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Fine-grained Ferritic Steels without Upper/Lower Yielding

Saburo MATSUOKA, Yoshiyuki FURUYA, Toshihiro HANAMURA and Shiro TORIZUKA

Synopsis : Fine-grained ferritic steels without upper and lower yielding were created under caliber rolling in the range of C=0.05~0.44 mass% and

N=0.001 mass%. The grain size of steels created was about 1 ym. Upper and lower yielding disappeared by adding the amount of Ti given
by Ti>4C+3.43N, because C and N are fixed as TiC and TiN. Here, Ti, C and N are mass%. On the other hand, upper and lower yielding ex-
isted, when Ti<4C+3.43N. The difference in strength between fine-grained steels with and without yielding i.e. the solid solution strength

due to C was estimated to be 100 MPa with the yield stress and 70 MPa with the tensile strength. TiC particles smaller than 10 nm precipitat-

ed, adjusting the thermo-mechanical process of creating fine-grained steels. The precipitate dispersion strength due to TiC was estimate to be

300 MPa at C=0.05 mass% and Ti=0.2 mass%, This strength is equivalent to 1500 MPa per 1 mass% Ti. As the results, the maximum tensile

strength reached about 900 MPa at C=0.075 mass% and Ti=0.3 mass% in 2-um fine-grained steels. Fine-grained steels with and without

yielding also showed high toughness and high fatigue strength.

Key words : fine-grained ferritic steels; upper/lower yielding; tensile strength; Charpy impact energy; fatigue strength.
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Table 1. Chemical composition (mass%).

b TEREIR AR & BRI 7 < 7 4 M

Table 2. Thermo-mechanical process conditions.

(a) Case ] (a) Case 1
Material C ‘ Si Mn Ti 0 N Forging Caliber rolling
A 0. 050 0.31 1.50 — 0.03 0.001 ®1100Cx1hr — F;)rge 900°Cx1lhr — Air cool
a | 0050 { 0.31 1.47 0.21 0.02 0.001 ‘ 1 1 —Air cool — RT — 550°Cx93% area reduction, Caliber roll
‘ — Water cool
(h) Case 2 -
Vaterial c Si | Ti 0 LN (b) Case 2
B 0.050 | 0.31 .50 0.13 0.03 0.001 Forging Caliber rolling
b 0.050 0.31 1.47 0. 24’ 0.02 0. 001 D1100°Cxthr — Forge [
D 0.15 0.32 1.51 0.41 0.04 0. 001 I —Air cool — RT 650°Cx91% area reduction, Caliber rol
d 0.15 0.31 1.49 0.77 0.02 0.001 @1200Cx1lhr —Air cool | — Water cool
E 0.44 0.30 1.47 1.37 0.02 0. U& -> RT o
L‘“V 0.13 0. 30 1. 46 2.51 0.02 0.001
- (¢c) Case 3
(c) Case 3 Forging Caliber rolling
Material ) C S \in h Ti 0 ]\‘* ‘ 900°Cxlhr — Air cool
¥ 0. 046 0.30 1. 46 0.19 0,03 0. 001 | m — 650°Cx91% area reduction, Caliber roll
f 0.046 0.31 151 0.23 0.02 0.001 ®1200Cx1hr — Forge | — Water cool
G 0.075 0.29 1. 49 0.30 | 0.02 0. 001 v —Air cool — RT 650°Cx91% area reduction, Caliber roll
g 0.075 0.29 1.49 0.31 0.02 0.001 — Water cool

1200°Cxlhr — Air cool
— 650°Cx91% area reduction, Caliber roll

— Water cool
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Table 3. Tensile test results. UYS: Upper Yield Stress, LYS: Lower Yield Stress, 0.2YS: 0.2% Proof stress, TS: Tensile Strength,

U.EL: Uniform Elongation, T.EL: Total Elongation.

