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Bake-hardenable Al-killed Steel Sheet by Box-annealing Process

Atsuki OKAMOTO, Masashi TARAHASHI, Takao HiNo, and Shiji NAKAI

Synopsis:

The bake-hardenable cold-rolled steel sheets for the outer panels of auto-bodies exhibiting a sufficient
formability and an excellent resistance to denting have been developed in box-annealing process.
Examinations in the effects of chemical composition and box-annealing  condition on the bake-
hardenability and on Snoek peak height of Al-killed steels revealed that lowering total carbon content
to less than 0.029, for tight coil annealing and raising annealing temperature to a/y intercritical range
for open coil annealing, besides, adding silicon or phosphorus and reducing manganese content in steel
can increase the bake-hardenability to 40 MPa, retaining 10ppm carbon in solution. The mill produced
bake-hardenable Al-killed steel sheets showed practically non-aging quality and high r-value. Discussions
were made on the compatibility of retarded aging property and bake-hardenability of the steels by

using Hundy’s equation.

A retarded aging and bake-hardenable rimmed steel was also produced by

controlling nitrogen to 8 ppm in the open cecil annealing furnace.

i

1. 4=

Vi, FREOCEFEEROBIKDOICD A VORER
BELEhoobs, & OBARIECE D ORI *
DT v b (AT Z) W, Zhubhibd 5Tk
REREE DB ER T IESRR D2 F V~OBRADFYT
H5. BlEME 40kgf/mm? (400 MPa) & o PERin Al
¥ PSS, FOE\ 7 il JOEVWBIE =2 A b
) —ER R ACE L ER NG ESIR EEx b
Tt B, RBROMAC I 0T v ek #x >
ke AR A EOERIER LB, SEER
ENBIRA TR X 5B 3 A TR &I
ERABRAREFEE LT, BREELIARTSTHD
CEMNHBM DT ERDD, COEERLEN OB
REBENENZ ECEELTWADT, B OMRREE
HEL » o7 VAR S OB RO Rk E LT
OREREEILE, Wi B BB b O B IESR
MEHEEND X 5271,

BEMTERT 351 2 BAHR L2 FIB LT R v ORRE
W BF B Ex Fixaio b DEiiash ButLERY Lk IO
CXnEEINTWRD, ZHEOMTITY &

LEvY®

FERTH B b NI X 5 HRRELGSEI D, 7 v AR
BFDA PV yF 4o —Ab LAY (S5) ORERBHIEL 2
FTHEE SRR VAICEARE L TH DR, PR 2B
BOLBIT LD LED=AT VYA RSB IR EE
##% (Dual Phase) $i#iiic B\ Cik, ZROEBCEYS
BHLTHBE bbb T HERDEY RIS, B
b & RIS R TII L 52 2 RV L
Py, SO XS IEEHEGMR T r [EAMEV & & LEREE
VRADRETELL LB, AEHFLHELTIES
BCAShs £ TEREDTWR. TR, &
DPEREM LI Al F FERR A ML a8 T2 L5
FEEHEAB RS & OWED L H DY, £oBei
E X FHITHLMT IR T,

EEDIX, Al F o FEOBEESEC T, bERS &
BEMAEORBYITO LRIV E rE, WK
TR LM OB 5 BIEME Y BEIh D2 L2 R
WIE LI DCHET 5.

2. {LEMAEEHREOEE

2.1 HEWBIURBAE
EhpsE 17 kg HZEfF T Table 1 CRTHOEH L

RGN 55 £ 4 ARSMEARSICTRE

Trans. ISIJ Vol. 21 (1981) No. 11 Z#E#

Efn 56 £ 10 § 20 H %4+ (Received Oct. 20, 1981)
* A SBTER) hREHFTEF (Central Research Laboratories, Sumitomo Metal Industries, Ltd.,

1-3 Nishinagasuhondori Amagasaki 660)

2 R &BILE (MK PR &ﬂ\ﬂﬂ”j’ﬁﬁﬁ T4 (Central Research Laboratories, Sumitomo Metal Industries,

Ltd.)

