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Delayed Fracture Characteristics of Tempered Bainitic (Bx-type) and
Tempered Martensitic Steels

Fukukazu NAKASATO and Fukunaga TFRASAKI

Synopsis:

The influence of cementite morphology on the delayed fracture characteristics of medium-carbon
low-alloy high strength steels was investigated in 0-1N-HCI aqueous solution at room temperature.

Three different types of test were made depending on the characteristic values of delayed fracture
in question. The variation of carbide morphology was attained by two kinds of heat treatment. One
is isothermal transformation followed by tempering and the other quench-tempering which fornled
tempered bainite (Bp-type) and tempered martensite with same tensile strength respectively.

There was no remarkable difference in threshold stress intensity factor Kigce and the ratio of
incubation time 7; to total time to fracture ¢y between the iwo struciures. In regard to crack propa-
gation rate dC/dt, however, tempered bainite (Bg-type) showed much smaller value than tempered
martensite, which resulted in longer time to fracture in tempered bainite.

With K; around Kjgcc typical prior-austenite grain boundary fracture was found in both structures
but with increased K, the fraction of quasi-cleavage fracture surface increased in tempered bainite
(Bx-type), while in tempered martensite the intergranular fracture still remained dominant with in-
creasing Ki. Reduced susceptibility to intergranular cracking with intermediate K; value in tempered
bainite (Bg-type) is likely to be due to the suppression of cementite precipitation along prior-austenite
grain boundaries as shown by transmission electron microscopy, resulting in the reduced crack propa-
gation rate,
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Table 1. Chemical composition of the steels tested.
(wt %)
Steel C Si Mn P Cu Ni Cr Mo Sol. Al Others
3 36 0-38|0:50| 148 | 0-010 0-013 0-49 | 1:05 1:01 | 0-51 0-036
0-40C 37 |0-42|0-48|1:50 {0-009 [0-013 |0-53|1-04|1-03|1-96| 0-033
-35C 38 0:34{0-49}1:-49 | 0-010 0-011 0-49 | 1-01 | 1-00 | O°50 0-035
0-35 39 0:34 | 049 | 1-44 | 0-009 0012 0-53 | 1-00|0-95 | 1:92 0-035
40 0:31 049 | 1-48 | 0-009 0012 0481099 [ 1-02 |09 0-033
4] 0-31 | 0:51 | 1-48 1 0-009 0012 048 | 1-00 | 1-00 | 1-98 0-033 VvV :0-10
0-30C 42 0-29 | 0°51 | 147 | 0-009 0-012 0:48 [ 1-01 {1-01 1| 1-93 0-039 Nb : 0-05
43 0-29 | 0-51 | 1-46 | 0-009 0:012 0:'50(1-03(1-01]1-92 0-030 Ti:0-02
B : 0-0027
0-25C 44 0:24 1053 | 150 | 0-009 0:013 051 12°05!100 (195 0-041
45 0:-25 1053 | 1:50 1 0-009 0 1 049 | 2:03|0'97 | 1'94 0-038 V :0-11
0°20C 46 0-22 1053 | 1:49 | 0-009 0-010 0-50 | 2:02 | 0-96 | 1-94 0-034 V:0°11
0-30C 59 0-31 | 027 | 1'50 | 0-012 0-008 0-201 1-01}1-01 (210 0-040

Table 2. Microstructure and heat treatment,

Microstructure Heat Treatment
1000°C, 30min
1 9,
Tempered 600°C, 1hr
By~ Bainite 550°C,thr
320°C,30min AC
AC
1000°C,30min
0,
Tempered 600" C',‘ hr
Martensite _550°c, 1hr
oQ AC
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Table 3. Classification of test methods used in the present investigation.

" Measured Specimen

Type of test Tested steel Atmosphere characteristic value geometry
Constant deflection type Steel 36-46 0-IN-HCl at 12°C ‘ Fig. 1
three-point bending test F 8.
Constant deflection type | 0-1IN-HCI at 12°C
wedge-insertion test : Steel 59 H;O at 55°C Kisce Fig. 2
Constant_loading type V1IN o s . dC o .
four-point bending test Steel 59 0-IN-HCI at 12°C Ir Ti i’ K¢ Fig. 3,4

tp : Time to fracture,

Kisce : Threshold stress intensity factur for stress corrosivn cracking,

=i : Incubation time,

4‘—;;'; : Crack propagation rate, Kr¢ : Fracturc toughness
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Fig. 1. Specimen geometry and schematic repre-
sentation of three-point bending test for
time-to-fracture measurement,
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Fig. 2. Dimensions of the specimen for Kigcc
measurement.
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Fig. 3. Specimen geometry for four-point
bending test.
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Fig. 4. Schematic representation of testing device.
(Constant load four-point bending test)
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Fig. 5. Relationship between tensile strength and

time to fracture at nominal bending stress
100 kg/ mm? in three-point bending test
in 0 1N-HCI solution,
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Front view

© Delayed fracture surface

® Brittle fracture surface formed in liquid nitrogen

Photo. 1.

