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Effects of Ni, Co, Mo, Ti and Al Contents on the Delayed-
failure Susceptibility of Maraging Steels
Synopsis :

Effects of alloy compositions on the delayed-failure susceptibility have been studied on Ni-Co-Mo-Ti-Al
maraging steels by means of tensile tests with varied strain rates, electron microscopy and fractography.

The results are as follows : Strengthening only by Ti and/or Al additions causes the enhancement of the
delayed-failure susceptibility, while the addition of Mo is effective in suppressing the susceptibility by pre-

venting the harmful precipitation along prior austenite grain boundaries.

Co also acts as an inhibiter for

the delayed-failure when strengthened by Ti and /or Al and Mo, while the addition of Co is not necessary

for the tensile strength below 200 kgf/mm?.
well as strengthening.

Ni is most effecitive in suppressing the delayed-failure as

A Co-free 18Ni-2Mo-2Ti maraging steel exhibited the tensile strength as high as 200 kgf/mm? and very

low delayed-failure susceptibility.

All fracture surfaces of tensile specimens with high delayed-susceptibility were intergranular at the

crack initiation site near the surface of the specimen.

Key words : maraging steels; Co-free maraging steel; alloying elements; ultra-high strength; de-

layed-failure ; hydrogen embrittlement.
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Table 1. Chemical composition of steels used (wt%).

Steel C Si Mn P Ni Co Mo Ti Al
0Ti <0.0004 0.007 <0.001 0.001 0.0038 18.02 — 2.00 <0.02 0.12
0.5Ti 0.0009 <0.004 0.002 0.001 0.0032 17.98 — 2.07 0.55 0.11
1Ti <0.0004 0.005 0.001 0.001 0.0034 18.18 - 2.04 0.92 0.12
1.5Ti <0.0004 0.009 0.002 0.001 0.0031 17.68 — 2.05 1.54 0.085
2Ti < 0.0004 0.005 <0.005 0.001 0.0032 18.06 — 1.98 1.99 0.014
2.5Ti < 0.0004 0.009 0.004 0.002 0.0028 17.63 2.05 2.54 0.087
0.3Al 0.0004 0.010 0.004 0.001 0.0033 17.79 — 2.06 2.04 0.30
0.5Al <0.0004 0.008 0.002 0.001 0.0028 17.80 — 2.09 2.03 0.50
0 Mo <0.0004 0.011 0.001 0.001 0.025 17.72 — <0.01 2.02 0.086
0.5 Mo 0.0058 0.011 0.002 0.018 0.028 17.84 — 0.53 1.95 0.114
1Mo 0.0049 0.007 0.002 0.004 0.022 17.77 — 1.04 1.94 0.114
5Mo 0.0044 0.009 0.002 0.001 0.026 17.65 — 4.67 2.28 0.10
9 Ni 0.0054 <0.001 0.001 0.010 0.0021 9.03 — 2.09 1.96 0.115
12 Ni 0.0057 0.003 0.002 0.006 0.0026 12.06 — 2.04 1.94 0.110
15Ni 0.0044 0.003 0.003 0.004 0.0028 15.03 — 1.91 1.96 0.118
2Co 0.0024 0.005 <0.005 0.001 0.0031 18.18 2.00 1.98 2.00 0.013
4Co 0.0009 0.007 0.0017 0.001 0.0026 17.86 3.99 2.02 2.00 0.10
6 Co 0.0007 0.007 <0.001 0.001 0.0025 17.76 6.34 2.04 2.01 0.10
8Co 0.0006 0.009 <0.001 0.001 0.0023 17.96 8.36 2.03 2.04 0.10
6Co-1.5Ti 0.0006 0.009 <0.001 0.001 0.0025 17.83 6.46 2.05 1.56 0.097
6Co-2.5Ti 0.0005 0.009 <0.001 0.001 0.0025 17.86 6.59 2.02 2.57 0.10
6 Co-3Ti 0.0008 0.008 <0.001 <0.001 0.0023 17.61 6.41 2.03 2.98 0.10
6 Co-0.3 Al 0.0012 0.007 0.0028 0.001 0.0024 17.86 6.26 1.99 2.03 0.28
6 Co-0.5 Al 0.0008 0.007 0.0012 0.002 0.0027 17.97 6.38 2.01 1.96 0.50

N:<18ppm O : <70 ppm
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Solution annealing : 850°C, 30 min, AC Aging : 500°C, 3 h, AC
Fig. 1. Relation between Ti contents and the
strain rate dependence of the tensile properties of
18Ni-2Mo-Ti-0.1Al maraging steels.
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Fig. 2. Relation between Mo contents and the

strain rate dependence of the tensile properties of
18Ni-Mo-2Ti-0.1Al maraging steels.
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Fig. 3. Relation between Ni contents and the
strain rate dependence of the tensile properties of

Ni-2Mo-2Ti-0.1Al maraging steels.
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Fig. 4. Relation between Co ‘contents and the
strain rate dependence of the tensile properties of
18Ni-Co-2Mo-2Ti-0.1Al maraging steels.
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Solution annealing : 850°C, 30 min, AC Aging: 500°C, 3h, AC
Strain rate : 1 X 107 %s7!
(a), (b) Crack initiation area (near the surface of the test piece)
(¢) Crack propagation area (1 mm apart from the crack initiation
site)
Photo. 1. Scanning electron micrographs of the
fracture surface of the tensile test piece after a
low strain rate tension of 18Ni-2Mo-2.5Ti-0.1Al

maraging steel.
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(a) Crack initiation area (central part of the fracture surface)
(b) Crack propagation area (near the surface of the test piece)

Photo. 2. Scanning electron micrographs of the
fracture surface of the tensile test piece after a
high strain rate tension of 18Ni-2Mo-2.5Ti-0.1Al

maraging steel.
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Table 2. Characteristic features of the fracture surface of low and high strain rate tensions of steels with

high degree of embrittlement.