¥ Fa & BT (B) 1 (Sumitomo Metal Industries, Ltd.)
M BE&SBIT¥GK)EESR&FT (Kashima Steel Works, Sumitomo Metal Industries, Ltd.)

— 243 —



1370 % & 8

5 68 & (1982) 9 2

Table 1. Chemical compositions of specimens (wt%).

Stecel C Si Mn P s sol. Al N

c1 Jo.oa1f<0.01]{0.19(0.011[0.0t1] 0.038 |0.00a1]| Base
¢z |0.005|<0.01]0.19]0.011]0.011] 0.037 |0.003s

¢35 |o.024]<0.01]0.19[0.011[0.011| 0.037 o.ooss}c
ca |u.070[<0.01]0.19[0.013]0.012] 0.039 |0.0040

c5 |0.044] 0.27]0.21[0.011]0.011] 0.048 |0.0040]si %
€6 |0.040|<0.01|0.11]0.011]0.011] 0.042 |0.004as

C7 |0.041|<0.01]0.36}0.011]0.011] 0.037 ovooas}‘\rn %
€8 [0.039[<0.01}0.74]0.012{0.012] 0.034 |0.0050

€9 |0.050/<0.02{0.20]0.060[0.011] 0.042 |0.004a]P 3
€12 |0.038]<0.01]0.19{0.012]0.016]/<0.002 |0.0049

15 10.046|<0.01]0.19]0.011|0.018] 0.110 Jo.0os9][ ' °
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min jpgklL, OWTC {4 EFRE 900°C Ll kT 2.8
mm ¥ T 5 A A TEMEE L. BERILCIELI
A7V TERETEAHHE, KREOFHOLD 450
°C T 30min FINAEFE L. Thbx BER
0.8mm EF T 71% OFTRZTHBEFEEL, DWw
©, 680, 710 %7213 740°C e 4h OFLE S A 1T
Dfs. T OB 1T S FIRHE L 40°C/h, AEEE
13 80°C/h L L, A — 7 v =2 1 ABERIIE (OCA) D#E:
EL Liz. —oft, 8 C 1 st LTk, #hiErs 700°C
TORREEW D HUOBUI LT, S HORBERT
1 700°C ¥ coguEnE e 400°C T @R R LR %

GlfE 4 O Bk Y 7ok, Thub BEslifcE UR
1.5 WCHBEREL, JIS 5 SRR WEHmIT#ELL
T oORERE T

(1) HEFRZEOHEE .
FECHAERATRE R % L@k & FAERK 50°C, 3
d O InEMF IR 1T 7SR K UEREST M D5 |5E 3
B fT\ s, DB LB X A BRREE O LA - i
CDETAREXRE L. tRHAEEERERSFEDO —
M TET 27 tcd, BRAMU OFBERTFLTIR LT
&3, INERHHE OREREMUD 0.7% LI T OBEILE
{RER i & HIMT U7e.

(2) BEMFELEORE

LEHEEE, 2% OFEREZEESEOS|ERABICT
H%, 170°C 5 Licifi-s AT 20 min {45,
R—FENCBE & C5lE27. & o 170°C Oz -4
F A OB MBEICHLT 248 THS. FIRRRO
E-pO g2 6 Fig. 1 ITRT X5 2% 5lEDIC X
ZMIELE 2%WH), 3 XU AL aBE X
HEEREE ERE, Tib b ELE (BH &, Bake-
hardenability) % k7.

g [ aY S (BW)
] ke —_——
______ 2% W H
170°C, 20 min
0 -
2% Elongation

Fig. 1. Measurement of bake-hardenability (4YS)
and work-hardenability by tensile testing.
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Fig. 2. Effect of chemical compositions and annealing temperature on the bake-hardenability
and yield point elongation after aging treatment at 50°C for steels cooled at 80°C/h.

a) 680°C b) 710°C c) 740°C d) 740°C e) 740°C
steel C1 steel C6 steel C8
(Basal composition) (0.11 %Mn) (0.74 % Mn)

Photo. 1. Optical micrographs of annealed steels, showing the morphologies of cementite particles.
(Picral etch)
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Fig. 3. Relation between bake-hardenability and
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Fig. 4. Relation between bake-hardenability and

decrease in total elongation by aging treatment
at 50°C for 3 days.
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Fig. 5. Relation between Snoek peak height and
bake-hardenability for various steels with different
chemical compositions.

