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The Effect of Interrupted Accelerated Cooling after Controlled
Rolling on the Mechanical Properties of Steels

Chiaki OoucHI, Tomoyoshi OOKITA, and Sadahiro YAMAMOTO

Synopsis:

The effects of accelerated cooling after controlled rolling(CR) on the mechanical properties were in—
vestigated for the various microalloyed steels. The controlled rolling conditions were the reheating tem—
perature of 1100°C or 1200°C, the cumulative rolling reduction of 70% below 900°C, and the finishing
rolling temperature of 800°C with the plate thickness of 20 mm. The interrupted accelerated cooling
(IAC) was carried out in the temperature range from 780°C: to 600°C, followed by air cooling, and the
maximum cooling rate was 12 °Cfs. The increase of cooling rate in IAC caused the microstructural
changes such as the refinement of ferrite grain size, disappearance of pearlite banding, and formation of
refined bainite in place of pearlite. The increment of strength due to IAC with cooling rate around 10
°C/s that gave rise to the very refined duplex structure of ferrite and bainite was 5 to 10 kg/mm?, de-
pending on the content of the microalloying elements such as Nb, V, or Ti. The Charpy transition tem-
perature was improved by IAC under the reheating temperature of 1100°C, and the superior low tem-
perature toughness such as the transition temperature below —100°C was attained with occurrence of
very few separation on the fracture surface in Charpy impact test specimens. The optimum cooling con—
ditions and the transformation behaviors in IAC were discussed. The increment of strength due to TAC

was analyzed on the basis of the quantitative investigation of the transformed microstructure.
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Table 1. Chemical compositions of steels used. (Wt%)
i C Si Mn P S Cu Ni Nb \Y% Ti sol. Al T. N
| 0.12 0.33 1.38 0.021 0.007 —_ — —_ —_ — 0.034 0.0046
2 0.14 0.27 1.33 0.009 0.006 — — 0.024 0.033 —_ 0.025 0.0056
3 0.10 0.31 1.50 0.008 0.005 0.17 0.23 0.036 0.092 — 0.030 0.0043
4 0.09 0.22 1.48 0.013 0.007 —_ — — — — 0.016 0.0058
5 0.09 0.21 1.43 0.013 0.007 — — 0.019 — —_ 0.017 0.0063
6 0.09 0.22 1.42 0.014 0.008 — — 0.038 — — 0.015 0.0060
7 0.08 0.20 1.41 0.015 0.008 — — 0.072 — — 0.017 0.0055
8 0.09 0.22 1.38 0.014 0.007 —_ —_ 0.112 — —_ 0.017 0.0070
9 0.09 0.21 1.53 0.012 0.007 — — — — 0.020 04.017 0.0058
10 0.10 0.27 1.52 0.013 0.007 — — — —_ 0.046 0.018 0.0070
11 0.08 0.23 1.53 0.012 0.007 — — — —_ 0.097 0.018 0.0072
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. The effect of cooling rate on the mecha-
nical properties in Si-Mn and 0.029,Nb-
0.032,V steel.
vEs : shelf energy, vTs : 509 fracture
appearance transition temperature, CR :
conventional controlled rolling.
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Fig. 2. The effect of cooling rate on the mechani-
cal properties in 0.049,Nb-0.099,V steel.
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The Charpy impact fracture appearances
of 0.049; Nb-0.099, V steel broken at

—80°C. (a) accelerated cooling, (b)

conventional controlled rolling, (c¢) r+

a dual phase rolling. The finishing roll-

ing temperatures are 800°C (a, b), and

700°C (c).
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Fig. 3. The effect of Nb content on the
mechanical properties.
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Fig. 4. The effect of Ti content on the
mechanical properties.
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Photo. 2. The microstructural changes with cooling rate.
(a-c) Si-Mn steel, (d-f) 0.029%Nb-0.03%V steel (a,d) conventional CR,
(b, ) TAC, cooling rate 4°C/s (¢, f) IAC, cooling rate 10°C/s
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Photo. 3. The microstructure in (a) conventional controlled rolling and (b) accelerated cooling
after controlled rolling. 0.049,Nb-0.099,V steel, reheating temperature 1200°C.
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Photo. 4. Transmission electron micrographs of (a) con

