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Formulation of Flow Stress of Nb Added Steels
by Considering Work-hardening and Dynamic Recovery

Atsuhiko Yosuie, Takashi Funra, Masaaki Funoka, Kentaro Oxamoro and Hirofumi Morxawa

Synopsis : Flow stress of Si-Mn steel and Nb added steels measured under the usual hot deformation conditions for the rolling of
steel plates was formulated by taking strain hardening and dynamic recovery into consideration. The functions derived
include variables of deformation conditions such as deformation temperature, strain and strain rate and metallurgical

factors such as austenite grain size and Nb concentration.

The calculated stress-strain relations and the stress-

dislocation density relations show good correlation with experimental data. The increase in flow stress by Nb addition
is due to the additional effects of the increase in strain hardening rate and the decrease in dynamic recovery rate leading
to a high level of dislocation density just after deformation.

Key words : flow stress ; hot deformation ; stress-strain curves ; strain hardening ; dynamic recovery ; dislocation density ; Nb ;

steel plate ; formulation ; high strength steel.
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Table 1. Chemical compositions of steels tested. (mass%)

Steel C Si Mn Al Nb N
FO 0.10 0.20 1.37 0.027 0.0 0.0028
F1 0.10 0.20 1.37 0.027 0.009 0.0028
F3 0.10 0.20 1.37 0.027 0.030 0.0028

Table 2. Experimental conditions.

Reheating temperature 1000~1200°C
Deformation temperature 800~1000°C
Strain rate 0.02~50s~!
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Fig. 1. Effect of reheating temperature on the
amount of Nb in solution.
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Fig. 2. Effect of reheating temperature on austenite

grain size.
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Fig. 3. Effect of solute Nb on flow stress under a
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Fig. 4. Effect of austenite grain size on flow stress
under a constant strain rate of 5s7.
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Fig. 5. Effect of strain rate on flow stress.
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Fig. 6. Comparison of measured and calculated stress-strain curves.

4

91



. 912

#% & $8Vol. 80(1994)No.I2

5. BE

5+1 BEWUBEIZRIZTTNbORE

BN T QR R DAL EE DAL 2 B L /2
BHRESH TV RO, FEO L CIESRERBR T IRBEMER
oS LSRN EE O BE D HE S LTy B, Fig. 7 I B2
o TF L 6NITHEHODNHESEREOBMEREED AL
S EBRALE R OBMRI, AR IR DFFEME
BbLETRLIEZEADTH S, ThiZE 2 EASEOFEMER
TERDIEGDHREME L B oo ER L, FafEEs RwCT
HATEEIN TS LA OBIRILFEARD I ARk O
M%R3TIEDREINS,

Fig. 8 HFANbREFZ Y5 A—X—L L Te bt pDOBMR%FEN

- TEM
| ——- Al-5.5at%Mg Oikawa et al.
------- Al-3~5at%Mg Nakashima
10°
ot
5 [
10 O Al-5.7at%Mg Yoshinaga et al.
E A Al-5.5at%Mg  Kikuchi et al.
— Present calculation O Al-3~5at%Mg Nakashima
B v Al-2.0at%Mg  Kikuchi et al.
o lanl EueTm el ol Ll
10" 10" 10°
o, (m?)
Fig. 7. Comparison of relation between dislocation
g p

density and internal stress based on Naka-
shima’s work??.

Dislocation Density ( X 10°m?)

Nb (mass%)
0

0.009 — —
0.03

el s

0.8

True Strain

£=5§"
L L

0 02 04 06

Fig. 8. Relation between true strain and calculated

average dislocation density.

42

HLEERERLLELDTHA, 2 0L 3 LpRIFETA
0. 3FRETHM T 5 709, EIROFLE TR T ARTTS Sl
WMTOETEYHRELEFED Thpldd : b ML
CEDIRBREINDpEWIMS A LD CRNTIEEPKT
BB LB IEIHTD 2%, HIENDEOWINIZ L - T
bFI—DelZ T 2o EHL LB Lhibn s,
52 BWEESLUMIEEIZRIZTINbOE
BIEEDE S ¥ RTR KDl L M TELOKS S %%
THREODMEZ I TIREDSEIHTEA LIS D¥ 21L& N Fig.
9, 1017”7, Fig. 9t & 5 &, cOMEIRMTIBENI S,

Deformation Temperature, ( T)

1000 900 850 800
1 T T T
201~ | Total Nb| Reheating Temp,
(mass%) [ 1000°C | 1200 T
0 ® [e)
15 0.009 A A
0.03 (] =]
&=5§"
w | [ ] a
10 ® 4
o 9 8 ° :
8 8 °
il &
6 o
A
sl O
4
1 !

8 9
/T, (x10°K™")

Fig. 9. Effect of deformation temperature on value
of coefficient, c.

Deformation Temperature, (C)

1000 900 850 800
20 T T T T
- ]
| A
§ ]
I A
o 0O
- n
§ . o
B A (|
191 e}
i [m]
hd 6
i £=5§"
H O Total Nb|Reheating Temp,
I (mass%)[1000°C | 1200°C
o) 0 D) e
- 0.009 A A
L 0.03 [] O
1 i
8 9
1/T, (x10°K™")

Fig. 10. Effect of deformation temperature on value
of coefficient, b.