Table 2. Chemical compositions of steels melted
by converter (wt%).

Steel C Si Mn P S Sol. Al N

Al 0.009 0.06 0.14 0.046 0.008 0.051 0.0055
A2 0.012 0.05 0.17 0.067 0.004 0.060 0.0061
Bl 0.060 0.08f 0.007 0.065 0.0050

0.04 0.22

3. BRCBRCHEIEITHEMREORE

31 #RMBICRRAE

Lo EEER ¥ &$E %, Table 2 RT3 EOK

Mn, P yhn Al 0 V8% SRR L. 8 Al
TOU A 2 BEZER T ALCERSERT, # Bl 2y

WREMTH S, Si ZPESFRRCIRER » 7 - 54
L7z WiBE CAERIER T 5.
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Table 3. Box-annealing conditions and the mechanical properties of bake-hardenable Al-killed steel sheets

(JIS No. 5 Specimen).

Annealing YS uTs T-El YPE r n 4YS(MPa)
Steel (MPa) (MPa) (%) (%) value value
Coil Temp. WH BH
Al Tight 690°C 200 352 39.6 0 1.74 0.230 47 39
A2 Open 730°C 207 359 40.0 0 1.76 0.235 48 43
B1 Open 730°C 229 388 39.4 0 1.87 0.236 40 45
D. D. Q Steel* 180 310 46.0 0 1.75 0.230 40 8
* for comparison
T ——— T 102 108 104 105 105 (seq)
Cooling: 80°C/h Annealing: 740°C 70 — T T T
— ol R < 30fes0°c 10T 120°C,
£ Tight Open Jeo £
S B A r Coil  Coil ~ 20
= Ann.  Ann, lp 2 -
% 30 steel Al B / 150 5 — 1o}
2 (0,012 Q) L /’ = -
> T / Hup 2 s o}
S 50k - S
& i —
2 | steel AL g el 1s
o 7 -
= B L ! steel B1| 720 o L orcd 54
< 10 steel Bl A oo - 20 g
% (0.06% C) /S o [ ~ 10 £ 40t B qu\_
= &I s = g
O0p oo t 1 N ?—_?( 1 1 1 -0 0r 12 .
1 1 1 1 1 w)
860 680 700 720 740 760 10 20 40 80 160 A.C. % 2ol 9 o
Annealing Temp. (°C) Cooling Rate (°C/h) - <
. . " - 11
Fig. 6. Effect of annealing conditions on Snoek 10
peak height for two low manganese and rephos— O 16 &5 1L w3 °
phorized steels with different carbon content. min h day
Time
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4. | 5 H &

Table 2 iR SEOME THICTRYE, BIE 75
Bl LOFHEEIE U IER A Bl Ui, AEEEOMH
U'HRix 0.8% »b 1.2 ol Ui, fapegliskt-L &
BRI ES Table 3 iR, k0B A

gt (DDQ) & HET 2 L HRRE, FIRMEN S <
O PMENA, B o (I D TR,

B LEEXNET B, 2% DO5EETEL Y52
M B4 ORES JORRM AP TRQNEL, &
h oy X 5BRMEO EAE, 4YS K XUG[KR
mEo AR, 4TS %Rk, Fig. 7 I A 21
BT ARELYRT. EROBRERMSLHETHD 170°C,
20 min D BHALEE TUL, BRRRIRH 40 MPa, 53R X1
¥ 20MPa R, ThiZ% 0B E&io ZEE I
IoThhEh BELV. HEase, BRI
AYS oz 2 BB LTE D, £ 0 1 243 120°C
BF, %5—23thllbo #BUBEED AT

Fig. 7. Effect of aging time and temperature after
2% pre-straining on 4YS and the increase in
ultimate tensile strength 4UTS of steel A2, open-

coil annealed.