(b) controlled rolled and accelerated cooled plate. 0.119;Nb steel.
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Fig. 5. The change of the temperature through
the plate thickness with time in accelerat-
ed cooling.
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Fig. 6. The schematic illustration of CCT
diagram after controlled rolling.
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DEODELR D, 0.04% Ll o> Nb & Tfafid 5 {Hm
#RLTWS. Fig. 7 wRE N5 MEZELOEAVE,
Lotk E LTEHIEER Nb BiC X 238E OB LTS L
TW5-

DX S oER{LE S LT, HEMOR»LH
SR BIR U, 10°C/s Ris0%inEE 04 o 1AC H#
DO LR OB T, Y.S. & T.S. ofif{kic
X 5L DB (Ky, K) & LTk F+P fACORBETIK
HSWTRD 1.9, 0.8 kg/ mm?¥/2 O{EE FhLTHH
Wit EeNA A FOR{bRE (Ks) ¥, Si-Mn §
EZAVTHRA20°C/s £ TOSRHEE TIESHEL, fB
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Cooling rate (%¢5) Nb content (wi%)
Fig. 7. The change of ferrite grain size and

bainite volume fraction with cooling
rate or Nb content.

# 0.3 Witk E cLifbxd, 4T.S. & fs OBGIT.S.
«<Kp fp) 55 Kp OEZEMKALIC X 55LIC 2V TH
IE L7z bTskedizns, 0.15 kg/ mm? D{EHAE LR,

sk, TOHBAW Si-Mn % o O G A 4
FRIONCDTHD. INLDEEFVT(]), (2)3
X D U7c 854 % Table 2 i29R3. Si-Mn $To
AYS 13 (1)K Ky(dd-1/2) L a DHOBTH Y, al
SlHlX s AYS & Ky (4d-2) D2k ik iz. Gl
Ehd 4YS O 5 LA LIC X B3E(E23 5 5 Drk sy
BETHY, ZOMOE(a)IIESEICI ST - 54

b DIRNER DR, NS LA/ S — 54 b X T
NAF 4 DBRRBE~OHFLEHBH 2 bhb. —F Si-
Mn 0 4TS 13(2) KD dogp HBIS LR 7,
4TS DFHIH & ERNER—F LTHRTH D, =0T
B%. Nb,V,Tifg & STk, «dffiiz Si-Mn §j
MERDIMHERE L. 52T LR EDHTIE dopp
Offi% (1) D GHIEE FEEDRE LT skadre. i
ik Y.S. & T.S. wLTCoOFERRL LD,
BEIRSD fiEF e b skadte doppe 13 TDEE 4TS
dayy, OEE LTERD 2. §E-5T 4TS oEH|E L
GHEIIE (K(4d-Y2) 4Ky fg) D3 B+dohy & LTK
Wiz, RKOFHERP S AYS Tk LCMRIbic X 535
L& T HR{LDOWAMNFRECHFSLS LT 5008bh» 5
75, MEITHOWMENSE M5 L, dopy DK X
5 dYS @ ERR KEL D2 CTw5b. ZOFREELT
AYS [THd B XA >4 O ERNFSE S Lz L
WD doppy DAKRFHIE, FERIC fa & dopps B
BT MR LT WA Z &b, XA F4 b
W EALMOTHBEOMAI X D dopp DEEK, O
HDBEZOND. —F, METHEFMEO 4TS <L
Th, XA+ 4 MTX Bk LD 6~7 %k 5D Tk
D, HIRLIC X B8R SR LR D 4TS ~D%
LGVEFRIS TN E . :
LA 5, CR #0 TAC OHIC & 236 b1k
WIGRIFMACHF I Y, TS MEITE OB AN

Table 2. The analysis of increment of strength due to accelerated cooling.

