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Development of Cold Rolled High Strength Steel Sheet with Bake
Hardenability and Excellent Deep Drawability

Susumu SATOH, Toshio IRIE, and Osamu HasHmMOTO

Synopsis:

Effects ot carbon and niobium contents, and continuous annealing conditions on mechanical properties,
structures and embrittlement of cold rolled steel sheets containing extra low carbon, low niobium and
phosphorus have been investigated. The following results are obtained:

(1) The steel sheets with Nb/C (atomic ratio) =<0.5 show high bake hardenability but poor
drawability. The steel sheets with 0.7<Nb/Cx1.2 exhibit excellent deep drawability and high bake
hardenability originated in solution of niobium carbides by annealing at over 850°C. (2) Fer
maintaining high bake hardenability, rapid cooling is effective especially at near 750°C and at near
300°C. (3) Cold-work embrittlement due to adding phosphorus can be prevented by means of
leaving a small amount of solute carbon in steel sheets threugh the rapid cooling at the above tem-
perature ranges. Ciritical content of phosphorus (P,,) causing cold-work embrittlement can be expressed

in terms of the ageing index as follows.

Per (Wt%) =0.04-AI+0.045
(4I: Ageing index (kgf/mm?), Cooling rate: =1°C/s)
Based on the above results, the cold rolled high strength steel sheet with bake hardenability and
excellent deep drawability (7=2.3) has been”produced_in a continuous annealing line.
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Fig. 1. Mechanical properties of annealed sheets

plotted against scaking temperature in steels Rl
and R2 (Heating rate: 35°C/s, Soaking time:
40s, Cooling rate: 10 °C/s).
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Photo, . Opt1ca1 mzcxographs of steel R2 sncwmg the effect of soakmg temperature ((a) 830°C, (b)
930°C, (c) 1000°C) on grain size of annealed sheets (Heating rate: 35°C/s, Soaking time: 40s, Cooling

rate: 10°C/s).
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Fig. 2. Ageing indices of annealed and water

quenched sheets plotted against heating tempera-

ture (Heating rate: 35°C/s, Soaking time: 0s).
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Fig. 3. Snoek peak heights of solute carbon and
solute nitrogen in annealed and water quenched
sheets plotted against heating temperature in steel
R2 (Heating rate: 35°C/s, Soaking time: 05s).
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Fig. 4. Effect of soaking time on ageing indices
of annealed and water quenched sheets in steels

Ul and U2 (Heating rate: 35°C/s).
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Fig. 5. Effect of cooling rate on mechanical

properties in steel R2 (Heating rate: 35°C/s,

Soaking: 870°C-405s).
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Photo. 2. Carbon extraction replicas of steel Ul
showing the effect of cooling rate ((a) water
quenching (b) 10°C/s) on the morphorogy of
precipitates in annealed shects (Heating rate:
35°C/s, Soaking: 830°C-40s). Ageing indices of
the (a) and (b) specimens were 1.4kgf/mm?
and 0 kgf/mm2, respectively.
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Photo. 3. Effect of cooling rate ((a) 1°G/s, (b) 20°C/s) on cold-work embrittlement in steel R2
(Heating rate: 35°C/s, Soaking: 830°C-40s, Test temperature: 0°C).
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Fig. 6. Ageing indices of annealed shects plotted
against holding temperature in steel R2.
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Photo. 4. Scanning electron micrograph showing

the fracture surface of collapsed conical cup
shown in Photo 3(a).
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Fig. 7. Total crack length in cold-work embrittle—
ment test plotted against holding temperature in
steel R2,
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Fig. 8. Effects of phosphorus content and ageing
index of annealed sheet on cold-work embrittle-
ment in steels LI~L5 (Nb/C=1).
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Table 2. Mechanical properties and cold-work
embrittlement of the sheet produced in factory
(steel R 2, annealing : 300°C —80s, cooling rate :
40°C/s, thickness : 0.75 mm).

YS TS El  — Al BH Crack
(kgf/mm?) (kgf/mm?) (%) (kgf/mm?) (kgf/mm?2) l?ngtf)l
mm

19 36 43 2.3 3.2 4.5 0

0.07%) % THTHMEEL, OXfX 900°C-80s D
BiEHEs XU 1000C LITFETo 40°C/s oA
b — by A 7T ERRE T L Lick &0 HklEs
Table 2 3. 7{E, El 23F < YS HMEVL-OTEHER
DI ER TS LR, BRI BIBC I by
W THWEME LR L, 222 2 kINLHE L
5k & 35 kgl/mm? {255k A IEMR A b/
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41 FROMCHEXITERRTE LEHOEE

4.1-1 r1f#

rfEir Acs BT ThIEERRE EF L oo,
% ofExHEi: Nb/C fEicifi { f&kFF Lic. $7ghbb, Nb
/C=0.7 DIMTix 750°C ~ Ac; @ BERET 7 =2.0
Ligp, Nb/C=0.5 0 ffxrvd xRl T
DMWY Fx Hicdic Al LEEREO BEfRIC FH BT
%. Nb/C=0.5 offTix 750°C oig#vc3 iz Al=
2 kgf/mm? T2 % Oxt L, Nb/C=0.7 0§ Tix 850°
C L EoBERHH L 91k UHT A0 kgf/mm? L 7¢
5. ZOZ Erb, Nb/C=0.5 0T BE&IIHC
HHETHEBECH (111} £E5EKOFREYREL rEx
ETFTERE V2599, ZhicexlL, Nb/C=0.7 off
3t 5 EE ClBEGMBR T, BEAN ORI
ERTHD 850°C PEOBRTRELLLDOTHS
todb r {HEANDBEENNE DI bR 5.

