% < LFUHAL P EAL FA P THEESHEBE Do 0.429C-Ni-Cr-Mo i O BEEFE#: iz o T 1379

B

X

UDC 669.15'24'26'28-194.55-194.591 : 539.512 : 539.375

< IVF A4 NENRALF A4 PAHBEHEEE2 Lo
0. 429%C-Ni-Cr-Mo i onkEEsE: izon T

BH EZYEA BATT Mk R

The True Fracture Ductility of a 0.422%C-Ni-Cr-Mo Steel
Having Mixed Structure of Martensite and Bainite

Yoshiyuki TOMITA, Keita MivamoTo, and Kunio OKABAYASHI

Synopsis:

A study has been made of the true fracture ductility in static tension at room temperature of a 0.42%
C-Ni-Cr-Mo steel having mixed structure of martensite and bainite.

It was found that the lower bainite of low volume fraction associated with lower—tempered martensite,
had a very detrimental effect on the ductility. This could be due to the fact that crack initiation occured
by brittle—fracture of bainite parallel to tensile axis as a result of higher plastic restraining the bainite by
martensite during plastic deformation.

When the upper bainite associated with the tempered martensite, a detrimental effect was found on
the ductility regardless of volume fraction of bainite and tempering conditions. The detrimental effect results
from the fact that, in low volume fraction of the bainite, crack initiation occurs by brittle—fracture of the
bainite, and that with increase in the bainite, it occurs by brittle-fracture of martensite, it being attributable
to higher stress concentration in the vicinity of two—phase interface as a result of unequal strain of two—phase

at an earlier stage of plastic deformation,
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Table 1. Chemical composition of steel used.

(wtop)
S ]Ni Cr | Mo

c Si‘Mn’ P

0.42 | 0.16 f0.63 ‘0.011 0.008\1.91 0.83 | 0.17

Austenitized at
860°Cx20min
W.Q.:Water quench

Sub: Subzero treatment

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

w.Q. W.Q. y Wa.

Sub. Sub. Sub.

Fig. 1. Schematic diagram of heat treatment for
obtaining fully martensite or bainite struc-
ture, and mixed structure of martensite
and bainite.
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Table 2. Microstructural parameters of mixed structure of martensite and bainite.

Vol fracti Lower bainite* Upper bainite**
ofol;g?rfi terac jon (Transformed at 320°C) (Transformed at 400°C)
(%) Lath size of bainite () Lath size of Lath size of Lath size of

martensite, Mg | bainite, Bg martensite,

Width, Bw Length, B, () ©) Ms ()

10 1.1 9.5 5.6 2.8 6.8

25 1.1 9.5 4.2 3.6 5.1

50 1.2 9.1 2.8 5.0 4.4

75 1.8 9.2 2.3 7.0 3.6

# Bainite precipitating acicularly so as to partition prior austenite grains regardless of volume fraction.
** PBainite precipitating massively so as to fill prior austenite grains regardless of volume fraction.
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s, | l I
08 — l —
oy Austenitized at 860°C x 20 min
§ Tempered at 200°Cx1h
@ Tempered at 600°Cx20h
ii 06 1 $ 1
g ° T
A c
. —
¢ g —*
(a) (b) 3 I
. . g . o 04 | : 1 ;
Fig. 2. Schematic diagrams of lath size of marten- ® | l §
site or bainite as shown in Table 2. A ‘:
indicates prior austenite grain boundary. © {
(a) Mixed structure of martensite and c N\ 5
lower bainite. g £\ _Jz —-— §/
(b) Mixed structure of martensite and w 02
upper bainite, g
L 9
[
l I
Austenitized at 860°Cx20min 0 20 40 60 80 100

$ Tempered at 200°Cx1h . .. o
3 Tempered at 600° Cx20h Volume fraction of bainite (%)
Fig. 4. Effect of volume fraction of upper bainite

06 — on true strain at fracture, In Ay/4s.
— T —
—-3
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True strain at fracture, lnAo/As
o
f o)

«—— Tensile axis —

0

0 20 40 60 80 100
Volume fraction of bainite (%)

Fig. 3. Effect of volume fraction of lower bainite
on true strain at fracture, In Ay/4; (where R -
Ay, and A; are the original area and the Photo. 1. Scanning electron micrograph of crack
area at fracture, respectively). initiation during tensile test of specimen
having mixed structure of martensite and
lower bainite (f=25%). Arrow indicates

SHUBOBREERFIC KT D HOTHE, w7 o F4 b E a crack being initiated at the bainite (B)

7ol N4 F4 NEMEEBOBEDTh X BN 5 Hm parallel to tensile axis.
<z . . 3 Heat treatment :
Nl Z. )7 RN >
PR BAT 7 %*@L$T4*4%ﬁgﬁgh 860°C x 20 min—320°C X 130 sec—>W. Q.
LAV, BHERRC R HEOTAIE, N4 4 MK ~>Sub.—200°C x1h T.
MERIOHED & LEAKC»2b b TIET T 2 EHI5 5 W. Q.=Water quench, Sub. =Subzero
. e treatment, 7=Temper.
p, Thix 200°C Bid & LOBFFIHE LDk
3.3 WRMBEEE g ~A 4 FOFERRBIC X OTRESPEINS T

HIET, SHESHEBIC BT 51 F4 MEREER LBk LRSI L. £2°C, 22T, ZhHiRahs
I OBRIC >V TR L, ChOEAMBOMEE  OREIEN L N4 74 bOFERROBERERD TS
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Photo. 2. Scanning electron micrograph of fracture
appearance after tensile test of specimen
having mixed structure of martensite and
lower bainite ( f=259%,). Arrow indicates
fracture surface in which seemed to be
formed by brittle-fracture of the bainite.
Heat treatment :
860°C x 20 min—320°C x 130sec—>W. Q.

