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Effect of Alloying Elements and Annealing Cycles on
Strengthening of Continuously Annealed Cold Rolled Sheet
Nobuyuki TAKAHASHY, Kenji MATSUZUKRA, Yoshikuni FURUNO
Syoji NOSAKA, Masaaki FUKUNAGA, and Kuniaki MARUOKA
Synopsis:

Effects of alloying elements (C, Si, Mn, and P) and continuous annealing conditions (soaking tem-
perature, cooling rate, and over-aging temperature) on strengthening of steels, have been investigated
so as to develop a desirable process to produce commercial quality high strength cold rolled sheets for

automobiles by continuocus annealing.

In subcritical annealing, cooling rate after soaking has no influence on strengthening effects of alloying

elements.

Degree of strengthening effects is in the order of P>C>Si>Mn.

In case of intercritical

annealing, strengthening effect of C is largely influenced by cooling rate after soaking.

Continuous annealing just above recrystallization temperature, which accompanies ferrite grain refining
due to subcritical annealing is the most desirable strengthening procedure on the viewpoint of economy.
In this case, moreover, the similar strength-ductility balance and the superior bake hardenability to
those by other processes can be obtained even after subcritical annealing without over-aging.
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Table 1. Chemical composition and hot rolling condition of steels studied.
Chemical composition (wt%) Hot rolling
Steel
C Si Mn P S Al N FT(°C) CT(°C)
Cl1 0.054 <0.01 0.30 0.003 0.004 0.020 0.0016 926 AC
C G2 0.086 <0.01 0.30 0.003 0.004 0.019 0.0017 920 AC
C3 0.116 <0.01 0.30 0.003 0.004 0.019 0.0015 927 AC
Cc4 0.174 <0.01 0.29 0.003 0.004 0.018 0.0015 912 AG
Mil 0.047 <0.01 0.80 0.004 0.003 0.023 0.0015 930 AC
M M2 0.043 <0.01 1.29 0.004 0.003 0.020 0.0018 925 AC
M3 0.038 <0.01 1.80 0.004 0.003 0.022 0.0023 927 AC
Sl 0.047 0.20 0.31 0.004 0.005 0.022 0.0019 895 AC
S S2 0.048 0.60 0.31 0.005 0.005 0.020 0.0017 910 AC
S3 0.048 1.02 0.31 0.004 0.005 0.023 0.0017 913 AC
S4 0.047 1.41 0.31 0.004 0.005 0.024 0.0017 912 AC
Pl 0.051 0.005 0.30 0.041 0.004 0.020 0.0019 930 AC
P P2 0.050 0.007 0.29 0.087 0.004 0.021 0.0021 895 AC
P3 0.050 0.007 0.29 0.122 0.004 0.020 0.0020 900 AC
P4 0.049 0.007 0.29 0.165 0.004 0.021 0.0022 903 AC
u 0.05 0.021 0.20 0.020 0.014 0.027 0.0028 890 550
v 0.057 0.017 0.27 0.076 0.010 0.060 0.0048 890 550

FT : Finishing Temperature CT : Coiling Temperature AC : Air Cooling
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Fig. 1. Fflects of carbon content and cooling rate
on tensile strength of subcritically annealed steels.
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Microstructures of steels Gl and C4 annealed continuously at 650°C and cooled at 15°C/s.
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Fig. 2. Effects of carbon content and cooling rate
on tensile strength of subcritically annealed steels
without over-aging (OA).
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Fig. 3. Effects of carbon content and cooling rate
on change in tensile strength (4TS) by over-aging
treatment.

. BENEES 1600°C/s o L XY, TOEE
¥ 3.5 kgf/mm? TCREOFHE I, LhL, WHEHE
ERREL kB ORT TS oiz/hELih, oG
BEOFENBN, CEOBMC O OhZINEL 5.
o TCoBbEEYE L TaBb., 650°Cx60s DSl
PRT LicBMT, CRBHELULCEBCLEBITE IR
kty (A Ve AT EICRBEETHERINICEETD -
S4 L) BHahhTwh, B LCEECEIRARR &
LIEELLEELBRSE S, Fig. 2 TH HE & »
1600°C/s @& X TS ZEFEFE O/ 1 DK
R OH Bl L BESL TR EShTw5. L
FopioT 0.1%C %7 b Skef/mm? o TS o EFix
Bt sbbtEZ b5, BFEDHLE & 727
Fig. 1 oW TERAEEORICEFTHEEC
Bl kERWEELBRDNS, 0.1%C Yich 5kgf/
mm? ® TS OLFIIRILH I BEDEEL RS,
Fig. 3 THIEEN 150°C/s 36 o8 15°C/s E 3
FWBARE, CENEA G Y BRI OE 1T L %
TS DEN/PNIVDR, CENSWIEEBETER ORI
W%, TRoHACOFEY 1 bicich, EECHIEK
PLicbDEEL bRD, —T, AFEEH 1600°C/s