%. 170°CG, 20min &\~ 5 B2EBEAI M2 1 BFEB O
B sET L, 82 BRE oW s Bt 3 Bl O BL
HEMTHY LTS,

3O BT 2 Rk EBRAERE2 5, 30 MPa D
RO LAY R THd0RE LB OBEGRYHFHEL
7. Thk Fig. 8 wiRd. ZEREEH 80°CLIFT
1T AR GRS R O X HL & HaHRE JE oM E & ORI ER

BIEMRIAEDLNRD., ThALOEBOEHENLRDLNRS
102 103 10 105 105 (seq)
170 T T T T T
8Y'S =30 Mo 424

_Lor @ = 20.5 kcal/mol {2.6 _
o p-v4
S steel Al dog
© steel Bl z
g 43.0 —
o 50fF
5 43.2
2
& 20k 3.4

1 I i

1 1 { 1 1 1
1 4 16 1 4 16 64 11 43
—— e T
min h day
Time

Fig. 8. Relation between time and temperature
to show the same 4YS of 30 MPa for three box-
annealed bake-hardenable steel sheets.
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N5, ThZh OB R G LiciE g o RIL DI IR
% Photo. 2 =R
PSRBT I\ L, 9 0.05% DRFELXEHET
LA Ay BRBELLT OfFEIR C ChedlidT 5 0@ TH
o, T OYE, BBy 100 ppm L EDRE
DEET AN, Az Photo. 2 (C) miRT X 5%
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FEw Ao, UL, BEdilREd B s B chesi3
A&, rHPCREIRINEN S Photo. 2 (b) 12
AT X SRR 7K 7 h 80°C/h DREIFITIL
RFERFHE LT s, —F, BEMREMEL T,
R CRE% 0.02% LITRERTSZ LT XI2>THHA
Ribpir e {ich, MIEOBEIC X H EHRFOREOHT
HHEEEE 7n s, Z OBARERR AN IRE O H
BT e D IR B TR LB E X 0 X HOREE
ClAEIh2T <, MR X v L% L CERAEEt
PESAR A BE L e Ao bitlieh., HMERIC IS L&,

900
800
700
600
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© : Conventional
400 Box-Annealing

Annealing Temperature (°C)

! | ! | !

L
0 0.02 0.04 0.06
(W9

Fig. 9. Schematic presentation of the relation be-
tween carbon content and box-annealing tempera—
ture to manufacture bake-hardenable steels in a
Fe-C phase diagram.

. b) arca B

Photo. 2. Optical micrographs of box-annealed
steel sheets, showing the morphclogies of cementite
particles in correspondence with Fig. 9.
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52 BABIMCEXIETERRTEOEE
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PEHHRGELRA L CRFERCRCEEYEL TS
Lok Bibhs, Thbdb, Mok wxvzA b
B Lt A V& A P RETCT 520728 OTRILY DO
HAED DA, Si e 2 va 4 FRREE LW,
fed R OHEIL Si OIHBRENRBHETETIICT
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FLogg=rr¥— 0.5eV¥ L h/phInicd, EE
REXE TRV E TS TFERDINL DD RE
OIMIES kT e 2 v 4+ O—HIIBEEL,
AT REVRENT L BARDELLY £, BEO
Al U P8 R\ T% Table 3 &RLACX I
10MPa LT o BMAHELHEEY RT ORI 0D THS
5., ZDEAVEALOFEEFX A VR ORER
X b EERZT, Mn BOS Wik Titex V&

4 P EBETAS Mn ERSWicde s va A MIE
FLL, FREFTFELEORFOFEE»IHHIE h,
B b N E S PIE I NS D EBbh s,

DXy, Si, P X0 Mn Yo KXoBEGRIEETL
Fix, BHBORMCPYOWHO LT EIHELHETT
BRI OERBEO LTI EEL AT EEL
THEMFELLECEEY EX TW 5O LHEESRS.
5.4 HERERMELBGEEMOmIZ