Appearance of crack propagation after immersion in 0-1N-HCI at 12°C for lhr.

(Meium-carbon Mo-bearing tempered bainite, steel 59),
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Fig. 6. Results of constant deflection type wedge-insertion test in tempered bainite (Steel 59).
K; value is plotted against time of immersion in two test environments.
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Fig. 7. Results of constant deflection type wedge-insertion test in tempered martensite (Steel 59).
K; value is plotted against time of immersion in two test environments.
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Fig. 8. Delayed fracture crack propagation characteristics of tempered By-bainite and
tempered martensite in 0 IN-HC1 at 12°C (Steel 39).
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Photo. 2. Comparison of cementite morphology in the temperd martensite

and tempered bainite (steel 39).

Dark Field Image

Schematic Representation of Diffraction Pattern

Diffraction Pattern
Photo. 3. The Bg bainite formed at 320°C in medium-C Mo-bearing steel
(steel 42, tempered at 600°C for lhr).
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Photo. 4(a ). Delayed fracture surface of medium-carbon Mo-bearing steel tested in
0-IN-HCI at 12°C (steel 59).
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Fig. 9. Effect of stress intensity factor on delayed

fracture crack propagation rate in 0-1N-
HCIL at 12°C (Steel 59).
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Photo. 4(b). Delayed fracture surface of medium-carbon Mo-bearing steel tested in

0'IN-HCI at 12°C (steel 59).
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it Table 4. Comparison of delayed fracture charac-
__________ P>0 /{l Stress Concentration Factor teristics of tempered By-bainite with
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Blunting by Gorrosion Ksoc €K< Kic
£>0

No Fracture Ul //[ / g:g’o::
A .
Tttt T

Final fracture

Fig. 10. Schematic diagram of elemental processes
of delayed fracture.
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(2) Kiscc<Ki1<Kic 045

1 B4 Kisce & Kic L Ohifjivis 5% & 5 B4S,
27 v dC/dt L HEBEETEEL, K X L75w
T 5. £ LT Ki=Kic &/507 & &, REMIC
RLEWEC X DT 5.

(3) K<k o4&

K ffid Kic XD HREWVIEE, p>0-5 p=02%
o ERC SRR AR L, BhaiRic ks 535
2 ORI, o CEBENE 25 » s FELLE
MR T AL EoBREEE LTEHIE XN 5.

7SRRI TR LB, o> 0 OEIKRED HLMHEE
AR D7 BE, HEVILEREE S 5 » 4 OZiEE
BEXDLBRRSOEPERLLETTHEEI, 735y
7423w blunting i X 1, JBAVEEES 4 Uk wWHHE
HRLIZLOTHE. TH5LBENHEORARYE X
S &, Fig. 5TR LCHIERER ¢ BN THDBDEIH
DX 57, EADOBNBEREELEUHEBEE LN
5.

¢ me ¢ ik
F=7i+ 1c E a’K[ 1

(K1i>Kisce, Ku: #WIHANE IR A4R%L)
LichioC, ERB ICFEAABRB I OERMER 4 5

those of tempered martensite in steel 59.

Characteristic | Tempered Tempered
value By -bainite martensite
tg  (min) 8675 4015
ri (min) 105 55
KISCC (kg/mm3/'2) 115 90
E3
v (mm/min) 0-49x 10-3 2:05x10-3
Kic (kg/mm?3/2) 297 398
T.S8. (kg/mma?) 150 149