(a) Case 1

Specimen | Materials | process | UYS LYS | 0.2vs TS| U ELf T.EL YR
(MPa) | (MPa) | (MPa) | (MPa) | (%) () | UYS/TS | LYS/TS | 0. 2YS/TS
A1 A 900 833 — 844 3.0 | 14.7 1.07 0.99 —
a1 a : — — 630 718 | 42| 155 | — — 0.877
(b) Case 2
Specinen | Naterials |process | UYS | LYS | 0.2¢S | TS | U.EL | T.EL YR
(MPa) | (MPa) | (MPa) | (MPa) ‘ %) (%) | UYS/TS | LYS/TS | 0. 2YS/TS
B-I | B 684 684 | — 736 [10.3 | 22.3 0.93| 0.93| —
b-1I b — — 591 | 668 | 7.9 | 21.6 — — 0.88
D-0| D 752 715 | — 751 | 9.0 | 21.2 Loo| 095 —
d-1 d f — - 488 | 567 | 8.1 | 23.5 — — 0.86
E-1I E 727 674 | — 717 | 8.9 | 19.6 Lol| 0.94| —
el e — — 576 | 655 | 7.3 | 19.3 — — 0.88
(c) Case 3
J Specimen | Materials | process Uys LYS 0. 2YS TS U. EL T. EL YR
(MPa) | (MPa) | (MPa) | (MPa) | (%) (%) | UYS/TS | LYS/TS | 0. 2YS/TS
F-TI 1 558 556 - 612 76 | 21.0 | 0.91 | 0.91 -
F-IV F v - 647 - 726 | 6.0 | 17.4 0.89 -
F-V v - 821 - 893 | 5.7 | 15.0 - 0.92 -
-1 il - - 445 524 | 81 | 21.9 - - 0.85
-1V f \% - - 577 655 | 7.0 | 19.6 - - 0. 88
-V \% - - 655 752 | 5.3 6.1 - - 0.87
G- i 686 | 607 - 642 | 7.2 | 18.9 | 1.07 | 0.95 -
G-IV G v - 706 - 761 | 6.5 | 17.5 | - 0.93 -
G-V \Y% - 827 - 899 | 6.1 | 15.4 - 0.92 -
g-TI m - - 570 623 | 6.8 | 19.2 - - 0.91
\ A v - - 678 759 5.5 | 9.4 - - 0. 89
gV \% - - 760 861 9.1 | 17.9 - - 0. 88
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Fig. 1. Stress—strain curves for fine-grained-steels A-I and
a-1.
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Fig. 2. SEM images of microstructures for fine-grained
steels A-I and a-I. TiC precipitates spacing is
0.58 um for a-I steel.
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(b) -1

Fig. 3. SEM images of microstructures for fine-grained
steels F-III and f-ITI. TiC precititates spacing is
0.45 and 0.43 um for F-1II and f-1II steels.
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(b) g-V

Fig. 4. TEM images of microstructures for fine-grained
steels f-III and g-V. TiC precipitates spacing is
0.60 yum for f-1I1 steel.
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b FRER AR E AR 7 = 7 4 M

Table 4. Difference in strength among thermo-mechanical
conditions III, IV and V in Case 3.

S . C Prediction Experiment (MPa) N
spectmen (masst) (WPa) Avs ATS
(F-1V) - (F-1I) - 91 113
f-IV)-(f-11 - 132 131
¢ )= ) 0. 46
(F-V)-(F-mm) 320 265 281
(f-V)-(r-1m) 320 210 228 N
(G-TV)-(G-1) - 99 119
(g-IV) - (g-11I) - - 108 136
0.75
(G-V)-(G-1) 410 220 257
(g-V)-(g-1I) 4107” N 190’7”7 B 238

Table 5. Difference in strength between steels F and G or f
and g at the same thermo-mechanical conditions

in Case 3.

) prediction Experiment (MPa)
Specimen

(MPa) AVYs ATS
1) - (F-1) 22 51 33
(G m (F-IV) - 59 36
(6-V)-(F-V) 112 6 6
(g-1) - (f-10) 22 125 99
(g-IV)-(f-IV) - 101 104
(g-V)-(1-V) 112 105 109
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T, 10nm Bl FOTICRI 712 X M kit ko 5 & |
Table 4 D FEEEEIZ 50 nm O TiC ki 1O T HIfE 80 MPa % 1 £
7EIEHI300MPa s %55, ZHNIETiA Imass% d 72D
1500 MPalZHH Y ¥ 5, D29, (4)R 1
¢=10nm, A=0.1um® TiICHO T HlE # R4 &, Zhi
400MPaT®» %,

Case 2CIE, MITE&MHLUDOE & TCEE0.05 0.15, 0.44
mass% & B A2 CHEMAKHA#E L Thb, ZO5H%IE
Case HIOMLEMGF IVIZZE L WD T, C=0.05mass% iZF1
THEET — L FEERIZ 10nm L FOTICIE—#8 L 28 L
K, TORR, Table 318 K912, CEIFYSETSIC
FEAEREARIT X Lo ZELZONS,