—Sub.—200°C X1 h T.
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SRS A TIEFAT/ R D A 4 b NEERTICBRE U
(Photo. 1 IZ B \WTREITHRT), £hp<Fr 44 b
R DOTHEFE LI EH 2 SR AERPEE SN, £/,
5RBEEER OREH O WL ERIZYE, Photo. 2 iz7RT X 5
i, $HROANRA F4 MRBET A Z LItk oTHEEESH
eEFE 2 N5 IRE (Photo. 2 2 W TRFITRT) %
Al & UTHEMERIC R R L2 BE i S ElE X v —,
TR EIE 5 N4 4 MERFERI K & WEtE (200

«—— Tensile axis —

Photo. 3. Scanning electron micrograph of crack
initiation during tensile test of specimen
having mixed structure of martensite and
lower bainite ( f=75%). Arrow indicates
a crack being initiated at the interface
of martensite and the bainite (B).
Heat treatment :
860°C X 20 min—320°C x 260 sec—>W. Q.

—Sub.—200°C x1h T.

Photo. 4. Scanning electron micrographs of fracture appearance after tensile test of specimens having
(a) fully martensite structure, (b) mixed structure of martensite and lower bainite ( f =
75%) and (c) fully lower bainite structure.

Heat treatment :

(a) 860°C x 20 min—»>W. Q.—-Sub.—»200°C x1hT.
(b) 860°C x20 min—320°C x 260 sec—>W. Q.—-Sub.-»200°C x 1 h T
(c) 860°C x20 min—320°C x3h ->W.Q.—200°C x1hT.
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WesElEE 3 X OB BEBER OWm IR 2 (T 2. LD
EEEL N4 A MARRH BN % &, Photo. 3 TR
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BpFELE LTz L% 2 HdJERR (Photo. 313\ TRE]
TRT) BEEah, Fio, 5ERBEROREPLERNT
1X, Photo. 4 Iz R/ X 51T, =T ¥4 bHDHNWEN
4 F4 MEMBHEOREEICERD SN, EARS P
FOREMIZA MLy F (SZWEERR) & d 2 IEAHRIT

W% < glgkx 7z (Photo. 4 (b)). DL EDKEREND,
SRR TEERA F4 PAMEERL E LTy 4 b
CEARBRTEE SN AEHEEESE L{FSh
5 OVE, SR & SIS ETREHR DO NA F 4 S OEERY
CHEEL, Fhs=arT v 34 SoEEELZ SR T S
) - LR 58, —F, ZhbARA F4 bOEER
DIBENNT S &, THHBERBHESR IS X510y, W
BUEMEMEET S 0 L HERIS LS.

(2) BHROEEEAA 74 PRERINLHE
Photo. 5 IZHRIRD LERANA 4 b SH S5

Photo. 5. Scanning electron micrographs of fracture appearance after tensile test of specimens having
mixed structure of martensite and upper bainite. (a) f=25%, (b) f=75%.

Heat treatment :

(a) 860°C X 20 min—400°C x 110sec>W. Q.—Sub.—>200°C x1h T.
(b) 860°C X 20 min—>400°C x 200 sec—>W. Q.—Sub.—200°C X1 h 7.

(b . R
Photo. 6. Scanning electron micrographs of matching of fracture surface and microstructure in specimens
having mixed structure of martensite (M) and upper bainite (B). (a) f=25%, (b) f=75%.
Heat treatment :
(a) 860°C x20 min—400°C x 110sec—>W.Q.->Sub.—»200°C X l1hT.
(b) 860°C X 20 min—400°C x 200sec—>W.Q.—>Sub.—200°C x 1 h 7.
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T 5 LT ry4 BT T REEL, £
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NEBTHRA FA MERBERIZOWTIIBAED L Z A

|

<« Tensile axis —>

HITIRWDS, XA F A MEERBENL, < vy
A PBRAFA PRICHGET S X 5535 X S ieix
5L, TFUHA MR ESERK IS & k3
KINDHT b, ZHOGAELEZCEETS
EDRHRIZ B R, FRIZ OV BRI 2 ET 5.
3.3.2 600°C 4 & L

