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The Strength and Ductility of a 0.42% C-Ni-Cr-Mo Steel Having
Mixed Structure of Martensite and Bainite

Yoshiyuki TomiTa, Keita MivamMoTO, and Kunio OKABAYASHI

Synopsis:

A study has been made of the strength and ductility of a 0.429%, C-Ni—Cr—Mo steel having mixed structure
of martensite and bainite. '

It was found that lower bainite, which precipitated acicularly so as to partition prior austenite grains,
had a desirable effect on the 0.29, proof stress regardless of tempering conditions, but had not necessarily
on the elongation. Upper bainite, which precipitated massively so as to fill prior austenite grains, was
found to have detrimental effects both on the 0.29% proof stress and elongation irrespective of tempering
conditions. R

The beneficial effect of lower bainite on the 0.2%, proof stress is attributable to the fact that the 0.29,
proof stress deviates better from the general law of mixture, it resulting from the improvement of the strength
of martensite owing to the refinement of its substructure, besides an increase in the strength of the bainite being
due to higher plastic restraining of the bainite by martensite. The detrimental effect of upper bainite on
it is attributable to the fact that it deviates worse from the law of mixture being due to ununiform strain

of two—phase.
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Table 1. Chemical composition of steel used

(Wt%). ‘
Mn \ P l S | Ni | Cr | Mo

C 1&

0.42\ 0.16 0.63} 0.01q 0.008$1.91 0.83 | 0.17

DFE 2 FTOWT HREDIEL ERDTE L .

% TTARWEG TIE, A4 FA FOFER L ILBINE
BICELS D LRTE, Fio <4 F4 MR 100
%TIfET: 0.429C-Ni-Cr-Mo $i% T, {HIEZSRES
BT X D TRR I D N4 F 4 FD T AR X OERE
BLOTNT R4 FERAL FA4 P THRIR AR A R
L, SHWCHED ELEAHEZELSEH L LITL> T
MOBEL G5) 2ZxT, & LTAAF4 FOFE
ZRBICTEH U T X O LIEMIC D W THRaTRIT/8 2
7z-

2. R B A K

2.1 #EMBRU0E

feakimiy, 0.429C-Ni-Cr-Mo T, % D{L¥#Ry
jx Table 1 icRTEEDTHS. g 906 Dk
RAEAEREH & LT AT L, 13mm OFE S i 2fikEE,
5t X30w x 1001 (mm) iyl L, 860°C x1h i ¥
Lafmvnatbhicft L7z, < vF o ¥4 bex4F4 b
TABIRARY, 860 Xt 1050°C TH—~ZT FA
NME%, 820 3 X OF 400°C T fREE L 72 gA-#ira Tk A
L, FE ORERRR Lot KAKRICBEAT S Z &It X
ST RNTFUHA PRI ONRA F 4 B
BB D b DBYLIR A 50T, % OBLIEOFHRZ
pic Fig. 1 ioiR Uiz HEARR, VRSO GRIKZEFE )
i LMERERT L ko TR A — AT S A4
FETTRERR DR A W, L K LI, Tl
B, AR X OBRA & VT, 200°C x1h, 400°C
X 15h 35 XL Ot 600°C x20h f375\, BEd & LERIIHETE
TWZES, BoF ke L.

22 HEYSIERSIER .
HpE MERER VY, AR E 26t DA VR buRF
FEAPB BRI 2 LT, 25mm OEAME A — b 2
PrAg o R—H—ZFHWNT, 3.35x10-4/secD—EVF
HEET, FRICTTR272. Th LORBF OFRE
X OSHER Fig. 2 RTEBVTHY, FoRKEE
FEPHEE S 5\ IS EN T X D570 720%, Wi
TEMITHAE L X 5 LT £1/100 mm ORFEE

¥ BBOEEA~27F4 PPRFINTHIWREND Y, BHLE
SRTHEEMEBE 3EALVY, HEAER XT3 EIRTHEMAL
1z.