P EORET» S, LALLM EZE A, TICK DT
&%ﬁﬁm%%wé_&L;h,&ﬁ%&m@ﬁﬁﬁmé
Ktz & TE 5,

3-3-3 [EBERE
Table 61213, L2ER o & MM T AV EI U 8 & THRE

Wahi, k- TRREZRTMRER S LOMEomEEgE
AYS & ATS Z/RT. Xik(4)&k 5 &, TS=320MPafEE D
IF§fZ 5 Tid, C=0.005mass% T AYS=84 MPa, ATS=
26 MPa, C=0.012mass% C AYS=143~189MPa, ATS=37~
63MPak 75 - CWv5b, Table 6128 W\ T, A-IM & a-1fMf T
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Table 6. Difference in strength between steels with and
without upper/lower yielding at the same thermo-
mechanical conditions in Case 1, 2, and 3.

o C Experiment (MPa)
Specimen
(mass%) AVYs ATS
1)-(a-1) 0. 05 203 126
(B )-(b-11) 0.05 93 68
(-T)-(d-1) 0.15 227 184
(E-T)-(e-11) 0.44 98 62
(E-M) - (£-11) 111 88
(F-IV) - (f-IV) 0. 046 70 70
(F-V)-(f-V) 166 141
(G 1) - (g-10) 37 19
V) -(g-IV ) 0.075 28 2
V)-(g-V 67 38

RO HIRBEIZ B VA D, D-IIM & d-THIE NS
E-N# & eI TR T — L EMERISH AT 5 TICIZfH &
NZECEIZIRTHAMCENRLZTELDT, 25D
MIOREZEHD O EVERFOHELHNRDL LI S 5
EbhD, 22T, Tho#BVWAEHEROANT
C=0.05mass% DFER (B & bMIECIZFH & MO 5RE
#) L LARDIFMOMBRESBEICT S L, BBEREOH

CkIBEETLDOBRFIZKLSEERILIZYST
100MPa, TSTIOMPaf@E L RfEE 2 Z &4 T& 3, Th
5 OEIZHAN, C=0.075mass% D GHt & gt DBRE 2 AYS
EATSE/NE O, (1H)AXA2 S¥I LT, Table 1 D GHDTi
H03mass% I IFEEVETH 5, Table 312HBWTIX, GHF
DYRIZOILLETH BA, ¥YS&TSIEFHIZIANT LSAE
BHBENEIIZRAS, ZOZEIIGHMTIRCEIIND
fE2
Table 6D EMI3DDOHER AR &, GHMOREM I Lo
774 PRIEE TICHH Z (L OB B+ 5 4 &
Wy,
3.4 YyIF—-HERR

Fig. 576 8I12Y vy LY —HE L 3L F — L3 BIRE D
BIR A NT ., MR 7 7 4 MRS EEICmA T8
HEBEBNTHBIENRHMOENA TS, RFRIZENT
&, Case 2 TIER L 72 C & =0.15 mass% D B-11#f & b-11#1,
CH =044mass% D D-I# & d-NIMEHEL &, TR F—

EREEE -1000C L E, EEM= 3L F—13100I 2 &
EN-8HERL TS, —7F, BIIM & b-II#, D-1IH4

EdNMizkELTE, MER ERET, WHEBETLTY
5, LA ->T, CEMNOISmass% L ET, 2D(1)RX#%E
WMETATIEARML, k- FTRRAHEBIEIZ LG
fAEHZETROEHHTE S,
3.5 BYAVIEFAR

Fig. 912 A-TM & a-T#F O [al gz iy 17 95 37 s BR#S R, Fig.10
IC10'ETHREL ZEHFREGIRBEONGERT,
Fig 10 1T I3 AT CREA L 78I 7 = 7 4 MRORR?,
TxIA4 b 8= 5 4 MEBORB#HEBRRE L LT Y

IULAEBL T AE» -7t THLEBTES, 4k,
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Fig. 5. Charpy impact test results for fine-grained steels
A-Tand a-lI.
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Fig. 6. Charpy impact test results for fine-grained steels
B-I1, b-11, D-I1, d-11, E-1I and e-II.
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Fig. 7. Charpy impact test results for fine-grained steels

F-II1, F-IV, F-V, f-I11, -1V and {-V.
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Fig. 8. Charpy impact test results for fine-grained steels
G-II1, G-1V, G-V, g-111, g-IV and g-V.
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Fig. 9. Rotating bending fatigue test results for fine-
grained steels A-I and a-I.
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Fig. 10. Relationship between fatigue limit and tensile
strength for fine-grained steels A-I and a-I.
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2% 5,

(1) 7x74 MURIKIZITHT - L L EREO N LIRE
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