
081 985 mm
si-304 | (322 [233] 9 1 074 4039
74 8 0-24 +7-0%
083 281 mm
17 1 0°685 +0-79;
su-303 | (230 [ 37 2 0-52 +1+49 V @ @
57 4 036 +26%
75 7 0-21 +4-62,
0-75 20-0mm
SII-112 (5“) E?E’Js] 929 1 0-58 +0-99%
72 7 0-21 +8-49
079 287 mm
10 1 0-69 +0°0%
SII-111 (025) [100] 48 3 0-40 +0°7%
30" 7-50 73 8 0-21 +4-59
77 10 0-175 +5°9%
. (211) [011] 0-91 291 mm
SHIZZIS | Mge” “7e7 78 9 0-20 379 D @
- _ 0-86 290 mm
SIII-210 (‘;3,) [gg.-ﬂ 55 4 0-41 —
74 8 0-22 +6°29% D %
om o ] 0-69 29-2 mm
: 1 11] 1 0-648 +2-8%
SHI-108| “3050 “yo 077 35-3 mm —
71 5 0226 —7-7%
] | 0-78 | 35 0 mm
SIII—?)O (035) [053] | 7 1 07]4 : ~3'5%
90" ] 0-78 35-5mm
67 9 0:252 |  +3-9%
— 0-895 29°3 mm
srr-17 | (0 [121] 28 2 0-64 +0°09
126 50 49 4 046 +0°39,
72 8 0245 +5-19,

Note: §* and @** are the deviation angles of rolling plane and direction from the indicated
orientation, respectively.
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Fig. 3.
reduction.

planes or of icositetrahedron of {112} planes, and arrows are {111} directions.

Slip patterns on rolling and side surfaces of (001)[100] crystal,

S1-77 rolled to 249,
Schematic diagrams represent crystallographic orientation, where dotted
lines are projection of a cube, solid lines are that of dodecahedron composed of {110}

Dot-

and-dashed lines show traces of operated slip planes indicated by hatching.
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X Initial
_____ 75% 0O (o01)[100]
seeee 959 < (oo1){110]

Fig. 4. (110) pole figure of (001)[100] crystal
rolled to 24,75 aad 952, reduction, SI-
77, crosses, squares and inclined squares
indicate {110} poles of initial orientation,
(001)[1060], and (001)[110], respectively.
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Fig. 5. Profiles of pole density along 45° radius
circle on the pole figure of Fig. 4, in
(001) [100] crystal, SI-77 rolled to 24,51
75, 86 and 95% reduction.
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< (001) [110]
(110) pole figure of (001)[410] crystal,
8I1-33 rolled to 29 and 73% reduction.
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Photo. 1. Etched patterns of (001)[100] crystal, rolled to 51 and 739 reduction,
showing crystallographic orientation of each band by micro-etch pits.
(a) Rolled to 51% (b)

to. 2. Micro-etch pit pattern of (001)[410]
SI-33, rolled to 73% reduction.
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Rolled to 75%
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Fig. 8. Slip patterns on front and rolling surfaces of (001)[110] crystal, S§/-37 rolled to 29%
reduction, together wiih schematic diagrams representing crystallographic orientations.
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X Initial
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(110) pole figure of (001)[1101 crystal,
SI-37, rolled to 29 and 749 reduction.
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Fig. 10. (110) pole figure of (015)[100] crystal,

$§7-107, rolled to 47 and 749% reduction.
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Fig. 11. (110) pole figure of (104)[401] crystal,
SI1-234, rolled to 55 and 769% reduction.
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< (001)[110]

Fig. 12.

(110) pole figures of central and surface layers.