* crack propagation rate at Ky=250kg/mm3-2

HFREBERIC X D, #0959 oRhui iR (E% Table
DX, BER By WAL F4 FEBER< LT YA
MR T L, RILEREOZER L VS T & o ik
ZALABN TR D & KRR ICHE Y E 2 5 h% F#N
oo TR fr VIEER By BINA A LD EHAHE
RenvFo44 b G245 EREL 75T, Fig. 503
ST REBIER & —F LT B . o3 MR By B~A4 F
4 T 100 min, iR <L F %4 MC 55min THH,
BE B BANA 354 b o BIBER<LVFH4 bOF
NOW2FELILD>TWS. Lr L, WHEOWTFhick
VT, ti b3 dr DX E 1/100 TH D Fig. 3 iwHEL
X SR BR (CHEPHRE K.=92) 2 io®E
BOFHEN T, tr/c WIIEFEZ L. Kisce l3EEE By
BNRA T4 POHEPBER VT4 P Lok
KEEZRLTWA 00, MEDMEBNEEMHDERS
TEREHPTEBIIEDELIE 2 LRV, Zhbie
MLUT, 77y VniEEEdC/d i I TR X%
PBEED HIvs. Ki=250 kg/ mm3/2 i 5\ T iE, R
WF 4 bDdC/de ik, BERE By X4 F4 bDFh
DB DTE D, Fig. SCRENTVWH X 5L, W
MR T 5 77 » V{EBHEEDEZ, K BEBIK K
EV BT LRI 2 Twh. K¢ 1K DT
W, AEERCIIBERE By BIRA F 4 FBEREC LT LY
A MEDBNSEERDTHWBDT, dC/dt DEH: tr
X HEVIAZFIT HobN T Wi vwads, Kic iwBL<
W, BIEChai 7o X 5, S5 S MR
EThd ZOXS5CFx5E, MHBONHEN R
DEREE, BRWEY 5 v 2 RIBERE dC/dt DENREH
THY, BRES 5 v OFERME (a0 2 Kigee) @
FEERI DL, Zhor HERLTDIVE Zx 50
5. IBA—AFTFA4 PRRTO 22 %4 b HiHEsE
DFED, dC/dt TKES ZHE FXEFEL, ri 2 Kisce
Y ZEHZ FIEILVvBRIZO2WT, FEO
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IKENEME BEAS, — T K [EO/NX v §EET R
W, Xbic K EXKEL LD LIBSEEE» L7« v
PN E BT B L2 HE LTS P, BEE Bi
HANRAF4PEBER VT34 FOBRBERTE % I
B LBE K OB EbieoT, BREBIRuE,S
KR E~BT T 2EAM K @43, EEE By B~XA1
4 MZHRTHRE VT34 bDIEH>BKREL DT
WhBZ ERbrD. MASENR 2T < It 5 Z Lk Photo,
2 HbN5 X5, IHAX—2F57 4 MR ICE> T
HL7e 74 AaKD €2 %4 PN 15D E E2D
h, 295 L7 offlicxic LT, @EhaEmmE s T
Wi B —~27 74 MRARRY 22 XEWE LOT Vv
L. ORI ENBEORARREE IR TS50, #
BRI RIL DS ARIRRE L S TRESIND T 0 v ik
IVILLsH, AETEERFERLHRILANLDLDT
H5 5. Itk Wane 51703 AISI 4340 4% AT, B8
EvvF 34 b ETERARA 74 b OBNIEERTM
FARZL, dC/dt 1T D>V TiX, THEANA F 4 PDITOHHE
B2V Fy 44 FX Db NX@ERTZEE /T
5. b Wk k5 dC/dt DEER, b X
DHLLA I AREOESREOZETHBEL, WHMD
WTFNRIEBWTHRAREIRBD Sl ERE LT
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S, HA—2F7 34 PRRTORILIWEZBTIHD x 5
EBHD, Lind 600°C L5 HEIE - IRE T
BELABEAR, Mo 34 - S 2RHEckT5
SRR TS EERY HD LR F ARV D
T, RICHIERESERE Y 5 v ZEHERECEE 5 2T
WBEE 27T HHS, Photo. 4 ItF L BNELEEREE &
ORGP HhH, BYTHEEZLONDE. BT
FEEE T ERLEx® /- Cr-Mo-V 5, [— fHiE
DER=VTF o4 P XD AEVENRHEEZZA TS
TERPELT WEDR, KERPILMBRLA XS F4 b
tHgko, ZLEIEE L HABoBERECE T MR LS L,
AEBRT LD EiFc By B4 54 bSO B B X
OB BINAF4 MieonWTliE, 7234 - 327\
CoTFh b FhRERRA — AT F 4 FBRSREPICE
BBl T o34 bEBXU A 24 bE&L T LD
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