LRWEBE, TS 0N CELHIbLTR 3.5
kgf/mm? T ot-. COFHEREERIL, C. 4. WERTIC
X hE 650°C ¢ 130 ppm, 350°C Tt 17 ppm T %
5. AERCTREBCEXJEL TV 0T, 650°C
x60s DFEFIE S L OAERE R ME L D% C BT
H 50, BiER 100ppm Pl E, &REFZ 10ppm i
ThUTEHTEEIRS., LichioT, BRI DK
L AEHECEDXL 100ppm FiETHA 5. IRVINE
B L, C+N coFE4gM{br: 100 ppm 247
D 3.5~4.5kegf/mm? CHB. FIHBABIEELE LD 2 E
BCEY 2 TSR H OFER T S EE C OFEEARILI
100 ppm %= 3.5 kgf/mm? THBH. Lipi>T, b
3¢ 3.5kgf/mm? o TS Dz 100 ppm BEOEEBC
BEoECIBZbDEEZLRS.

(2) 1intercritical BEZH DA

##l Cl~C4 % intercritical Begfi (750°Cx60s+
350°Cx90s) L7-& %o TS % Fig. 4 wiid. su-
beritical  FEgfi L Rich, HIMBEEOFENL F L K B
h, BHEE PR WL, »2oCEDE L TSItk
A5, 0.1%C %i-H o TS o EFEE, BHEEH
1600°C/s o & ¥ 14.1 kgf/mm2, 150°C/s < 6.7 kgf/
mm?, 15°C/s ¢ 5kgf/mm? Ch 5. BHELEEHN 15°C/
spEx, TS O FLAEM suberitical BEEIRFD %4 &
B Uleoik, RIEWHEDC A VEAPEA—F A b
PHBRINTWE21LTHEL . —J, WHEENE
{Iepboh TS O LREPHINT D OU%, ~/T /4
A +OBRCIBSDEZEL BRBY,

LDz &avt, CaEDTHEIEHSEESESK
B3 210k, intercritical FEghEE, TX 21T &E
BEIL, BRHNET D HEIDREE VLD,

3.1.2 P O

PEDRBHAR Pl~P4 L ~— x4 Cl% 650°C
& 750°C cHEifEBEsi L & ¥ o TS % Fig. 5 w iR

& )

750 T X f0sec

| +350C X 90sec
¥ -
£
o
=
w
|-
- Cooling rate
l 1 !
0.05 0.10 0.15 00
C (%)

Fig. 4. Effects of carbon content and cooling rate
on tensile strength of intercritically annealed steels.
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Fig. 5. Effects of phosphorus content and cooling
rate on tensile strength of steels : (a) intercritical-
ly (750°C), and (b) subcritically (650°C) annealed.
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Fig. 6. Effects of silicon content and "cooling rate
on tensile strength of steels : (a) intercrtically (750
°C), and (b) subcritically (650°C) annealed.
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Fig. 7. Effects of manganese content and cooling
rate on tensile strength of steels : (a) intercritical-
ly (750°C), and (b) subcritically (650°C) an-
nealed.
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Fig. 8. Relationship between tensile strength and
elongation for subcritically annealed steels.
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Fig. 9. Relationship between tensile strength and
clongation for intercritically annealed steels.
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nigvoix, Fig. 12 iRl X e, BEEO C ER
IUNEFEbbiwicd tBibhs., —J ICA-WQ,
cycle B4 BH i 250°C FfETE— 2 %R TO

2 /)'____0_0_
2
~ -4
[
F g
800 T X 40sec »water
-8 quenched — skinpass 2%
-10 Baked at 170 Tx 20min.
1 1 | |

Il N
Without 20 T 30 50
over aging

Over aging temp. (T)X80sec

Fig. 13. Effect of over-aging temperature on pre-
vention of bake-softening in steel U : quenched at
800°C.
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121
ok 650 ann. — cooled at 15C/sec
g1
£° A
B 6 >SN
x ~ \ _~800Cann. -»cooled at
a 4 J\f’ \'/ 600T/sec
> - b\
< 21 [od Se—-——
Se—
0
1 l\‘ 1 i i L
Without 200 300 400 500
over aging

Over aging temp, ()

Fig. 14. Effects of over-aging temperature and
annealing cycle on bake-hardenability (steel U in
Table 1). 4YP is the increase in yield stress
after baking at 170°C for 20min of 29, pre-
strained steel.

i, TORENTTREBCHE L BHI 4557
BHLELRIZ< M)y 7 AEEOKIEEHERE RSB
DL, FhThibo BETTEBCEN Licdich
BH sl febicdEEx bhb.

Ak, 0T wsaR B BHE R e SR o Skt Fesiic X
B HEHRCE LB 1 2 L DR T,
critical {RETEEHL BT HHEL, BHFASREED
subcritical [REECHESIT 2 T E & R T 5 &, AER
DEEFA, Tih bRt S HEEHEGE SRR &
LTEEIRTWAMORSHEEA TR, FmgRIMLCS
Bhhfsg, Moy BEL=RZAF-BRIOELRS
AIESRAR DM Bt s & DREE T A DEE OITED T
FLWvwEwnz b,

3.3 —NMIAREESRERSIERRORE

3-3-1 RAIER/R

HRAM U, VR o0& RE 550°C THYE
Shic BPEERAFH & VT, B (g
C. A. P. L) T 650°C D{ERPEM 1T\, HHE <
DT B i B A SRR BAE L.

