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Effects of Grain Size and Solid-solution Strengthening Elements on
the Bake-hardenability of Low Carbon Aluminum-killed Steel

Satoshi HANAL, Nagayasu TAKEMOTO, Yoshikuni TOKUNAGA,

and Yaichiro MizuyAMA

Synopsis:

Effect of metallurgical factors on the bake hardenability (BH) of low carbon Al-killed steel is studied.
The yield stress change due to baking (4YS) is determined by grain size and dissolved (C+N) content.
On the other hand, the ultimate tensile stress change due to baking (4TS) depends mostly on the
dissolved (CG+N) content. The locking mechanism of dislocation is discussed in relation to grain size
dependence of these properties. The influence of alloying elements (Mn, Si, and P) on BH through
their metallurgical factors is also studied. Mn decreases 4YS through the reduction of dissolved C content.
Si gives rise to the increase of dissolved C content and grain refining up to 0.59, Si content. Over

'0.5% Si content, the grain becomes coarser in turn. Consequently, 4YS increases up to 0.52% Si

content and levels off after that. Though the addition of 0.06% P does not affect the dissolved
(C+N) content, it gives rise to a little increase of 4YS through grain refining. Larger grain size
dependence of JYS is observed at~5 ppm of dissolved (C+N) content for 0.069;, P containing steel.
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Table 1. Chemical compositions cf the steels.

(Wt%%)

Specimen  C Si  Mn P S Al N B
Al 0.041 0.02f 0.24 0.009 0.011 0.055 0.0049
A2 0.0150.012 0.23 0.010 0.011 0.056 0.0048
Bl 0.027 0.006 0.12 0.010 0.005 0.022 0.0055 0.0030
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Curve (a) : Strained after tempered. Curve (b) :
Restrained after 296 strain and baking treatment.

Fig. 1. Schematic stress-strain curve showing the

evaluation method of bake hardenability.
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Fig. 2. Effect of cooling rate after annealing at
700°C on dissolved C and N contents.

3 YS{kg/m’)
12 €4<3

T LI B T T roorg T

. -+ 4 ATS{kg/m’)
v <l

A |~2
O 2~3
2t g3

d % (um ~4)
B
Qo ©

o

5
O ®° ® ! {6
h 1 1 1[5“1"{) 1 ! ISIO‘.”iI(I)o I

C + N (ppm) .
Fig. 3. Effect of grain size and dissolved (C+N)
content on 4YS and 4TS of low carbon Al-killed

steel.
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. Fig. 4. Effect of dissolved (C+N) content on 4YS..
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Fig. 5. Effect of grain size and dissolved (C+N)
content on 4YS of low carbon Al-killed steel.
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Fig. 6. Effect of dissolved carbon content on the 3
variation of ¢'y, gf296 and A4YS with d-1/2. (*d”
is a grain diameter.)

Table 2. Effect of (C + N) content on”the grain
size dependence of a'y, g2 and 4YS.

C+N o'y ar2% 4Y$

(ppm) k'y (kg-mm=-3/2) &y (kg-mm-3/2) ky (kg-mm=-3,2)
5 0.69 .41 0.30
10 0.92 0.37 0.46
20 1.03 0.30 0.96
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Fig. 7. Effect of Mn content on 4YS of low car-
bon Al-killed steel. (upper figure=Mn (%), lower

figure=4YS)
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Fig. 8. Effect of Si content on 4YS of low carbon
Al-killed steel. (upper figure=3Si (%), lower figure
= JYS)
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Fig. 9. Effect of carbon content on 4YS and
dissolved (C+N) content.
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Fig. 10. Lffect of grain size and dissolved (G +N)

content on 4YS of rephosphorized Al-killed steel.
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Fig. 11. Effect of grain size on ¢'y and 4YS of

rephosphorized Al-killed steel.
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ZhREfE & AT EE O BAfREY BRLTV5%. b0
KECrRHoEMFIL N Thy, FERTI2 C Th
5. ¥, HODOERTIE, 60°C ORpEhIML %% T
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0.34kg-mm-~3%2 #ET\%, F ¥, Cottrell FEFH
(Stage I) T3, £'y 1% & 25 Stage II T k'y %
ToOPEOfIRLD, k& X 0.34kg-mm-¥2 ST
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O 7ELUHRHEEBCRBER O E LTV, £D
WMEZE2 TS, P o (C+N) 12 Fig. 9 iR
HEEAYEXBEDTIHL, BEPEBOTh LI L
AT EEL RS,

&, P ci (C+N)=5ppm OEHEE DD
WE T AHTH, 4YS OFSENERTWL, ERFE Al +
A PR ENTRE LS DT Wb T &~ LD
Z22X b (C+N) oREEEC X% EBASIRITIELL
ThE, PRI XOT, 25 Lz e 5EA
i3, ROZDODZEMhEZ LRSS &P HIME P #
Xy bEMICEFRL-Ci, BREDO> L1 HLZ I A
— FRX SRR LT, HMUCESENEY BET 5.
i)y RARITEOBEBCMLZ T PR X 5@EE, M DT
EAYHEEET S, 20X CEMIABEE SRS
L, BEREO BIRIES (o'y) i1, FHELBCEAL
JC¥EAZ [unpinning | OJEFTik7e <, BRRIBEO LR
TR TR SRR &l 2 T R OF B DR
THRACLOTREDWDT, o'y OREMRBEREN:
MRELIDBEEZ D ENTE S 1) OREEHIC DO
TR, APHTI N2aflppmEs o bicky C &
N X s BHhiEI DTS BEERDB ZENTE
. ThiH LTE P #k L8 Mn, Si i &% &Nt
2 Al F U FENE, @EAE N Al Eh?, C B
D E2 5. C & N 2BEF L& TR LT
a2t b, A& (carbonitride) % > < > THf
HLPT LD O ED IR T35, G