—7, Fig. 1 = R1, R2 gl Thd Acg SETFO
a-y 2 MEIEE T r EXEHIC ER URKERR L.
o AN EEREY a-r 2ZHEBTHRELT S L,
{111} AL a BB AR D a Rl X b a-y ZERELIC W
EWV I BERICESEFHHINE L.

4.1.2 El X0 YS

Photo. 1, Fig. 3 IR LA X 5, SR THET R
EfE SRR R LIRIE S DT R s & AR RIL D
WENRATHOT, AhsEv: El o bR, YS o
Tadicbd. L IAPRIYOBRC X b A& CERE
CHREBTHELE LBCILELIhb L El OET,
YS o bRx b3, Fig. 1 ¢, El Fi3 YS
FRENRKEE R/ MEY R THREE S FEE L

I ER LR T 2R X hRETE S,
142 BNBEEMCELETERREI LEHOZE

AR B CEREMAE(LE BH IRahieg Al ik
T ORBREGC RS T TFEAE LBUNBRENR LD
THbH, Fh Fig. 5 @irliclsic Al offek
BH oZ{bizsgLcfichd o, Licsi>T BH &
Tt AL k& bifirhcELE T 5 Bl RERRE L
NEBREREOLRTIKRETHHEL 2 5DT, LTT
B Y AlOTICE S ML TR T 5.

Fig. 1 T 850°C [ EkomEgguc X asuc Al
PR LEHT 5O Fig. 3 @R LIcHEERIER R D ¥
LT, Bbic Nb RiL4go BRI 5 EE CoRginc
BAERTB L5, Nb RIYOBHRIDLSRC 25
2 EETT BT Thy, Fig. 1 it L Fig. 2 o Al
DIBRE R Z O Z 2 EFF T 5B,

DX Fig. 2 WRLAE IS Al offindicbb
Nb RIctpOwsfEs Nb/C {BEEFE L CEBAYEET
%. Fig. 4 R LCERBRERIZ Nb/C fEC X 5§ Nb
RACH DEEfR-FT RS, FEEREY R C PR AR
WS FHEM R R L. I T CWRERY B TRE
Nb/C DB b Dixlt, HHRETEETIABCE
A RVIETTH Y, Fig. 2 offE L Fo BHRAN—FK
T 5.

iR B LICEBC Fig. 5 & Fig. 6 ©
TTISRBRETAE EAL, 750°C ffED EilEEK L
300°C ;55 O{ETRIRIC B\ TR EEE A K Z .

BRI BT 5 EHEC O T, Photo. 2 iRL 7=
X 5% Nb Rit4gowiH &L BRELeERT5 &%
zbhsd, —HERETEECHET TS AL LT,
BEFFCEREL T e Nb Rietpis &% FrisE 1 b
ETBERRY OV LA E % b DA BRE TR AT
Tiabo. .

4.3 2 MIMBMECEREITERRZI LEGOEE

WS D 2 MLtz — 7 v = 4 B ke
RS D X 5 1 CENEhd TEWEEIAE L34
WERR R TR 2. ZoBBE LTHAD CENY
TeWERRBENMETT ALV H B2, LT AHH
MILNL Y — v 20 PER X ) CER 2 ER L
Mgk TR ABE s w2 LI L.

INE B BURIITRC S T PEFEROMINE L BiIT
WA R T AW B CEXEINTAZ L, &6
CPE—ETCCRORLAAMONAYEE S AES H47
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5. ¥ E

BEMREEALME % AT % S 0 A &R DG IESHT DBA 5
* HH9E L, Nb, P IRANE(KRFEMIR DM BHFEC s
ETERERE L ¥ Le OB T RN,

(1) Nb/c=<0.5 oO#ffcit SEfmbiTmvws,
flEl, HOPEL, BREEVREGOTEHERY MY 5.

(2) Nb/c=0.7~1.2 Dfix 850°C LS ko
Bl E T EER D A BT 5 L RRFC Nb RIL4 08
fii X v Evs C oM LB s @ Hh

(3) BEEOGHREE I EFED 5 LRSI &
BEATRR LM D R E A B XIF L, 750°C JffEs 3000
C R EREE T OMmEIRIRE & BEAEILERET
BHH, LLEHETCOETEDEIDBKE .

(4) PRI X’ 2&RMIBELCIEBCOETTS
BERLZA L TCHECYERYEIEH LT X EEET
¥, fflteRoTHEAPE Po) & Al OBRIIKRA
TEINA.

P.r(%)=0.04 - A14+0.045
(AL : BEghgsr (kgf/mm?), REIHE : =1°C/s)

(5) LEEMESERCESETHRAFERITOLGR,

F=2.3, El=43%, YS=19kgf/mm2, TS=36kgf/
mm?, BH=4.5kgf/mm? OFAIERILIEEBERER b HiSE
TSR A RS T & .
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