—cEET -
5, T
S~ e —

Semm Al

X Initial
<© (001) [110]

Central layer
ese-=e= Surface layer

Dashed lines are 60° small circles

around {110) poles indicated in the figures.
(a) (001)[100] crystal, SI-77, rolled to 75% reduction
(b) (001)[110] crystal, $I-37, rolled to 749 reduction

75% rolled X
in 6 passes

Initial
O (o001)[100]
76% rolled o (001) [110]

in 21 passes

(110) pole figure of a (001)[100] crystal
rolled to 75% reduction in 6 passes and
the same (001)[100] crystal rolled to 76
% reduction in 21 passes.
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FhraFeh, Duny REHEO L 2 & B ) WEH T, JELE
DD DRZTHE S, TOHOEREI X2>T {100}
OIDREEELDDOTHE. —HEWESIE {111} &\
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(011)[100] & (MI1)[211] DffiCiZEFHE »H 1L Eo
(233) [311] HhrkssaTid, Fig. 19 iRt X S5 IFIE
Mgz (1112111 obficmp» 2 TREEEL, #H
HI D LIRS Y, FESEIrE ZDEB DR E Sk
&< 7%. Photo. 4TV 73% FEHMOPUE LOY v k
X B S R OBFIZILE R L. FOZLiz LIz
LIETTRENLTE DL ZATREET WS, (233)

[311] MO FHEELT & € v 7 — R5FEL Fig. 14

®) WrT &5, FEE LITEN>SAFICHEMNT
%. (111)[211] & ID)[III] offo (322)[433155



3%BHERGELEROEEER L FHHEMORK

173

VHN

Average rolling pressure (kg/mm?)

400

300

200

100
600

500

400

300

200

100

0

5 Il
(a) o 8 S (b) 8
é’/gr/‘gf- 8 y/;.-p%
o 47 8 2
o 2/2 8 /g/
/
d
8
| 2]
‘
L1 ' V
(011) [100] (233) [311]
] :l
11
- | \
1 \_
IR T\
\\ .
- ] \
.\~\
B || =
020 30 60 80 020 40 60 80

Reduction by rolling,(%)

< Fig. 14. Changes of average

rolling pressure and Vickers

micro-hardness with reduc-

tion. The rolling pressure

values beyond dot-and-dashed

lines are only apparent as two

working rolls made a direct

contact.

(a) (011)[100] crystal,
SIr-108

(b) (233)[311] crystal,
SII-104

Fig. 15. Slip patterns on
front and side surfaces of
(011)[100] crystal, SI7-108,
rolled to 259 reduction.
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= : f, ' " \ ~-r \ Fig. 17. Longitudinal profiles
A i ,' I- ’ ';‘ \ / \ of central (110)pole
ol FRRAY / ‘ h, ‘,--.}\ density at various
Pl Il. , 5 \\ l Y 1 \'S 3 stages of rolling in
AR IR AT VTN (011)[100] crystals.
-] ’ ! “‘86 } MR- ! A N Small arrows indica-
o5 ! ! :"I h Sy \ by te  initial orient-
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R " II' \I ; \ ; \ ! Y {‘,‘\‘ ations.
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iy ! | | |
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(110) pole figure of (011)[100] crystl, Si/-
23, rolled 47 and 71% reduction, rectan-
gles, downward and upward triangles indi-
cate {110} poles of (011)[100], (111)[2i1]

and (I11)[211], respectively.
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Fig. 18. Rotation angle of rolling texture around

transverse direction as a function of roll-

ing reduction in (011)[100] crystal, toge-

ther with calculated curve by a simple

geometrical relation.

vi, Fig. 20 iORT XD WEEE &bz (111)[211] i
5L

Fig. 21 izix (1D [2IT] BRSO 72% EEM D
(110) #R 5 A 7. R ORE RO Fd D hs
OIAR BN, POHMIEEERICE DTELLL V.
Fig. 22 QHEEZRI%OFREROITIMTHSL. EHL
ZOERRY v P L —A20kEP 5L LTC, E,
D, fThrzinbrsd.