Austenitized at
1050°C x30 min
WGQ.:Water quench

860°Cx2 i .
60°Cx20min Sub.: Subzero treatment

Transformed at 400°Cx ( 0-15h)
( Transformed at 320°Cx ( 0-3h)

WG. W.Q. y W.a.

Sub. Sub.  Sub.

Fig. 1. Schematic diagram of heat treatment for
obtaining fully martensite or bainite st-
ructures, and mixed structures of mar-
tensite and bainite.

15R 9¢

5~

I
|
o 2

30
15

T
.

100

Fig. 2. Shape and dimensions of tensile
specimens.
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Heat treatment:

Photo. 1. Transmission electron micrographs of fully bainite structure.

(a) 860°C x20 min—>320°C x3h -W.Q.—-Sub.
-(b) 860°C x20 min—>400°C x 15h —W.Q.—Sub.
W. Q.=Water quench, Sub.=Subzero treatment.

Photo. 2. Optical micrographs of mixed structure of martensite and béinitc. (a), (b) and

(c); containing lower bainite of 25, 50 and 759 in volume, respectively. (d),
(e) and (f); containing upper bainite of 25, 50 and 75% in volume, respectively.
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Table 2. Microstructural parameters of mixed structure of martensite and bainite.

Volume fra- Austenitizing Lower bainite Upper bainite
ction of condition . . . .
bainite, f Lath size of bainite (y) Lath size of | Lath size of .
(%) martensite, bainite, Bg ;it}i ;IZ.?[ of
Width, B Length, B M rtensite,
1 W cng L S (ﬂ) ( 123 ) MS ( “ )
10 860°C % 20 min 1.1 9.5 5.6 2.8 6.8
1050°C % 30 min 4.5 38.6 19.7 7.5 24.6
25 860°C X 20 min 1.1 9.5 4.4 3.6 5.1
1050°C x 30 min 4.6 39.5 10.4 9.8 20.6
50 860°C X 20 min 1.2 9.1 2.8 5.0 4.4
1050°C x 30 min 4.8 38.1 7.5 13.6 11.1
75 860°C X 20 min 1.8 9.2 2.3 7.0 3.6
1050°G x 30 min 5.2 38.3 5.6 20.3 8.3

(a)

(b)

Fig. 3. Schematic diagrams of lath size of marten-
site or bainite as shown in Table 2. A indi-

cates prior austenite grain boundary.

(a) Mixed structure of martensite and
lower bainite.
(b) Mixed structure of martensite and
upper bainite.
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Photo. 3. Transmissnn electron micrographs of mixed structure of martensite and bainite.
(a); containing lower bainite of 259% in volume. Heat treatment : 860°C x 20min
—320°C X 130sec—>W.Q.—Sub. (b); containing upper bainite of 259} in volume.
Heat treatment : 860°C x 20 min—400°C x 110 sec—>W.Q,—Sub.
W. Q.=water quench. Sub.=subzero treatment.
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Fig. 5. Effect of volume fraction of upper bainite
on the strength. U.T.S.=Ultimate tensile
strength, 0.22,P.S.=0.29, proof stress.
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Fig. 9. Effect of volume fraction of upper bainite
on the total elongation.
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Fig. 10. Relationship between prior austenite grain
size, dand 0.2% proof stress in martensite.
Heat treatment:
860°C % 20 min—>W-Q.—Sub.
1 050°C x 30 min—>W.Q.—>Sub.
1150°C x 30 min—>W.Q.—Sub.
W.Q .=Water quench, Sub.=Subzero treat-
ment.

DI AL 0.29% it OH OBIFRIY, BALHEZ E 4 2
L3¢5 2 Lt k> THELIZY VT 34 N AR
CHRIFBETA — 27 4 MERIE S 0.2% M OO
Bt (Fig. 10)TiEfAT & 5%,

