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Delayed Failure Characteristics of Ultra High Strength Steels
Fukukazu NAKASATO and Fukunaga TERASAKI

Synopsis:

The effects of heat treatment on the characteristics of delayed failure crack propagation were in-
vestigated in 0'02N-HCIl aqueous solution at rocom temperature using centre-notched specimens of
SCM3 and 18Ni-maraging steels. Crack growth rate was directly measured by optical- observation and
was interpreted in terms of crack tip stress intensity factor Kj.

When tempered at 300 and 400°C, SCM3 showed marked increase in crack growth rate in addition
to the deterioration in Charpy impact toughness, although tensile strength decreased gradually with
increasing tempering temperature. Transmission electron microscopy and fractography by SEM sugge-
sted that this increase of susceptibility to delayed failure i1s due to the precipitation of film-like
carbide along prior-austenite grain boundaries at above-mentioned tempering temperatures, which
resuited in the formation of typical intergranular fracture surface at intermediate K; value in con-
trast with the duplex intergranular-transgranular fracture surface observed in the specimen tempered
at other temperatures.

In the case of 18Ni-maraging steel, aging at temperatures above 500°C gave the best combination
of strength and resistance to delayed failure and crack initiation was suppressed when aged at 600°C.
But as the aging temperature decreased below 450°C, crack growth rate became comparable with that
of SCM3 with identical tensile strength.

Thus, crack growth rate of delayed failure is not necessarily related to the tensile strength, toughness
or ductility of steel, but can be affected by the variation of microstructures depending on the condi-

tion of heat treatment.
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Table 1. Chemical composition.

(wt %)
No Steel c Si | Mn S Ni | Cr | Mo| Ti i Sol Al | Co
02 SCM 3 0-34 {0'35|0:75 |0 0006 | — 0991030 — {0034 | —
03 18Ni-Maraging 0-012 | 0-11 { 0-03 | 0-004 | 0-007 177§ —— [ 488 1054|012 815
Table 2. Heat treatment.
Steel Quenching Tempering
. . | AsQ (100~500°C)
SCM 3 90°_>ng 30 min X 1hr—0Q
Step 100°C
Solution treatment Aging
18 Ni
Maraging o (250~600°C)
Steel 820A8 X lhr X 5hrs—AC
- Step 50°C

2. HEAMEIURBAE

2.1 PR

HEEAEN & U CoRfbiBE o R 5 2 iHE (BEARRME
X ORREEhAT{LER) 2B AL, SR b RCE Table
Liz7Rd. 80 02 yadpjR3EFR Cr-Mo §f SCM3 ¢, Z
NEHERRERKEESIE, 5E% S 120~130 kg/ mm?
DT, BRBECHLTE L BBRCL DI Ud5
ZEMRTTITESENTWBEIND, o5 03 X 250
ksi $> I8Ni vV x—2fTH D, 6ECEEED AL
5FHENBEIC D W T IR It TERAT VWS
EVbRTWAEIIMRETH L. 02, 3 vhi
WA L, 17 kg EZEERE, —EERIERE
X9 15mm § Fpfile U, BEIBRIFEIC X D 4mm t
M LA,
2-2 BBFHMORAE

FRINERLA & B BRI X B EE R & oG sk
Wiz, BMOBMMEELHEE Table 2 2R§. 55
BIIEFTHROEES 2mm t X 10mm X50mmTH D,
4 A b o ARG EREAEE S AV, SR#EE 1 mm/ min
Tl o, E1o, SCM3 iwownTit, JIS4 5 v v
E—aEaH (10mmXI0mm X535mm, 2mmYV / » F)
ARV CHEHRBR AT, TR EFSEBBIREZRD
=
2-3 EhuEss

EEBITRBWTIE, BNBEY S » 7 OEEEEYE
BRI+ B 7o, Fig. 1L imi+ X 57 by R AR
BAEERBRE AV 7 v FEERE 0000R 13HE
Ttk >2TE5 %2, 422 b o BUEKERIE O 5T 5 T

= 9% >
™~

Fig. 1. Centre-notched specimen used in the
present investigation.

Photo. 1. Experimental test setup using Instron

type testing machine.
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BE v, HBEEFEDO/NEIE Photo. 1 TR,
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ZEIBI7 v 7 BEEIHLRDIZGNIBKGEE K off
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ZRELTERXNTE L5519,
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Fig. 2. Tempering characteristics of SCM3 steel.
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5z 5B R RETR~N5.
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T V¥ — BRIRE OBRRREREEEZRL /b OT
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Fig. 3. Aging characteristics of 18Ni-maraging
steel.
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Fig. 4. The variation of Charpy energy transition
temperature of SCM3 with
temperature.

tempering

LTw5. ZOE—2xvhd5 500°F (260°C) fitk:
LN B RIRBER Mt B D Sbhic b OTH
D, BEMEOENEREZMEZT585E, c08KkD
FHbEDDbETERETILENDS.
3-2 EnypssR