7 ORFH I BERAIEE % Table 2 &RT. BHO
REAESIRA Al 20 FETHAPBREAM UL X0,
FBesti 40 kgf/mm? o> Pgin Al U FEITH B
AMVE LR cEREMNT 22 X, ThXh 35
kgf/mm? g3 L O 45 kgf/mm? {0 556 B & IESAMR H*
Bl C X4, BH i3 7~10 kgf/mm? FE C BN S
WEZE BT

AME Lo ma G MR DR EE -t~ 5 v A3, Fig,
15 miRd X5, WKk, FHMTHETS P &
WA Al FEIEFKETH D, BREMELOK
{i CHEBHEH LRI OIEMIL RIFCTH 5.

Fig. 15 o L v~ ORIgHHBABIRL

inter—

—2

Table 2. Representative mechanical properties
of steels annealed in production line.

Steel YP TS El Er T BH-A4YP
(kgf/mm?) (kgf/mm?) (%) (mm) (kgf/mm?)
U 28.8 39.3 39.0 10.8  1.00 10.6
v 35.0 46.9 3.5 10.5 1.04 7.3

HSS annealed continuously
©a¢ 650 C

®Batch annealed HSS

L - 1
0
TS (kgf/mm?)

Fig. 15. Relationship between tensile strength and
elongation for high strength steels annealed contin-
uously at 650°C, compared with batch annealed
high strength steels.

HSS annealed continuously
58 at 650

Forming height (mm)

i

1
35 40 45 50
TS (kaf/mm?)

Fig. 16. Strechability of high strength steels an-
nealed continuously at 650°C, evaluated with hy-
draulic bulge test method.

WE- v oREE LG LRy Fig. 16 &rd. &
{i CHEEERES Lo miESIERIE OB E 3, Sy 7
BEpiA X b b, ERRE L OERE ki M L
A SR 2Eh0aR D LR TV B DI,
Photo. 2 1WZ/R3 X Skl ch B 2 L2, A—
DIREE v~ st U P ofedt B4 7e { P ORI REHE
ELlhnicdiELbhs,

3-3-2 TS ik XiFT &Lk OE &G
H#3H U, V 7n &k ERREANCETR T EREERE LRy
RBRES 1 v Bl LERYFBAMCAEL, TS ©
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continuous annealed (TS=44 kgf/mm?), and (b) batch annealed (TS=44 kgf/mm?).

BYT 5 kK e @i
TS (kgf/mm?) =35.6+39.0(%C)
+6.7(%Mn) +77.1(%P) +10.0(%S3)

FelEL, ORI, BEEOCE XD RES 600°C )
T, BIERN 65% Lk, & UTHEkEsioERE» 650
°C V5 EBHBNCEVWTRIMN2HDOTHD. L
AR THEROFEEEE L TCLisDI, FROE(Y
ERTXDHTHS. TS TR IETAETHROEH

1, 3-1 BioERE - BISEEMC—FT 50, CREGH
2 RE BE{EAER R T
4. 5 =

— i LR s B BhEE R IERR ik R pe R TRl
THHECELT, S&THECREMYy 1 748XV Lh
B DA E >N R XL BRI b Ve & OFRR
B T TEEYRANICERE RO EVELHR
o7,

(1) subcritical gegficiz, G, 8i, Mn R LIOP®
WAL SR E O &L, 0.1% ¥4 h os{biE
12 P>C>Si>Mn Dlg& e 5.

(2) intercritical BEBETIX, A — AT+ 1 + DK
KIOELHDhO=ALT vy A L OBREKELBEETS
RERLTCANEEOFENBRETHS. (WOFELHE
DEETNIEHEE O%hRIL ey, HInFEOMILEEN,

C (&% 1600°C/s)>P>C (43 150°C/s LITF)
>Si>Mn DIFEE ¢ 5.

(3) MHAELORECRMLES LIS A DM

EE-EME- T v AR BB B T L 2B R S i O B
HRTIE, Tiobhb, BRSAEIZEERNCANET
H5.

(4) intercritical BERTHRMLEALE L B ST
i, ERSHREDE I s e o THRLER B L L, 300
°C D EoRETRMMCETS. RHEEEATH s,
250°C fhE TR A E 0 5.

(5) BRaELOBRECHRSLIL, 15°C/s OmHHHE
ETHGIPEH T A AL, BEMLEEZEDTRAN
FHE % &, —ehn I R B B D E A A RESR AR o Bl
CHFE LY. ZoHE, AR L Thiboilsk R
BEOME-EM- 7 vA2 B bh, BRFEAEHER
i DFFEET TR B,
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