CHEF L C Neowtd, CRIo®ESEX S, C
& N 2B{FELLHEC DI CEBEBE CH DR
NRZBHERTHELLRDB. KRIC, i) O Ptl?3
Bpghie oy, RABET & E£EFTLHE, 170°C
EWIHRETIE, BLEAFEBTER®,DLEZ DR

5. Lirl, BB TRERRLRIELLVWOT, 4§
BROBRMPNELEX .

5. ¥ 5]

ERFE Al 0 VEOBEMTELEOIRIC X D, RO
T ENB LM Dk

1) ﬁﬁﬁmﬁ.MY$ax%th&<ﬁ+N)1§
BTEs., —F, ATS izt AL (C+N) ckET 5.
(C+N) >80 ppm Tix BIR TORYHDETHFLIT T
BLHOIETINE L Ie b iz, 4YS, 4TS x|d3 2

2) Fig.3 X b, 4YS o AEILH 10~11 kg/mm?2,
ATS (349 4kg/mm2 Th%.

3) 4YS i C<5ppm T1, SR EKREEI/NE
WA, (C+N) =10 ppm Tk, FEaRFIERTFHELAE <
b, BERhOBRET, B Cottrell ZREIKIC X &AL
OEFE, BERINEWC I AEMOEELELBRS.

Mn, Si, P R EHRHLTEE OB EC TS XIF
THELREL, KOBRYEL.

4) Mo z¥EnT5E, £ELT, CHELT LD
. 4YS AT 5.

5) Siw@mmnTse, EELT, C2AHINT 50D
AYS (2 md 5. RERREL Si 0.5% RN Tk
LT 4YS offncEFE5-355, ThllEHEmTs &
LA RN K& 72T, C DD Z)E & MR
T 5.

6) P a@minTse, TELT, #EMbicXp 4YS -
L BT 5. P Hc X oT N 230 bR
230D (C+N) L LT, @BEAEEDLLRL,

7) P #shngl (P=0.06%) Tix, 4YS LRI,
(C+N) DBAED, ERFE Al 1 F (P=0.010%)
DENELRTELDTL B, Hig, (C+N)=5ppm
T AYS OFEGRERTEESKE e b B 2T

X R

1) R. D. ButLeEr and J. F. WaLLace: “Recent
Developments in Annealing”, (ISI Special
Rep. 79) (1963), p. 131 [ISI London]

2) Metalworking Prod., (1969) Feb. 113, p. 8

3) Epﬁﬂ_‘gf, /lu*&‘k?ﬂ: &R H, ?::ﬁﬁﬁt’ ?E':P
W ER: $k & 8@, 61 (1975), S151

4) J. A. DiceLLo and R. 4. Georce: SAE paper
740081 (1974)

5) MiBHZ, BHME, MR, AiEF4: ¥
&, 21 (1980), p. 168

6) WA e gk, 62 (1976), A135

7) A. H. CorrreLL and B. 4. BiLsy: Proc.
Phys. Soc., 62A (1949), p. 49

8) J. D. Bawrp: Metals and Materials, 5 (1971),
p-1

9) J. D. Barp: Iron Steel, 36 (1963) p- 186,
326, 368, 400, 450

— 49 —



1176

B & M

3 68 48 (1982) 9 =

10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)

21)

W. WEepNER: Arch. Eisenhiittenw, 26 (1955),
p-71

J- R. Low and GensaMEr: Trans. AIME, 58
(1944), p. 207

D. V. WiLsoNn and B. RusseLL: Acta Met., 8
(1960), p. 36

D. V. WiLson and B. Russer: [6]_k, p. 468
K. Nakaoka, K. Araki, and K. KuriHara:
Fromable HSLA and Dual Phase Steels, The
Metallurgical Society of AIME, p. 126
WIEECE), MAES: k& $H, 66 (1980), S367
WAL —, BHEFEH, BRIZEFT: sk, 48
(1962), p. 156

Bk NG BT i B
(1980), A209

D. A. Leak and G. M. Leak: JISI, 189
(1958), p. 256

W. DickenscHEID and H. J. SEEMANN: Rev.
Mét., 55 (1958), p. 872

E. T. StepuensoN :Trans. ASM, 55 (1962),
p. 635

J. F. BurLer: Trans. Met. Soc. AIME, 224
(1962), p. 89

B idk: gk, 66

22)

23)
24)
25)

26)
27)

28)
29)
30)
31)
32)

33)

S. Sexino and 7. Fupnisamma: Trans. JIM, 7
(1966), p. 142

J. F. Enrierro: JISI, 204 (1966), p. 252

D. V. WiLson: Acta Met., 16 (1968), p. 743
K. Kvo and L. E. Persson: JISI, 178 (1954),
p- 39

G. LAGERBERY: Acta Met., 7 (1959), p. 137
A. S. Ken and W. C. Lesuie: Mater. Sci.
Res., 1 (1963), p. 208

W. S. Owen: Trans. ASM, 46 (1954), p. 812
W. C. Lesuie: Acta Met., 9 (1961), p. 1004
R. A. Haprewp : JISI, (1889), p. 221
KEE—: $k&, 28 (1942), p. 969

H. MagsucHi, C. J. McMason, Jr.: Trans.

JISI, in press (accepted on Dec. 1, 1981)

HARE—, AF W, BBHER, BT
H9, (1961) 235, p. 3352

gk

34) C. A. WerT: J. Appl. Phys., 20 (1949),

35)
36)

p- 943

C. WERT : Acta Met., 2 (1954), p. 361
C. C. L1, E. J. Dziura, and W. C. LEsLiE:
Met. Trans., 8A (1977), p. 705

—_ 50 —