. Accelerated Measured _ ,
C(:glleng C. R. | Cooling Value Iggéd/ ) (—Eg/fn (kga/ (f{g7pn lg‘l*‘{gﬁ/ﬂpm
Steel (°C/s) da(pm) | dq JB (ke/ mm2) mm?2) mm?2) mm?2) mm2)
| (em) (%) mm?2)
4YS 3.4 1.8 — 1.6 0 —
4 |Si-Mn | 9.7 8.5 | 7.2 7
4TS 1.9 0.8 1.1 — — 0
4YS 5.6 2.5 — 1.6 1.5 —
7 | 0.07Nb| 7.6 6.5 | 5.3 25 ‘
4TS 5.1 1.1 3.8 - — 0.2
: AYS 6.4 2.3 - 1.6 2.5 —
10 | 0.046Ti| 12.0 5.7 | 4.8 23 | i
ATS 5.3 1.0 3.5 — — | o8
. AYS 5.8 2.2 | _— 1.6 2.0 —
2 1002957 9.4 | 66 | 5.5 34 ( |
‘ ATS 6.6 1.0 5.1 ;1 — — 0.5
N O P T Rl B 2.5 ﬂ - 1.6 | 5.4 —
0.09V y : - : :
: | 4TS | 107 11| 66— | — 3.0

note : dy ferrite grain size; fp volume fraction of Bainite; X, Kp grain size and Bainite coefficient, respectinely ; Agpp;, Appi increments
of YS and TS due to precipitation hardening, respectively; a, # supplementary terms in YS and TS equations, respectively.
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HMEEZOMESHOERWERKAETRE 977

TR X 5ER N1 4 bEOHE KL, CR ML EIC
FHBRILBFEHFER SN S Z L&D TV HHEPERH
Ehn. UOE I XBARET A 294 7ORECIE
LB FE T Baushinger R D7/, [ERRROEE
ELTIRY.S. XA T.S. # FREIEDZ EMBERE
RBEFICLOTWS. ZOEWRTSH T.8. 0 LFicEHH
7 F+B o iaasEsh s IAC siid, #afbFeke L
TEEPE VLS.

4.3 IAC OOt E /L —2 3 Y DER

IACG # Tl 7 = 54 MuD —BOMHHLD I, &
RN b b b T Bl s RS s 2 8L
o7z, RRpCEFEEDOM ED LT, 4pk~4 +4 b
PO EI SR B EAHEETHY, LIV TIE
INERE A58 R R RIE T & L a3 h 27z, Photo. 3
R Lick i, 1200°C hnzao> CR TV IR E L
B3, Eiz IAC HTRHEV~RA >4 FOEESEE S
A3, ZHBIIZRERTO ¢ Ml O R — i RS VTE
U%. Photo. 5 1 0.049Nb %0% 1200°C & 1100°C
wwhngEhig, 900°C BT T 60% OF FRTHME L
AR L7 7 kA "3, 1100°C s clis—7ask
TRSEL r M TH B3, 1200°C TRERE—HELE Lo
Tw5. Nb il & CEhmBiEE S < /s D W r fiE
PHKRIET 2 &, 17 OBIIEESOET R, HELE
FFOE R ARBEA TR 7 O #EEHD TLiT
KT ETRAOTREREEVRT LD TOFRE
LT, MHEILEKTED v MEVTEN LD, ZT0H%D
PRI ERECIE D% % JFIEH [T BET 57
Photo. 5 (b)D X 57/s r #lik & /5 5. THy— r {lEE» 5
DERRTIE, 7 =74 b ORI VXA + 4 b33
AT DT LD '
FEEL1X CR HfoZiEs (A i) © 7 =74 M
DMHMLED, 7= 54 FOHEREE (V) & Bk

M- r OBAERY 4 PoFHRmEE Sv) O
NSy i UTE(ET 5 2 LR LT E AW, hnE
HETIER— Sv {E (AL CR £4) <, CR #ick
NTHREEAET T 5 Lic X D NBEAL, EBH
WRTD7 =74 MIOREDIHIEN 57280, CR #f
DLE i 7 = 74 PRBELRS. —F, RS
F4 bOWIEEE Sy E& r @O —HDORER S
5. Sy [EIERERES r ERECASERFO r R (d)
ERFRES r i CORBETER()DEAKTH Y, Hv
N4 F 4 DA FROIEICIE d 25— oHiTH B
EPBRELED. e ORI TR OMBRE LB HFEHE
HNXE, LEEETINORAEH»L 7 = 54 ML
T Bz eickd, KRERBHHSPX DML d7
BERAA FA MR MIMET 52 &icied. TAC
THRT B A F 4 b O S & /NI ERCHlE L
7o88, 7 =74 PO XD 1.3~1.5 fFTdh b, IAC
JVER D ZEEFRTC NA F 4 b self tempering % 5 i)
TW5B T EMBHEEND. HEHESL 15°C/s wiEhns
w0, BHEHAEZ 500°C LITwdbe, rivfi
PEGEEDDHTT = 54 FOEE»REE D, X4 F
A b AMMAIA B THLI XA >4 b OIRTEE D ZASKIE
KT HEER LD, EHEOERTSELS.