ERFEL) b BT S 3 b B C MR & EAE
LAREMET 5 & 5ELHREHBRTH 2108, BRI
LB LS Em T ABERC O WTHEET A LERD
A5,

[ U Barghs B3 oo HJE & R o B &/
Hunpy3) X pEHhRT5. fRITEARGCEET 5
CorrtreLL and BiLey3? 3% FA\T CIZ X 5 E:&hic B
LTTFR&E T,

log (£,/t2) =4 400(1/T,—1/T5) —log(T2/T)
Tt & B, T & T iXERRETHD
Z OR ' AVCHER— D FE R OB OF]— OIEHRFFL)
g, M 3IR—0RREMHY, 2RI ORE LR
BBk 5. Z OBfR%Y Fig. 10 @A L. &
O OBITER TR, % OFE X211 KB RE OIhEL
DO ENT EOERIL= 2 A F I HYS LT 5.

BRI & vk, MEEESR 30°C, 1 AEEL
THRRABOY FBELR R E Bgxhs 0O
30°C, 1 7 B L EMi7chshLBLI RS TREA TV 5.
AEECF o7 50°C, 3d onEREsig&ELRS B
H5. S Of LoRE L REEERCER RMOL I
AT 5 MBI AN T 5. W OB Al
F 4 VEHTERZIMN TH H, —IARIEESN D D ZHjiik

103 104 0

520 f———- = '

0°C, 20 min

0int Bcklng)////
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Fig. 10. Relation between time and temperature
for steels to show the same yield point elongation
by the diffusion of carbon atoms. Schematic
diagram obtained by the calculation of Hundy’s
equation.
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5 68 4 (1982) 9=

TREABCYE L FU DR EMU ORENEHMT
R VEZETHD Z EXRPIRLTH S, REFEN
&HThBH 170°C, 20min (351 S X v A5 L DRREGHM:
DR H B, Tichb, BEFETHERBRR SO Y RE
IRRBRBMES EIF, Ao 30°C, 1 & A CIifetk s
O FE IR IR R TTRET, S & Boky
THRBSYREILS I H5CEFRCELERT LT X
W ki b,

LU DRI FEAD—E T2 Hunoy DX ER
DR THRVMIDERELICDIDTHBA, Zhbo
FHEZLHT LS BER TR, R0 2 A~0EH
T HE L NEERESMESREC L2 DR TFERIRET
D LHETHDDE XL, BN BB OF
ERNT VAP E S —FD 285 [REHDO BET
H5H. WEEERD BT X 5 BRAMD D F4:133)
REWBEDOFTRIVEIVEA W LRI MbhTEs
DIz DT LSRR B IRER G & AT b
FEZ LVBERBELT 5.

¥ 7= Hunoy O30 SR COMSIES IR D Li-Te
DT BT LTI LHMBRT 51939, KT 33
W BRRBRE D ER A B UEMALART P 5 0
Fig. 8 1Rk 3 X 51z 120°C [JTF o Biic BILTTH
D, TR XD ERTE X ERNMCRRRMBME ERT 2
X5THB. ThikilE T Fig. 10 Off S ofF 2 a3
MEL BT EXTRL TR VAP TTFEBLEL Y,
TEREL) & BB L O A S L7 b & Ebh b,

ThicBEdE L, HEAELRS Y BEREYOER b
3¢L, TORIGOEMEL=2LF - & LThich EHus
EEEH Le#E2 550, Al & dRBRMIKRD
X 5 10 ppm BB 0O EE CE2 & i s\~ T3 Fig.
7 mbbins ks 1200C Lo ByEtBEs &
170°C T ATEL & I EEILEEDS R B TTHEMEM 3
L BT LSRR oo BY C RF 0% (10 ppm=4
x 108atom/cm?®) 1% 2% DOFEL X Iz bht-gtE b o
R OFRFEH (EAFEE 100lines/cm? Ry 4x
10" planes/cm?) X b hsin D B2 X EETIUE, 120
°C LUT o) TR Lo CEFIT X 2 FE#E A0
LT DL, 170°C CliEE S 8 LEfg
T2 A58 %R TAHT LTI, XhEEK
EMOFEENRI DO EHETEIN DY, BLEEHE(L
ZHOFMBEI L CRHUFI»SE L oWENRTHR T
BB b LTToE LI DT, SefthE
EBREEOWTH XL FMAHENLELE Bbh 5.