@ID[ITI] BRifS&D 17%, 37%, 75% AR
Fig. 23 o (110) fER»Shr 5 X 542, Fitis &
DC2 OOy G. 12k (1) [211] iz@s
STHEEEL, H5—F (100)[011] iz@d2 T
HFEEE R (0I1] Hmrihs LCEizd 5. Eixmo
PIEE & RIEE L OBk Fig. 24 md. (1) [2171]
B EER L 72 ko iE, R IEEEY 40% T (11
[211] FA0iE L, (100) [OTT{H|D R4y i3 T HE £ §49609%

TR FAL (100)[011] W& T 5.

— 31%

———--- 739

Fig. 19.

> Initial
¥ (211)[111]
v (111)[211]

(110) pole figure of (233)[311] crystal,

SII-104, rolled to 31 and 739% reduction;
double triangles indicate {110} poles of

(211 [1ai].

X Initial
v (111)[211]
v (211)[111]

Fig. 20. (110) pole figure of (322)[433] crystal,
S§11-304, rolled to 9 and 749 reduction.
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-_— 2% x Initial

< (111) [211]
Fig. 21, (110) pole figure of (111)[211] crystal,
S17-302, rolled to 729, reduction.
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—
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faces of (111)[211] cr-
ystal, SI7-302, rolled t

99, reduction.

LEE X TW5A. [TIE

(1007 & [mR o> A dRAR A

Fig. 22. Slip patterns:
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(b)

Photo. 3. Metallographic structure of rolling surface of (011)[100] crystal, $1/-33, rolled to

329, reduction.
(a) Macro-etched structure (b)
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(100) [0T1] #Af1d 3 RINEEICEL, T Tlihk~r:
EORCREHFTH 5.
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Micro-etch pit pattern
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FEEAE 2 00 {211}K011) g icsgrnd. DX
T {211}011) 25075 D FIT v 2 DD DAL
(101)[121] X okbE (EHED T T v ol
LRBbhb.

ZOFRFD L H—oDEES (0I1)[011] Hhio SIIH-
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«<—Rolling direction .

Roll surface

Photo. 4. Micro-etch pit pattern on side surface of (233) [811] crystal, SI/-104,

rolled to 739, reduction.

6T, (011)[011) & (001)[0101 & RO AL,

(035)[053] #kfo (110) MiRw Fig. 34 icmd. -

RIITD D FRED E o D ITAMBDT2DB, 2 DDFT/HVK
Sy, 1ok (0I1)[011] DL, Eho 1 Dk
(001)[010] i K D HRL % & 2.

ZD &S5 (0I1)[011] & & DFHED R % i,
[0TT] WS HEAE B M EiT7 SIT $58 T, FRERK X
DTUANBMELEAEEDL LRV ERPELIIT D
T ERMESNIERD L —FHT5. LALILEI
FHC A5 L, (2I1)[011] & (0I1)[011] R @ Hfi
i RID[011] w2 T HAEEET @M1 H 5.

4. E =

RUEACIIELEIC & b7 5> BB oL L E, EBIL
O, BaoRERIC k) BMREEES, FHEEE
Ny v H—2BELELREFA. WAWLDOERED
BiEa O EEMBISRKEEFRIC VIR L TGET L A
@ik X7z. BARRETT & LEVENSOND{C ZhulE, & D&

REFNIE 2 D200 NV—F B35, Tihbb,
{111} T3 R AT e hhiw 2 4ok, (100y
[011) &> (2I1)[011] @ X 3 iz {011 FHajAsFELE F[aF
Wb DETHSD. ZOETREREIC X2 THRA
B EEFCCP > TE LT 58F %, EHLI
FRIC & B HRIEHRS B FERACELRT 5.
FEREFROIE AR, BERb L TEnE 28Eh, 3
e b EIEF I % D725k ) & REEMEMIC F D R
NEBIETZENTESD. COBEMLRZ OEBROERA
DESIEIE o — VOEESFREOE STk
EVEERWEELWEEZOND.
CuvwIHE~OEH L 8GN, curw Db & TR,
{bkl} m Lo (111 BEA~OHGREEIET the 12—
i A

Thkl = Guvw COS @ COS A=0yvyw/@G
720X

Tuvw =7hk1/COS ¢ COS A=1hy1 g

LEPND. ZTTHIRZVEOHE <hkly L33EH %

— 38 —

e



3%RHEFESKERFOELER L B AER O R 179

Initial

17% X
——= 31% v
- 75% v

(211) (11i]
(111) (211]
Q& (100)[011]

Fig. 23. (110) pole figure of (211)[111] crystal,
S§11-303, rolled to 17,37 and 759 reduction.