Photo. 8 iz v v 5 > ¥4 MEMEEEL S N2 vs
PA b ERA FA PREASHEE D o0 (600°C 1
3 E L) OFRBESORE R OEORERIEREE R L
2. TS OFRPBE2D X S5, 600°CHEDL & Lic
5L, SHRDOTEARA F4 MBEHINDBE, B
DHLERICARA F4 MEERIZ 2L T, < T oW
4 FHABMS OBIE IR SRy, 5lERENCR LT
BAGCE MO >ZOFEIZA Ly F 2 3 D
DIFN L ELPEIE XN S (Photo. 8 (b) Izl W<
REITRT), —F, BIROLENA 1 FB3E&FIH
LERTIE, R4 T4 MEERC Db S THIEBHIK X
ISPk ElEE < vz (Photo. 8 (¢) Itk W Tk
FICRT). 600°C HED & Licik 5 &, “HHOMIK
BENEEVWo T, 200°0CHED ELOBAD X 5 ITmE o
RO OWTHL TS LB TER WD, |k
MOFEREFBD 200°C Fid &L OBE OMIRITEE
ZEFOFERD D5 VITRIETHE LNz 600°C L LT
DOHERFC ST 2HEOTHOKER L bbb E 25 &, #
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25 7o DPREEIE DN E X7 Vs, BRIk RE A

Photo. 7. Scanning electron micrographs of crak initiation during tensile test of specimens having
mixed structure of martensite and upper bainite. (a) f=25%, (b) f=75%. Arrow
as shown in (a) or (b) indicates a crack being initiated at the bainite (B) or martensite

(M), respectively.
Heat treatment :

(a) 860°C X 20 min—400°C x 110sec—>W. Q. —>Sub.—»200°C x 1 h T.
(b) 860°C %20 min—400°C x 200 sec—>W. Q.->Sub.—>200°C x 1 h 7.
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Photo. 8. Scanning electron micrographs of fracture appearance after tensile test of specimens having
(a) fully martensite structure, (b) mixed structure of martensite and lower bainite ( f =
259) and (c) mixed structure of martensite and upper bainite (f =25%).

Heat treatment :

(a) 860°C X 20 min—>W. Q.—-Sub.—»600°C x20h T

(b) 860°C x 20 min—320°C x 130sec—>W. Q. —Sub.—600°C x20h 7.

(c¢) 860°C x 20 min—400°C x 110sec—W. Q.—>Sub.—»600°C x20h T
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Bk 5T LEE) & OBB#IC W TRET L. 030' T T T ]
L, KERIZEFID VT UHA PEIUTRL F 4 b ’ Austenitized at 860°C x20 min
Tempered at 200°Cx1h
o 025 —
200 |— Austenitized at 860°Cx 20 min f=0% £ I l l
Tempered at 200°Cxth qc,: _]: Ny { E<0.015)
_ S \ ) i
180 b— a 0.20 \§ / ]
x AN
< 160 |- = 015 N —
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s [ = N
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a 2
= i uf \ N2 (€>0020)
= 2 (€>0020
. 0.05 —
=
£=100°%
B 0
0 20 40 60 80 100
100 = Volume fraction of bainite (%)
| [ Fig. 6. Effect of volume fraction of lower bainite
= ' ' : ' . on exponent of work hardening. 7, and n,
0ot QOZ 003 00 indicate exponent of work hardening in
True strain {In ) earlier and latter stages during the plastic
Fig. 5. Effect of volume fraction of upper bainite deformation, respectively. Dotted curves
on true stress strain diagrams. Arrows show the calculated ones according to the
indicate a knee, law of mixture.
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030 Tempered at zof.th B
M (€€0.014)
@ 025 f % y
= ‘f |
@
R *
@ 020 . s |
e S
g ~
2 015 .
5 T
8 @
é 010 ._-.—__.‘—_R —1——'——
S
[a N
? N2 (€>0.020)
005
0

0 20 40 60 80 100
Volume fraction of bainite (%)

Fig. 7. Effect of volume fraction of upper bainite
on exponent of work hardening. Dotted
curves show the calculated ones according
to the law of mixture.
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Fig. 8. Relationship between prior austenite grain
size, d and exponent of work hardening.
Heat treatment :
O 1150°C X 30 min—W. Q.—Sub.
@ 1050°C X 30 min—>W. Q.—Sub.
© 860°C x20 min—>W. Q.—-Sub.
@® 860°C x20 min>W. Q.—
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Photo. 9.

Transmission electron micrographs of substructure

efore and after deformation

of specimens having mixed structure of martensite and upper bainite ( f =50%,).

(a) e=0, (b) ¢=0.012
Heat treatment :

860°C x 20 min—400°C x 150 sec>W. Q.—Sub.—»200°C x1h T.

04 | ]
Austenitized at 860°C x20min
Tempered at 200°Cx1h
- o =10 %
:I e £=257%
S o =50 %
< a £=75%
c
= 03 |
v
= \A A0
3 AT S °
ot A O
w— ~Nn
% XY
®
£ 02 >~15 -
= o
7 ~
[
>
e
—
0.1
0.20 022 024 0.26

Exponent of work hardening, ny

Fig. 9. Relationship between exponent work harden-
ing in earlier stage, n; and true strain at
fracture, In 4,/A4;.
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