3-2-1 BRWESZ I » 7 EBKN O

Photo. 2 1x 450°C Bpghoo 18Ni w0 x — DI D
T, AERBHEEE: 155 min BLBTROBNHIE S 5 v 2 &R
HLicboTH O, Fig. DIFR—REBA IC oW T ATk

Photo. 2. Appearance of delayed failure crack
propagation after imm-=rsion in 0-02N-
HCIl at room temperature for 155 min
under nominal tensile stress of 50 kg/
mm?2. (I8Ni-maraging steel aged at
450°C, T.S. 171 kg/ mm?).
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(R 2 5 v 2 EF 2 BIUD)ICXIGTERES K o
BB WTHIEET 2 BN SH 037, HE O fl &

18 ~
17 Fast Failure
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Observed Delayed Failure Crack Length (

Left-hand crack —s, a

AND =N W o> od
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Loading Time (min)
Fig. 5. Crack growth characteristics of 18Ni-maraging steel in 0-02N-HCL under

nominal tensile stress of 50 kg/ mm?2,
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Fig. 6. The influence of stress insensity factor on
crack propagation rate of SCM3 tested in
0-02N-HCI1 at room temperature.
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Fig. 7. The influence of stress intensity factor on
crack propagation rate of 18Ni-maraging
steel tested in 0°02N-HCI at room temper—

ature.
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Fig. 8. The wvariation of tensile strength and
fracture toughness value of SCMS3 with
tempering temperature,
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Fig. 9. The variation of tensile strength and frac-
ture toughness value of 18Ni-maraging
steel with tempering temperature,
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Fig. 10. The variation of tensile strength and
steady state crack propagation rate with
aging or tempering temperature.
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Fig. 12. Relations between fracture toughness and
steady state crack propagation rate in
0'02N-HCIl at room temperature.
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Tempering
Temperature
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200

300

Photo. 3. Examples of electron micrographs of SCM3 tempered at 200 and 300°C. Prior-
austenite grain boundary is virtually free from carbide when tempered at 200°C.
On the other hard, film-like carbide is identified along prior-austenite grain

boundary when tempered at 300°C.
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Photo. 4. Fractographs of SCM3 showing the in-
fluence of tempering temperature on the

appearance of intergranular fracture
surfaces.
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0 EBUEEHTHOTDH, 2T LEFOFHTIIR
Ve L7epdoT T, dC/dt, Kic XU Kisce Tl
LThkdD Z &A%, iENRLEE thORE (hicid .y BTH
D, BRI 2T SR EMEA R T E R vy. &
DX Sis s s, Fig. 4, Fig. 8 13X ¢ Fig. 10 4
5 &, SCM3 iz 5T 300~400°C DEERIC L D & v iV
Y — YIRS X OCBEREA ST 55T, B
hWEEY 5 » VOEBERELZDOIOBERLTVEH EW
SEEMNbIDL. FLTIDY T v 7 {ZHEE AR
Cix Photo. 3 IRT X DA — A7 F 4 MRIRICK
{bmps 7 1 v s L, FHic st s U CB Vi ERRE
fid, Photo. 4 25LBALN X i, JERICTEHEALRRF
HhEELTWE. ZOBMEEHEDEIC KL DRFEE
DZELH, BAEMOBNKES 7 » 7 HIERECZE
E25EEAD | 5 TH b E#E X NS, COLANGELOM
513 AISI 4340 $DER5EX & 3°5% NaCl KiFHH
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SCM3

Tempered at 200°C

Kr= 180 kg/mm¥2

Ki= 264kg/mmd/2

Stage I

%

Stage II

Ke= 351 kg /

mm

Ki=471kg/mm”2

Stage I

Stage I

Photo. 5. Fractographs of SCM3 tempered at 200°C. The fraction of dimple

fracture surface increases with increasing K.
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y-
(3 SCM3
' ' Tempered at 300°C
Y K= 180kd/mm32 K= 264 kg/mm3/2
> Stage I Stage I
*
y =
Ki= 351kg/mm¥?2
. Stage il Stage IL
-
’
p-
>
Photo. 6. Fractographs of SCM3 tempered at 300°C. As in the case of 200°C —
»- tempering, the fraction of dimple fracture surface increases with ’0/»‘
increasing Kj.
#
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Stage

Photo. 7. Fractographs of 18Ni-maraging steel aged at 400°C. At intermediate Kj value,

typical prior-austenite grain boundary fracture is dominant.
of SCM3, dimple fracture becomes mixed with

increasing Ki.