IAC #Tix, CR #iciic BEFIcE D/ L —
2 HRELUERT 5 Z &b Dlk. /850 —Y 3
D7 R I ESHBOFREDMIC, N~ F A FDY
v REERL, FEIESEICARC. MoS Y, 754 b
DIRFHEE L EBET R TELYY. Zh bORFI
WTNLEESEOEERHILEE, EELR - REE
AH A X O 5 DOROE S MO L OFRHIL 2%
MBHEAT B ONT R/ — 2 2 COFESFEE AT
5 kil s, Photo. 1 wix L7 CR #f & IAC
MoOE v —v s DREEHEOREILEELELERSY

o, r 7 d’é

o B

Photo. 5. The austenitic microstructure due to controlled rolling. The rcheating

temperatures are (a) 1100°C and (b) 1200°C.
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WEDHHEI X 5. Ly Uit ks b @ CR 4T,
RfEFFdn 7 MCORBET RS+ <, WrkkHEL TS
Vv (vIs<—100°C) iy —ERD €L — g
MBFE4ET S (Photo, 1-b). iz it LT [d—f bnin
@ TAC ittt Tk, /51— o VI —fiHRT 5.

IAC toiafilkkid vl —EME it CR MoErh &k
ERENRRNT L2568, IAC HTOE/L—y 5 o
DARIENE _EEL DR F D p OFERF 25885 LT 5 &%
AbhB(ZhHI 2>V TEERIRETFETH H). s
— 74 FONTRHIEEAER L, F+B O Milkk»%e
b s IAC AFLE, €81 — o VG Lo2Ei
MEERIBELNE &b, BIEHNT A L4 FH
IR EARORE Kk s LTEHENSETESE 12 bh5.

5. F & ®

HREMETTERMEE AT, CR 20 Interrupted
Accelerated Cooling (IAC, 780°C -5 600°C ojafs
TR EILESH L, TOHBESTH) ORI E~D
W% CR $f & HERET L LT OBBRESL BLN A,

(1) IAC owmHnEE 10°C/s i To Nb, V,
T e cid, F—EiEd&HEo CR #Hhictig LT 5~
10 kg/ mm? DHLE AN HOEND. BEO EHAI
Si-Mn fHid AR/ E <, MATTEORMEA %1
BRELLRRS.

(2) IAC #o vTs j3ZEAMicifiE s CR 441
Fhoxh, R EiIEmERTr CR # & RSN Lot
B 5NR%. IAC #Cix vTs 28 —100°C AT o4
THE/C L — g LOFEEHRRD T,

(3) 12°C/s ¥ TORFBEICLE S ML LIE, —
=74 bOMR L, /=54 b RMBOEIRE LD
ARG /72— 2.4 P DIEKR & XAF 1. b DAL, DIE
TH U, MEATHRRMETIE 10°C/s BB HIEE T
F+B O fgREHEI L 5.

(4) IAC X Bi{biciz, (1) 754 b
#fk, (e)ITHIBILE DR, (N4 F+4 biEfk, O
HET-254gh, EFREbiciE (1)(o) 25, BEREEX
DEFICR(N)BEELZEREFTHS. Nb, V, Ti
EFOMBETRITEAM ML EE, FESHEETOLE
BRA F4 FERZEAIES.

(3) IAC iz Xk p 3&8{bT 5t 774 ORI
b LRI, A F4 FERHISBES B EnE
ETHH, ZhldmEhgEe CR £H2EEKL LTE
RERTOD 7 MR Z E— LT 5 2 LI X D ERENS.
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