B EE DM (PRIEDTPE ) b DIEEKRS . NbiE

OEEIE—RLTHL» TR VY, 2 NI EEENN

M4E O S R FIE T 053 L NI & 2 I LHEIDy
BREROMMIL RV EZ LD EHFL LML, SHODE
BR T B8 27380um & EIETR U TH - 12X OOH & AEIT
WA G DA AFRDCOFEL /NS <, NbERINC & b Sy EIAE»Y
HEIASNE 2 LB b b, 2 LIIEMNOEENNDIZ L O
HlanastewtEionsd,

Fig.10i2 & % L, biZMILEE?MEL, yRED /S,
NbE £ I3 ERmT 5, NoAr i f74E 3 5 3548130r-
owanDASHEZ & 2 S5 DO HEHE % @ U Thn LEE LR ¢
B ATREME I D B b, EIANDD AL & Y SRALH AR T 2 4%
BizsEsnhtue, Ly LEENDE & 5 i TEfbRo
RmEEELLUNEIARFIERCL b0, pk & FEFRIRED
ESEDEEMENFFL L b DL L6, EIENDC X b T
LRI T 2 LE LS B2 250 EENbY I LHD
AT OB R THE L LTI, NDJRF o & &
B HIED S NUICEERTHSAEEENT & 72> TFrank-Readt#i# T
WRET A LDHELOLNS,

LI E DR 6, NDEEMIZ & 2 oML, IMIHpd
B ET 258 LI LA DR 2 HIE T 2 RO
FEWEESUIHE, bROLINBZLDLEFLLNS,

B.

(1) ek 2 ) —7EHOD & 5 LEHELFETHC G2k
R CRB R 22X 1072 ¢ =50s ' DEBE AT LR
L T#A L, Si-Mnfk¥s & UENDREHIR O BRI b
RO MIEET BT a2 MTIEH, BES, PRI
1 O BEAR % [ElE /AT ND &R LI RO L L TERIL
Lo AT 2060 —BAHFROF HAEIL KAE & B

43

I LAEAL E BHROEIAE 2 K U 2SR N DI D AR N TS 11 O 2 Ak

U e R R L, ARFEORLIERHER L

(2) i) —EAHIROBEME Y & M LB LR & BhATRI1E
W R B L TERLT 5 FEELRL, S CRIETEE
Nb&, HrHNb&, MTiRE, EAEREOHEELHL,ICL
2. EANDIX I TP ORI EE DR % Bk ¥ 2 2% LN
TrHOEMEEDORL ZIH T 2RE L1261, WEOD
EROFCLOMISAPEMT s LHF L L0 5,

Bk, RIS CELTIHFmCRISCIIUNRET S
#H o Fok B HBEIR X II U o H ARSI SRS TE
AR O TR & TS ORREMICEHT 2,

X B

1) St EBBRD - 8 L8, 41 (1955), p.506

2) C.M.Sellars and W.J.M.Tegart : Mem. Sci. Rev. Met., 63
(1966), p.731

EHE), HAKE LM, 8 (1967), p.4l4

AME R B L L, 9 (1968), p.127

TS B, REZE 8L L, 6 (1965), p.403

W, REBIE3 C gk LM, 67 (1981), p.2000

J.E.Bailey and P.B.Hirsch : Phil. Mag., 5 (1960), p.485

BN B, #HkHES . BARERESEE, 29 (1965), p.351
H.Oikawa and S.Nanba : Trans. ISIJ, 27 (1987), p.402
WIBRE, KH ¥ BME—, BibE—, PRGBS S LM,
70 (1984), p.1392

A.Yoshie, HMorikawa, Y.Onoe and K.Ito : Trans. ISIJ, 27
(1987), p.425

th BEIE, FHIREE), AR, Tk AARSBESE,
52 (1988), p.180

H.Nordberg and B.Aaronson : JISI, 206 (1968), p.1263
K.Mitra and D.McLean : Proc. Roy. Soc., A295 (1966), p.288
Y.Saito : Trans. ISIJ, 27 (1987), p.419

W.G.Johnston and J.J.Gilman : J.Appli. Phys., 30 (1959), p.129
R.Sandstrém : Acta. Met., 25 (1977), p.897

BARTER . ABOWS, (1981), p.154 [727°4]

S.Takeuchi and A.S.Argon : J.Mater. Sci., 11 (1976), p.1542
B L IJUNKEFALER I, (1990)

H.Nakashima, M.Watase and H.Yoshinaga : Trans. JIM, 27
(1986), p.122

% 21, C.Ouchi, T.Okita, T.Ichihara and Y.Ueno : Trans.
IS1J, 20 (1980), p.833

3)
4)
5)
6)
7)
8)
9)
10)

11)
12)

13)
14)
15)
16)
17)
18)
19)
20)
21)

22)