agkhd N OJR# O Eib= 4 ¥ -39 18kcal/
mol TCOLTI X DRR/NEWITTHBDOT, FOB

Table 4. Chemical composition and mechanical
properties of mill~-produced bake-hardenable rimmed
steel sheet. (JIS No. 5 specimen, Rolling direction)

C Mn P S
0.002 0.31 0.014 0.011

sol. Al N
<0.001 0.0008

YS UTS T-El YPE ~ n

JYS(MPa)
(MPa) (MPa) (%) (%) value value —————

WH BH

As Temper- 139 279
rolled

1 month at 152 284
30°C

51.2 0 1.92 0.236 48 45

50.5 0.3 — _ 43 46

LI 3 XITHRE & R oIk Fig, 10 mR L1
CogEEELrRIZETH LIV, LEoT, VsV
KRR WTHFRMIC ST 5B A0 Ny 40 L
SRR R0, Niih 8 ppm FifRicie s X 5 g m
B3, HIRERDMY & TR ML 5 &
Exbha, THBTT, 4+ 7 K%k OCATHR
Beglitg, AX 32 (7 vE=T74HM»A) CTHEBE
ER L TRl LR & HikfE% Table 4 iR
T FWREESE SBRREGUOREZHLTNTHY, B
B rv_ARMEL OB LV r fEDZE L L RIF /BT
SR BLETE T\ 5, ERYFEMELCFIRT
BHBEILFIg.3 WIR LT X 5 Wi IR RhEE DB R A RO
MIEELLTVEWSRERDBY, BHEZOHENC
ODHEIVELTHHICDTENCFIHTE S EEL L
5.,

6. & 5

(1) HRERZ)METH 40 MPa (4 kgf/mm?2) o FEff
BEALHED D D AyD 7 HDE Al v FISTEERH A F5E
iR TG TE L. T OMBTTEAENE < Rl
AL v reoR EEw) & i h s,

(2) BEAELREEEME OMEPCFET 5 EE
CrIaBLFRFYHWLBIS THS. FAFSIHTLE
Felsdiic s wThWhd BEiEE C g 10 ppm i
L, BEfHi{bi% 60 MPa LUF i - i wiR B i %
R TE 5.

(3) #abesliFwc X v ERRBefBifbdE Al 4 V8RR
#H AL, #h Mn EXERL EED P H5uk
Si ML, 12CE%E 0.02% LITFeLTas A badg
WBESIT B0y, HAWIEECE T A —F v a4 B
HIFRER LT A ZRBIREL B CHEsl U HBiiE <
HBEHTHT IV, G oFiint SAmEE 2ET &¢
5.
(4) ThbBEEHEOR, Ck I UBEMEEIL v £
VAT ONMEELDZ LX) HEHEEDCORH
1 VEegE 5%, Mn, Cr, Si 3 X0 PR HRs
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DrrvEfFOBHLLTICEHELEXTBEE
Zbhi, FRChOBRHMTERR A V&1 P HOR
EUEREL D EC X FERLO COBRFC L HEE
Sz Tw5 EHEIIE R

(5) #EERSNE & FEMAECESELT 2B HE D
WTERL, VA PR NEXHECHE TR
VRSB T A D BT IR L B B B IESR R BLE T RE TR
EwRLIC.

Bhhie, AREEETTHCHI VBB LBIE%E
DIAERE BT bE) PR E MR AT R R TR RK
+3 LU RS L E . ¥ eARBRER I
fotrd o Fo RSBk, BB X U R REITITSE
DR 4 S LET.
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