il g S

$ & R Tetsuto-Hagané Vol 89 (2003) No. 2

ARB (C X 2T B & h - {EKR = IF D
HEEEBRNMEICRIEFTOTAEOEE

A M * ik P ERE AL

Effect of Strain on Microstructures and Mechanical Properties of
ARB Processed and Annealed Ultra-low Carbon IF Steel

Naoya KAMIKAWA, Nobuhiro Tsull and Yoshihiro SAITO

Synopsis

: Ultra-low carbon IF steel was deformed to various strains ranging from 0.8 to 5.6 by the accumulative roll-bonding (ARB) process at 500°C,

and subsequently annealed at various temperatures for 1.8 ks in order to clarify the effect of strain on the microstructures and mechanical
properties. The materials deformed by relatively low strains below 2.4 revealed dislocation cell or subgrain structures including small number
of deformation induced high-angle grain boundaries. The microstructural change in these materials during annealing was understood in
terms of discontinuous recrystallization characterized by nucleation and growth. The materials severely strained over 4.0, on the other hand,
were filled with the pancake-shaped ultra-fine grains surrounded by high-angle grain boundaries. The mean thickness and length of the pan-
cake-shaped ultra-fine grains were about 200 nm and 900 nm, respectively. The specimens ARB processed above strain of 4.0 performed very
high strength up to 900 MPa, though they showed limited elongation. Normal grain growth with recovery at grain interior occurred during
annealing of the highly strained materials, because all the boundaries surrounding the ultra-fine grains had equivalent degree of mobility. The
0.2% proof stress of the specimens having various grain sizes held Hall-Petch relationship. It was also clarified that high-angle boundaries
could contribute more greatly to the strength than low-angle boundaries. In contrast, the uniform elongation of the ultra-fine grained materi-
als whose mean grain sizes were smaller than 1 ym suddenly decreased to about a few percents because of the early plastic instability. It was
concluded from the present study that strain over 4.0 is necessary to obtain uniform ultra-fine grains having high strength.
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Fig. 1. Schematic illustration showing the principle of the
Accumulative Roll-Bonding (ARB).

Table 1. Chemical composition of the IF steel studied
(mass%).

C N Si Mn P Cu Ni Ti Fe
0.002 0.003 0.01 0.17 0.012 0.01 0.02 0.072 bal.
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Fig. 2. TEM microstructures of the IF steel ARB
processed by (a) 1 cycle (€=0.8), (b) 3 cycles (e=
2.4), (c) 5 cycles (€=4.0) and (d) 7 cycles (£€=5.6)
at 500°C. Observed from TD. The mean grain sizes
(d, and d)) are also indicated.
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Fig. 3. Histograms showing the distribution of misorienta-
tions in the IF steel ARB processed by (a) 1 cycle
(€=0.8), (b) 3 cycles (€=2.4), (c) 5 cycles (¢=4.0)
and (d) 7 cycles (£€=5.6) at 500°C. Misorientations
were determined through Kikuchi-line analysis in
TEM.26’27)
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Fig. 4. Mechanical properties of the IF steel ARB
processed by various cycles at 500°C.
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Fig. 5. TEM microstructures
of the IF steel ARB
processed by 1 cycle
(£=0.8) at 500°C and
subsequently annealed
at various tempera-
tures. Observed from
TD. (a) As ARB
processed. Annealed
for 1.8 ks at (b) 400°C,
(c) 500°C, (d) 600°C,
(e) 625°C and ()
650°C. The mean
grain sizes (d,) are
also indicated.
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Fig. 6. TEM microstructures
of the IF steel ARB
processed by 3 cycles
(e=2.4) at 500°C and
subsequently annealed
at various tempera-
tures. Observed from
TD. (a) As ARB
processed. Annealed
for 1.8 ks at (b) 400°C,
(c) 500°C, (d) 600°C,
(e) 625°C and (f)
650°C. The mean
grain sizes (d,) are
also indicated.

TEM microstructures
of the IF steel ARB
processed by 7 cycles
(e=5.4) at 500°C and
subsequently annealed
at various tempera-
tures. Observed from
TD. (a) As ARB
processed. Annealed
for 1.8ks at (b) 400°C,
(c) 500°C, (d) 600°C,
() 625°C and (f)
650°C. The mean
grain sizes (d,) are also
indicated.
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Fig. 8. Nominal stress—strain curves of the IF steel ARB
processed by (a) 1 cycle (€¢=0.8), (b) 3 cycles (e=
2.4) and (c) 7 cycles (¢=5.6) at 500°C and subse-
quently annealed at various temperatures for 1.8 ks.