Mix M B
00.296= 00.2%) (1~ f)+ 00.29- f

M ~(3)
{00.29)=A-+Bd -1/

Mi
TTT, 0020 13T NVTF UHA b EAAFA NSRS
M
WEED 0.29% fifhThHv, (024 135 AFEERIC
B
ANF=2vF oA b 0.29% W)y, 00.29 VXA S
4 MELFEMLEL O 0.2% TitJ1C, A% Xt Bk Fig. 10
R LR (— k) B0 5480 ETIFTH S
XBIT, TEARA F4 b EE, HReERT 5854
¥ TNF YA VISEFUTHERT 2 RA4 4 M3, vVF o34 bR
BRI 2WEEE 2 DD, FiA—2 7 74 MERRNAEIZIZRUE X
BHTHEBAL. L UENS, ChSRRRHUIIT > TEL
SRBEE, NEOELEARK, MOMGERNERT ORESED

NB$DEBLLNEY, RERDOES, ChsHEHBNET D%
EBWNIOWEBR, 2 REEUI.

TN T YA MR BRI X D £ D 0.2% (it

NP ERETBZENEZLNDEDTOW, 4, ATl

WK EZT 5L >TCER LA F A tD 0.2

% WN% (902%) LF5E, (3)RZ
0023 = (0,29 (1= f)+ (90.2%) -
(o025 —= A+ B d -172

EhD. FULTC, XDl TF o4 Mok B3RV

WO, (0020)—> (002> &IhuE, (4)70%

Mix M
00.29% = <{00.2%)

o (4)

{v0.24)=A-+ B d -2
TERbTZENTE 5.

Fig. 11 X0 12 1% 3-2 IHCHE Nz, TH~RA
F4 MREFEINLEEO TR 0.2% i1 &
(3) VXK (5) ROHILERLLLDTHS. Ik,
() BXW(B)REZHVBEEOEIA 4 13 Table 2 Xb
sk, Fio, AR L UBx Table 3 (Fig. 10 X bk
7RUE) X ki, ZhBHOREE» BT O Z &3
B kinolz.

(1) 860°C F—R2FF4 MLoOBE, 200°CHE:dH &
LCIRARRER 25% % C(0)ITITENES H, AEER
F DL BT 5 & (3)RITITIEES X oL s.

220 ; . l .
Austenitized at 860°Cx20min

© Tempered at 200°Cx 1h
200 — e Tempered at 400°Cx15h ]
O Tempered at 600°Cx20h

180 ] ’”l __F__

l 13
,g’fﬂgf ! \ Equation(5)

1100 '—/."- "_"l .'\—‘ ' —
Ty

02°%, proof stress (kg/mm? )

120 Equation(3) ]
100
60 0 20 40 60 80 100

Volume fraction of bainite(%)

Fig. 11. Comparison of experimental values of 0.2
9, proof stress in mixed structure of ma-
rtensite and lower bainite with the calcu—
lated law of mixture.
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Fig. 12. Comparison of experimental values of 0.2
% proof stress in mixed structure of ma-
rtensite and lower bainite with the cal-
culated law of mixture.

Table 3. Numerical values for obtaining the 0.2
% proof stress of martensite in mixed
structure of martensite and bainite.

T . diti A* B*
empering condition (kg) |(kg/mm-1/2)
200°C x 1 h 151.2 1.81
400°C x15h 119.3 1.67
600°C x20h 82.8 0.17

* (o0ayy=A-+Bd 12

(2) ZUT, BEd & ULHEED 400°C 55 600°C ~
EERT 5L, KERT»2b ST (3)RITITIEHE S H
M 5.

(3) F—=25r4 MEEER 1050°C iz LHT5
&y BRERFIOED & LEHFEr2bLF(3)RiiE
EIE S 3D 5.

o, 32 HTELNL, RIS F4 PREAZ
NBEAOTHIEAEZGD 0.2% fit e > T RE iR
R oER, DToZ EBlELM LD,

(1) Fig. 13 g+ X5, 860°C—2F34 b
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HBIZ(3)ReSREL, Wi (2)RcEET % Enss
HY, FoOMEMEED & LIBEMRCEZE L.
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0.2% proot stress ( kg/mm2)

[~ Equation(3).
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Fig. 13. Comparison of experimental values of
0.29, proof stress in mixed structure of
martensite and upper bainite with the
calculated law of mixture and stress
equal model.
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