ERTDOEBNES T v VRITEE & oRA2HEN, %
KX 142kst 285 200kst Fcispndis, 735 »
SIEEEEBUOES oM E & DI BT mT s o
Lz RHELTWS. FHLHoEMEoMm X Lv~uvix, 350
°C DI EOBRIRE G LTvWb DT Fig. 10 1Z5RT
X505 9 VRIBREDOC— 7T BB XN Tuwinw.
¥ 7z CarTERZVI[E < AISI 4340 6> 3°59% NaCl
HFUIC KT HBNEEY 5 » VZIEEECRXET Si 4
HEORECHTFAE»S Si EFEMN1'5% 28 x
% LB |5EsER X A% 280~300ksi OEFFHT 7 T » Y {ZIEHE
BELLBD TS 2R L, 2hix Si ek >
T e RILMOR RSN S5 LThS. L
7L ALTSTETTER?D?? b 153 5 X ST Si i
EEIEECIIEELL, L -5{thds 2 x4
1 MCERTIEIEBEEZESEDLZEND, LitoSi
whnoEhRii e 2 24 MIEOWMHE EBEELTVW5 &
LFE2ONDE. ZOX 5k Er6HT S FEME Fig.
10 o SCM3 iz DT 300~400°C R BIF5 2

But as in the case
intergranular fracture with

7y VIEREED C— 2 2 EmIBREMCBRTIE 50
LEREND. e RALMITETERTH -7 SCM3 T
EE 100~200°C OBIRIBE T T 5Dt #£ 2 bh
At A HEZ b7 o 7 UBRHENESZ ED 5 &
T5HLHY Fig. 10 @ 200°C FEETZ 5 » ¥ {ZHK%
ERRNSLE2TWBHDIE e-Ribiic X 5 H ok
XBETBEEMMTIFBATE B, EEWLIFIu
vy, BLE®DX 5z Photo. 4 @ 300°C HEEHHC 2 5
5 PR f R i % Photo. 3 O FEIEMELEIZ > &,
300~400°CERTD 7 7 v Z{RIBERED L — 2%, 7 4
B ARBACIOR R X O THRHATE X 5.

18Ni < v — DRI DWTiL, Fig. 10 2505 &
51 400°C R CRBIERM SRV, 75 5 S {Z1E
HEBRAEZRL, R—35R&EXD SCM3 L 13iF%
LWEBHEETHS. LA L 500°C LlEomgshcs 5
v VIREEEIRD L, BRIEERES L2 5 5 2715
IRPHEX B LI U D52, ZhOLORMBEIC X 58
NEEFHDOER DV CTRREBIFINTE 5T,
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¥ -Boundary Fracture

Centre

Dimple Fracture

Aged at 500°C
K; = 244 kg/mm¥?

¥ —-Boundary Fracture

Photo. 8. Fractographs of 18Ni-maraging steel aged at 500°C. Fracture mode near the

specimen surface is

dominant.

PETERS2929) £, 73 = b . — UEROFHERIC DWW, 850
°F (454°C) ZIE 2R rhd & & &R LickERIC
WSS THBE IR T VB8, FoFNREDOEICX
LHEREZEILE LT, SRR TR A —2AFF A
) reversion 552N, Fe-Ni ROERTDIKE

D PEEYSEEAS bee-fee 2 FEIL{FIH T bee BEABDB AT T

FELT3HI/NEILARE EVWOREOHIE™HH D, 500°
CL LD X 53RBSDERT EHVEDT, HFE
BEd — 25 F4 FOFLEC XD X512 BN WEERZ M
METFTTBZEELONEN, KEBRSHLIE, 250
FBIERENC BT B 7 5 v 7 HIEEE O R PRI
ZLicpES 2 b Y v 7 ADEBMFEEIOEIC L D D DH,
LA —RF 4 FDIRARC I DO 2HALMTT
Lz R TEAA 2. Fig 13 1 3L EOfERE5I5RE
XCEBELIHDTHD, BNBES 5 v 7 (EHEERER
— e B 3EMe X it KT B 95, SCM3ic D> THBID
XS5BT EHDOE L BEEFPHIRFIC L OTER
DR XIKFEEL NN Y T v FEIEEEOY — 2
MR ENEG. 7 SCM3 & 18Ni vt — UHRDE
NWEY 5 5 o EEEE OB RS S KF, ThPh

intergranular,

while in the centre dimple fracture is

Fig. 13 OFEM{E L WM TR LIEET TR 2 80E
MTRSh, F—2 7 v 7EBEE AT 55RES %
H#g+5 & 18Ni w Lz — ofil: SCM3 X 49 50
kg/mm? FL DO THE Y, FHIREOENIGERZEIT
KREBEDPRDLND.

AERIC 3T, BRSO BRI & R E
7T v JEVEEE L OBREFEE Lch, SEIEN
BEEME (v; R Kisce) PO ILEMK, FIHRES, 27
o E X OCERBERA L S X D WAL LT 5 0%
FREHNCTARD LB LETHD. LREBENMOEN
W 2 TE ) B RHERLCIZ T, BEE
Bl YHEGE LMY » 2 20 EbHbETHEL
CTHBETRELDTHSS.

5.

ML R 5 R FABR N EH SCM3 5 X U° 18Ni
TIIT — U OWTEMAIE LG L BNIE Y 7 v =
BEE L OBBREFAEL, ROBEEPE L.

(1) SCMS3 Tix 300~400°C {HiE DEEEIRER T
BNERZESEAT 203, OB TS HL

i)
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Fig. 13. Comparison of steady state crack propa-
gation rate in SCM3 and 18Ni-maraging
steels tested in 0-02N-HCI at room tem-
perature.
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