RO FB AR L 722D, £2FHTNEHEELLT,
SREIAWBRIERFZIFHIZC, N4 TiI(C,N) & L THHEE
L, Abb oy F v A VLA VYOREEBIELEZMETH
B3I 0boT, 3BLUSH A 2L ARBFFD 625°CH5t
MAZ IR TO LS RBHEAROND, TS5 Lk
RefET I3, ARB & BEdh TSR % 92 um BUT 12 #00
U7 LI g allBWWTE R &R TE #2529,
BRSSO RAEOBRR TH 2L EAONEH, 20
BT EEMEIATOERN,

4. EE

BOTAMLE N 7=EBMEHI B 5 BRI EGERE
3, EEFRHLZEAREESHLDD, K@XTE—HRL
7ok O M - BAEOTNBIRICKD, BRACHLY
I DDH 5207303 BOTAMLIZL>TKRELN
MEEFEDNY VLY - REERNIZSEEA X h, f
KA TIvorvir—F—IETHEhs, Zht
grain subdivision & % 3 fragmentation & FESS, JITIZ LD
BAXINENY &) —id, MLFEZETREEHRDEEMNIZK

68

DRI TWBEELLRE N, SHBAWERKROT

AINL T, M & A D RS Z L2 &k » TR
b 5VEENZEEIZ K0 HESIL, Kh/hEkx i
F— R ONFREEICEL L T, BRE U THHE &0
KSR SN, 25 LB, BEREREIZX
DRI ON3BEOAEGRGEME ZREEBEST
0, LED &K S I grain subdivision & BIE D A1z & b B
W KA AU & W - i R E h b, 29 L7
WA, Tsuji 5 20790 F [ 2 DIFHEEE (in-situ recrystal-
lization)] & FFTF, Belyakov & V1% [E#E &5 (continu-
ous recrystallization) | &FFA T3,

BTRICE &, ROTAMLIZK 2FHFREZEDOEA &,
MBI K 2R ERIROERIL, 1 7L EoRmE &g
ISEFT LTS, 1,334 Z)LARB TR OTAEN T
3L, RELGANEEFEONNY VHFY — (HHVIERHE
ABTRHERD) 1, BFTICEBA IR THWBDATH D, 1277
L, 3% 4 ZJLARBMIZIZ, 194 ZLARBME D& XD
L OKRARR (MEBHAK) WEAIR TS, 59
AL EDARBIZE D, ABHEIZ &I K ARR % &
DR STER E N5, & Z A TFig 2(a) Rl
WOV T ARDNE MR OMBEARY—TH 50, v
PO 2D FRNDEN LB EDEEFELILNS, Thbb,
HMERIC L RS EEFFONNY Y &) —DEA
(grain subdivision) i&, &< & VT ALADPNXOERETIE
R—ThHs., LrL, 594 70D LOBROTAMLE
MA7ZHBEICE, BEMERIXIZITH It h T3,
IDZ L, BWoltABAINZAAKRRIC K 2EHH
I2& D, grain subdivision (F¥—Z) MKV RFEKT
B —ICEFLTO ZEARBLTHY | REBIKE
Y, :

OFARDRL 5 ARBM A IR L U ChstiAREL
72358, ThoOMBELIIRELS BRE>72, 1,317
JLARB# & BESE L 723541203, (RIRCEITE, SETARHE
MRS EE C72h, 594 2Ll ED %4 4 2 )L ARBH
R L 25410, NdERSRIZECY, KRR S
RPN TORIE % 0422 5 B IR R ISR SR 2 K
b5 2BsZEHER L2, Zhid, BOTAMLIIZE-T
AEAEICEA I NS KR ROEIA»EL S Z L ETTIC
MRT A ENTE S, Fig 9IZOTABORL 5 BIKK
FIF i ARBM O BESH I 5 #KZ AL # NIRRT, 7
HUZ=&S1IZ, 1,394 2L ARBMIZEIT 3 KARADE|
ARELNEL, KREFIFMNEDO N NERRTH 5,
NG ) —DBBIEIIHNEIRAEL, KAKFRINA
NRIDERELGHEAFTIIEBRHMOEA TS,
L72zh>T, 14 20dbb0E3% 4 2L ARBMD LS
2, INERER D S B B LD RARIREF DL &
M A B L 22538121, +oRELBEE 2 OKMAN
i EN LR HEREEEE 5D, BEIE O/ VWA



ARBIZ & B I L#HE80 & /= MR 3R IF SR O#IRE & MR IZRIET O AROHE

™ annealing

annealing

high €—————— strain =————— low

Fig. 9. Schematic illustration showing the change in mi-

crostructures by annealing of the IF steel ARB
processed to various strains.
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Fig. 10. Relationship between the grain size and (a)

strength or (b) elongation of the IF steel ARB
processed to various strains at 500°C and subse-
quently annealed at various temperatures for 1.8
ks.
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Fig. 11. 0.2% proof stress and uniform elongation balance
of the IF steel ARB processed to various strains at
500°C and subsequently annealed at various tem-
peratures for 1.8 ks.
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