TR OIS Al {uvw) DT, 2 Vs D AW
UL &GN Euvw) DI THTHS. F72gid Schmid
7 74 &~k Taylor 7 7 2 4 — LIEEN5 2 &
bpdBH. g-Sx1 OEINIVIFELDIZ D RITIEBL
LIV 22T S 13 {hkl} T _LORF RIS I TH
5. 3%HERSKBESOFMRE TOD hEEERE (110}
& {112} o2@EERlsh TkY, BRREHIGCHOE
v {110)<111> ZTi 13-4 kg/ mm2, {L12JADFET
- FRomEEic kL oC 14°0 5 14'8kg/ mm? TH
5. TNLDETHENRELALL /I0 BELDOT
COFRDFEHIECgOBEIT I ODTHRED EH T I
& T A TEBRICIERE RO SMETRE & R o4
REETHDI» D, T B—7EKeE L TEbL, 7F
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Fig. 24. Rotation angle of two components in rolled
texture of (211)[111] crystal as a function
of rolling reduction, together with calculated
curves by simple geometrical relations.
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Fig. 25. Distribution of component (111)[211] and
(100)[011] across thickness of (211)[111]
crystal, SII-303, rolled to 579 reduction.
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41 SI (CHITZ=VRETEELGOER

(001) (1001 S T EIEM S EEER R b e LT
EEbVEETHLIOMEDEIEICIDTTER220D
HEWIZRER: a6 (Fig. 4~6 £88). FED
P Fig. 3 KiRL72 X5 {10} DA LCo b
V—RCETR D FABESI R

{110}K111) = h R Tl gfEDRNE Al, A4, C2,
C3 4 DOFRMENT H EHBNTLRL 245 TH
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2°12 TH DD, TORNCHT BffkE 423 L kE V.

. \\
Fig. 26. Slip patterns on front, side and rolling surfaces of (211)[111] crystal,
S$1I-303, rolled to 179 reduction.
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—172%

v (211)[111]
Fig. 27. (110) pole figure of (511)[255] crystal,
STI-112, rolled to 729, reduction.

Initial
(011) [100]
(112) [312]
A (112)[312]
Fig. 28. (110) pole figure of (025)[100] crystal,
SII-111, rolled to 48 and 779 reduction;

open circle indicates rotation axis[011].

204

(b) Front section

Photo. 5. Macro-etched structures on rolling and
front surfaces of (025)[100] crystal, SII-
111, rolled to 4829, reduction.
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— 4] —



182 o#k & 8

% 54 4 (1968) 25

_ 8% - = = x Initial

P (211)[011]
Fig. 29. (110) pole figure of (211)[011] crystal,
SIII-215, rolled to 789, reduction.

1 R.D.
// T/

x Initial

D (111) [01i)

B (211) [0i1]

Fig. 30. (110) pole figure of (111)[0I1] crystal,
SII1-210, rolled to 749, reduction.
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4 112)[1i0]
(110) pole figure of (101)[271] crystal,
SIII-17, rolled to 28 and 729, reduction.
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Fig. 32. Slip patterns on front and side surfaces of (011)[0I1] crystal,
SIII-108, rolled to 69 reduction.
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Fig. 33. (110) pole figure of (011)[0II] crystal,
SIII-108, rolled to 6 and 719 reduction.

x Initial
B (o11) [011]
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e 67%

Fig. 34. (110) pole figure of (035)[053] crystal,
S117-30, rolled to 7 and 67% reduction.
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(011) [100]

(111) [211]

(211) [111] (100) f011]