Strain rate, & 1Xx107 471 1x1072s71
Eracture surface
Initiating area Propagating area Initiating area Propagating area
Steel
18Ni-2Mo-2.5Ti-0.1Al GB D D
18Ni-2Mo-2Ti-0.5A1 GB D D
15Ni-2Mo-2Ti-0.1Al GB D D
18Ni-8Co-2Mo-2Ti-0.1Al D D* D
18Ni-0Mo-2Ti-0.1Al GB D D*

GB : Grain boundary fracture QC : Quasi cleavage fracture D : Dimple fracture % : Strain rate 1X 107171
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Solution annealing : 850°C, 30 min, AC Aging : 500°C, 3 h, AC
Ti contents : (a) 2% (b) 3%

Photo. 3. Transmission electron micrographs of
the precipitates in 18Ni-6Co-2Mo-Ti-0.1Al mar-
aging steels.
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Mo contents : (a) 0%, (b) 2%, (c) 5%

Solution annealing : (a), (b) 850°C, 30 min, AC. (c) 900°C,
30 min, AC

Aging : 500°C, 3 h, AC

Photo. 4. Transmission electron micrographs of
the precipitates in 18Ni-Mo-2Ti-0.1Al maraging
steel.
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Fig. 6. Effect of Ni contents in solid solution on
the degree of embrittlement of the all steels tested.

WEOBRRE:EZLOND 0%Mo #, BXU, BE+—
25FF+A4A e TF YA FO2HEETHS 5%Mo
MizowTid 7oy berosLz. Br6HL2ZED
2, BhaERati, BEE NiB06W 9% LTiC%s
E, BEL B A, BETHE, EE Ni B2 10%
PEE 225 I288%EThE, BhBiEERtes
DB ERL BB TELIREENSS. ZDXI I,
B Ni &}, eIV Y IROBNBIRICKE 2R
B BILIITHFTHDHIEDVHL IO

5 #

2NIL—T v FROBNBHIEERZTE L, §IRABROK
DEOFIREBEKESE, SFFMEL, 2 ED L) LR
Bohi.

1)3EN ER & & HISBRBIRERZMHIEE 2575
ZoMEmE TS bIeETH S Ti, Al, Mo TEHH D,
Mo B %L TfLL2234& 13 Ti, Al ODBFHITHNRT
ENRERS IRV, 2B, Mo 2L 2VIEER,
PR EICHBER & 2T H D, BRI
BV, L7450 T Mo DN h Bk g k52 1 o fEGi
WEYTHA.

2) Ni & 18% TRENBERZH I 2%, Ni

ol

BOBAICHE, BEFKT 5100 00b b T EBAK
BEREHEE 25, FEE N 2IENIRICKE 2§
BEBIIITHFT, EENENFHI% LLTICRS
BRI E LB LS.

3) Co I & DML L7354 0B BIERZ I,
Ti, Al DA LD B, Co DIRIMNEENBIE % P
THRRELSDH S, LA LEIEMR S, 200 kgf/mm® LLF
Tix Co ERMT O ENBPERZHIEDLNTY, Co
RO 18Ni-2Mo-2Ti T 200 kgf/mm? D 5|58 &
ETCNATHERBIESE 2 R T Z EAath o,

4) EEB R CENEE L 7235E, ok EmiR
BRF ORI H D RFRWE % 2T 525, ZHEHRIE
BRIk DR, A5, 55T Y TAURETH

N AR

X [y

1) G. W. TUFFNELL and R. L. CAIRNS: Trans. Am, Soc. Met,,
61 (1968), p. 798

2) C. S. CARTER: Metall. Trans., 1 (1970), p. 1551

3) C. S. CARTER: Metall. Trans., 2 (1971), p. 1621

4) WEhEF, £RIEH, PREZ=, FARKE— kLM, 60
(1974), p. 269

5) WEREE, PRE=, £RIEH, FARE—: k&8, 60
(1974), p. 1613

6) REF i, BEMEEE,
p. 1056

7) B,
p. 665

8) REF ¥, HOMK: $k L8, 66 (1980), p. 677

9) BEEHES, R ¥ gke M, 66 (1980), p. 1361

10) WERFIR, FARK—, BEMEK: gke ¥, 68 (1982),
p. 2514

11) #RILFTIR: B A&EE A5, 46 (1982), p. 1081

12) MRILKR, HEEZ, HHEMR: sk M, 74 (1988),
p. 2025

13) ZBRE, $HA#EL, B £ oM, 63 (1977),
p. 496

14) S. YamaMmoTo and T. FusiTaA: Proc, the 2nd International
Conference on Fracture (1969), p. 425

15) G. M. PresSoUYRE: Current Solutions to Hydrogen
Problems in Steels, ed. by C. G. INTERRANTE and G. M.
PRESSOUYRE, ASM (1980), p. 18

16) W. BECK, J. O. M. BockRis, M. A. GENsHAW and P. K.
SUBRAMANVAN: Met. all Trans., 2 (1971), p. 883

mOfnk: gk 48, 64 (1978),

HOfk, +RIEF): LM, 65 (1979),

— 151 —



