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Effect of Alloying Elements on the Strength and Toughness
of the Ultra-high Strength Maraging Steels

Synopsis:

Yasutaka ORADA and Tatsuro KUNITAKE

As an ultra-high strength maraging steel which possesses the tensile strength of more than 2400 MPa, the

13Ni-15Co—-10Mo steel is well known.

However, it necessitates special treatments such as controlled rolling

and repetition of rapid heating and cooling to improve ductility and toughness.

Systematic investigations regarding to the effect of alloying elements on the tensile strength and tough—
ness of ultra—high strength maraging steels are hardly known.

For these reasons, effect of alloying elements, retained austenite and undissolved precipitates on the strength
and toughness within the tensile strength range from 2000 MPa to 3000 MPa were investigated. Results

are as follows,

1) Relation between the tensile strength and toughness was strongly dependent on the combination of

the amount of Ni and Mo.
(a) Ni mmproved toughness remarkably.

(b) Mo increased tensile strength strongly without drastic decrease of toughness below 89.

'~ 2) Ni and Mo definitely decreased Ms temperature.

Decrease of tensile strength after aging due to the

formation of retained austenite occured when the Ms temperature decreased below 140°C.

3) Excess addition of Mo increased the solution treatment temperature to dissolve the precipitates, and
this made the austenite grain size coarse and decreased the toughness.

4) The 17.5Ni—-6Mo steel was selected as the steel which showed the most suitable combination of

strength and toughness.
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Table 1. Range of alloying elements in the

investigation,

Alloying element (wt9%;)

Nickel 12.5~.20.0] Carbon =<0.010
Silicon,
Cobalt 8.0~20.0 Manganese <0.05
Molybdenum 4.0~15.0l Phé)jﬁ_ﬁ(;rus, <0.005
Titanium 0.0~ 1.5 Aluminum 0.03~0.09
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Fig. 1. Tensile and notched tensile specimens.
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Fig. 2. Effect of nickel on the mechanical pro-
perties. (Ni-12.5Co-6Mo-1.2Ti)



EEE L - VHORE TR L 5REIL 793

2200}

12, o 160 -

10 O///’. o BV 50

8' ./>. '40*
- R.A -
. 6F . 130
woal {20

2| 8 J10

o 1 1 A A i P | 0
3000~

1500}

F 1 " " N Qo
6 8 10 12 14 16 18 20
Cobalt, %

Fig. 3. Effect of cobalt on the mechanical pro-
perties. (17.5Ni-Co-6Mo-1.0T1i)
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Fig. 4. Effect of molybdenum on the mechanical
properties. (17.5Ni-15Co-Mo-1.0Ti and
15Ni-15Co-Mo-1.0T1)
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Fig. 5. Effect of titanium on the mechanical
properties (17.5Ni-15Co-6Mo-Ti)

Table 2. Levels of main effect.

Main effect* Levels Nulmber of
evels
Nickel (wt%) 15.0, 17.5 2
Cobalt (wtg%) | 12.5, 15.0 2
Titanium (wt%) ?;’ :g’ 4
Solution treatment 800, 825, 4
temperature (°C) 850, 875

* Amount of molybdenum is 625.
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Fig. 6. Relation between tensile strength and
notched tensile strength.

Table 3. Result of single and multipul regression analysis.

Regression equation. l &Z%gisiii::ﬁ
T.S(MPa) =172x(%Ni) +215x(%Co) +328(%Ti) — 10.3x(%Ni) x (2%Co) —0.93x(S.T)* — 583 0.96 -
R.A(%) = —12.8x(%Ni) — 18.9x(%Co) — 21 . Ix(%Ti) +0.994(%Ni) X (%Co) + 306.8 0.80
N.T.5(MPa) = 156x(%Ni) — 138x(%Co) —3230x (% Ti) +982x (2% Ti)2+ 3727 ﬂ 0.83
El (%) =0.214 xR. A(%)+1.12 0.97

*5.T; Solution treatment temperature. (°C)
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Table 4. Change of mechanical properties per
wt?, of alloying element,

Alloying T.8 R.A N.T.S
element (MPa) (%) (MPa)
Nickel 17.5 | 2.11( 0.12) 156( 8.91)
Cobalt 34.7 |—1.58(—0.045)| —138(—3.97)
Molybdenum| 118  |[—14.8(—0.125)| —306(—2.59)

Titanium 328

—21.1(—0.064)|— 1266 (—3.86)

( ) indicates the change of R.A and N.T.S per 1 MPa of tensile
strength.

T T
@ ;:z:zz::zm:
i~-6Mo |
LAY ® hi-ons
o R
50 Co; 12-15%
0\‘ b Ti: 0.3-1.6%
b\ £175Ni-15Co-6Mo-1.0Ti |
o 40
8
<
230 \
A
20/ “ \
10
3 1 1 i A n 2
2000 2500 3000

Tensile strength, MPa

Fig. 7. Relation between tensile strength and
reduction of area.
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Table 5. Range of alloying elements used in the
regression analysis on Ms and Mf

temperature.
Alloying element Range (wt%)
Nickel 13.8 to 20.0
Cabalt 7.9 to 16.5
Molybdenum 3.9t 6.0
Titanium 0.49 to 1.69
(33 data)

Table 6. Result of the regression analysis.

Ms(°C) = — 16.5x (%Ni) — 2. 15x (%Ni) X (%Mo)
—1.82x(%Co0) X (%Ti) +715.9
(r=0.91)
Mf(°C) =Ms(°C) —108.4
(y=0.96)
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Fig. 8. Relation between the observed Ms tem-
perature and calculated Ms temperature
by multiple regression analysis.
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Fig. 10. Effect of solution treatment temperature
on the mechanical properties after aging
for the steel shown in table 7.
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Table 7. Chemical composition of steel. (wt9j)
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y i

15.0 ﬂe&a 1.10 0.046
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Photo. 1. Electron micrographs (extraction replica technique) of retained precipitates after

the solution treatment at the various temperatures.
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Fig. 11. Change of the most suitable solution
treatment temperature and austenite grain
size accompanied with the increase of
molybdenum.
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Fig. 12. Effect of austenite grain size on the
notched tensile strength and reduction
of area for the steel shown in table 7.
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