& valué

—10 0 10 20

30

50 60 70 80 90 100

Rotation angle (deg) from (011) [100] around [011]

Fig. 37. Dependence of g value of {110}<111) and {112}<111) slip systems having small g values
on rotation angle from (011)[100] orientation around transverse direction [011]

Work roll

Fig. 38. Schematic illustration of operation of dif-
ferent slip systems in upper and lower
regions of sheet of (211)[111] crystal

under rolling.
F and F' : frictiona! stress
N and N’ : normal stress

Solid parallel lines : traces of favorably

operative slip planes
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(011) [011] (171) [011]

(211) [011) (100) [01T]

5 [ Comp.C2,F1
e Tens. b1,d2,¢c1,eZ \\X\ j
, X, 7
\\ y
\|
- \\
° Comp.A4,E4 \/l
S 3 Comp. 1 4—Comp.C3, F3A—"] =4
74 _ e, - -
0 ; P _~{Tens.A1,EZ,CZ, F1YRg~~==f=="3_
L8 g "::_ .....l___ _::H
2 .l B == Tens. a1, £2
Comp.g3 '
]
) 80 0 60 50 10 30 20 10 0 —10

Rotation angle (deg) from (100)(01I) around (011)

Fig. 39. Dependence of g value of representative {110}{111) and {112}<{111) slip systems
on rotation of crystals from (100)[01i] to (011)[0II] around rolling direction [011]
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Shear strain
Fig. 40. Shear stress-shear strain curves resolved on

operating slip systems in (001)[110] and
(111)[21T] crystal, calculated from relation
of average rolling pressure versus reduction
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TEREZF L ARERITT L Az Bhazis
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C, D, E, Fr, {112icv@i3/hZFa,b,c,1
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010

A (111) directions
0 : {110} poles
O {112} poles

Fig. 41. Standard (00l) stereographic projection
for bcc crystals showing slip directions,
{111», and poles of slip planes, {110}and
{112}
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P (Slip plane normal)

D (Slip direction)

7(P-N)-D
—
N ]
T
N
R
—
T "y
T// Y{P-R)-D
Y(P-T)-D

Fig. 42. Schematic illustration showing change in
orientation of rolling plane and rolling
directions owing to operation of a single
slip system.
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H2ip B S MEE
Part 2 Reér)"stallized Texture

-Synopsis:

Systematlc studies were carrncd out on the formation of recrystalhzed texture of 3% Si-Fe single
‘ _crystals with pre-selected orientation which were cold rolled to a range from 6 to 95%. Change of
the ‘annealing texture was successively examined by using the X ~ray pole figure method in relation to
the metallographlc microstructure. : »

The recrystallization rate was'dependent greatly on the type of the rolled texture and was the higher,
the rolling pressure and Vickers hardness the crystal exhibited. The primary texture was composed
of one or more components which were characteristic of the type of the end orientations, {100} <0013,
{111}<211}, and {112}<110}, of the rolled texture. In the rolled crystal with multiple components,
every region of each component was always .occupied only by the corresponding components of the
primary texture even if one component of the rolled texture was markedly dlﬂ'erent from the others
in the recrystallization rate. :

Some attempts were made at. determmlng the orientation relationship between the newly formed
primaries and the rolled matrix consumed by the primaries. Orientation of each primary was crystal-
lographically related to the matrix, even if it appeared to be randomly distributed at first sight. How-
. <ever,-the relationship was relationship was not describable definitely by a simple relation.

' (Received 6 Nov. 1967)

T

1.

il

{211}011)y Z$F O ERIFEIC X2 TH RpZbhs
?,ﬁ%ﬁﬁﬁﬁfaé EMbDk. 1 EhDER

5180 T, SxORIENIHEE b 3 %R
HESoREABoRRE, EH LI REEELT
REPR R L. 3o HRD {1003<011), {111}3<211),

o BEW&EHE 6 AEHN (Eﬁfﬁﬁi) ,
%4z Trans 1SL), 7 (1967) 2, p. 95~
113 iz En s s,

— 50 —



