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Precipitation Hardening and Magnetic Properties of Fe-Ni-Al,
Fe-Ni-Ti and Fe-Ni-Co-Mo Maraging Steels

Synopsis:

Ké SOENO and Masatoshi TucHIVA

Precipitation hardening, tensile properties, and D. C. magnetic properties of Fe—(5~20)%, Ni—(0-59~
1-57)9%Al, Fe—(5~20)% Ni-(0-5~1-8)%T1, and Fe-(8~18)% Ni-10% Co-5% Mo maraging steels were

investigated.

Maximum hardness produced by aging at 475 °C were measured as a function of additional amount
of aluminium or titanium. In the nickel range from 10 to 209, titanium addition is more effective in
hardening than aluminium addition is. However, in 5% nickel level, aluminium addition is more help—

ful in age-hardening.

It is considered that a meta-stable phase is formed in aging the Fe-189, Ni-109% Co-5% Mo and Fe-
149% Ni-109% Co-5% Mo maraging steels at 425 °C. Precipitation hardening produced by aging the
Fe-10% Ni-10% Co-53% Mo and Fe-89 Ni-10% Co-5% Mo maraging steels at 425 °C is markedly
decreased. Accordingly, it is implied that either meta—stable phase is not formed or is slightly formed in
aging at 425°C. ‘

Small amounts of pearlite structure formed by the cellular precipitation reaction are found in the Fe—
5% Ni-1-57%, Al maraging steel aged at 475°C for 50 hr and 100 hr. Except the Fe-5% Ni-1:57% Al
maraging steel, the pearlite cellular structure is not found in the Fe-Ni-Al maraging steels, aged at 475
°C nearly to their maximum hardness.

Considerable drop in toughness is often observed in the Fe—Ni~Ti maraging steels age-hardened at 475
°C to hardness over about Hv; 450. Molybednum addition is effective in suppressing the drop in tough—
ness, The upper limit of the tensile strength of the Fe-Ni—-Al maraging steels aged at 475°C is about 140
Kg/mm? Regarding the Fe-Ni-Al, and Fe-Ni-Ti maraging steels having tensile strength less than
about 140 kg/ mm?, no difference in elongation is found in tensile test.

Magnetic properties of the maraging steels depend mainly on their chemical compositions. On com-
paring coercive force and magnetic induction at the same hardness level, the magnetic properties of the
Fe-Ni-Al maraging steels are softest and those of the nickel maraging steels containing cobalt and
molybdenum are hardest,
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Table 1. Chemical compositions of the alloys used.

No [Ni (%) Al(%) [Ti(%)| Co(%) | (53 | Mn(%)
1 oo 1] — ] = | =1 o5
2 {20 | 107 | — | — | — | 015
312 |os | —| — | — | o015
420|059 | —| — | — | o015
5 1 15 | 1-56 — | =1 o5
6 | 15 | 1-07 — | — | o015
7 1 15 | 08 — 1 — .| 015
s | 1015 | —| — - — | o5
9 w107 | —| = | = | 015
10 | 10 | 083 — | — | o
1n | s | 157 015
1205 107 | —| — | = | 015
13 | 5 | 08 — 915
14 | 20| o2 |18 — |10 | o015
51 2 {02 |18 — | — | o015
6 ! 2 | o2 l1o|l — |10/ o015
17 |20 | o2 |10 — | = | o015
18 1 20 | o2 |os | — | — | 015
19 ] 15 o2 (18] — [10] o015
20 | 15| 02 (1.8 — | — | o015
21 | 15 | 02 |10 | = |10 015
221 15 | 02 |10 — | — | 015
23 | 15 | 02 |o5 | — | — | 015
24 | 10| 02 |18, — | 015
25 10 02 10 — — 015
% | 10| 02 |o5]| — | — | 015
27 | 5 o2 18] — | — | o15
28 | 5 | 02 |10 ]| — 0-15
29 | 18 | 015 |07 | 1000 |50 | o015
30 | 18| 015 | — | 1000 |50 | 015
31 | 14 | 015 | — | 100 |50 | 0-15
32 | 10 | 015 | — | 100 |50 | 015
33 | 8| 015 | — | 1000 |50 | 015
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Fig. ‘1. Tensile test specimen.
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Fig. 2. Vickers hardness number as a function of aging time at 475°C and 425°C for gthe
Fe-Ni-Al maraging steels. .
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Fig. 4. Maximum hardness produced by isothermal
aging at 475°C as a function of aluminium
or titanium addition.
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Fig. 5. Vickers hardness number as a function
of aging time at 475°C and 425°C for
the Fe-(8~18)9% Ni-102; Co-5%Mo
maraging steels,
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Table 2. Tensile strength (o) and elongation (¢) of the Fe-Ni-Al and Fe-Ni-Ti maraging

steels aged at

475°C.

Aging ) .
N 2 hr 3 hr 5 hr 10 hr 20 hr 50 hr 100 hr
o p(kg/mm?), gy (kg/mm?),l¢ 5 (kg/mm?), o5 (kg/mm?),|o g (kg/mm?),| 0 g(kg/mm?), |op(kg/mm?),
Specimen e(% 5(%) e (% e(% e(% (% (%)
Nol | 20Ni. 1350 5-21138-6 6-37] 139-7 5-91 140'5 6-4 — — —
1-56Al
2 | 20Ni- — 121:0 7-3 {1186 7-4|119°9 7-4 1158 7'8 — —
1-07Al .
3 | 20Ni- — 109-0 10°0 |-104-9 8'7 | 106:9 7:-9| 101:8 8'7 — —
0-83Al1
5 | 15Ni- — 133-8 55 — 137-4 6-2 | 136°6 6-7 | 139-5 7-4 —
1'56Al
6 | 15Ni. — 112-3 7-7 — 114-7 78 {113'3 761186 60 —
1-07Al
7 | 15Ni- — 100-6 96 — 103-1 8-2 | 101-1 8-2| 1058 75 —
0-83Al
8 | I0Ni- — — 114-3 86| 1206 96| 113-5% 2-6% 118-7* 3-1* —
. 1°56Al ) Brittle Brittle
9 | 10Ni- — — 97-9 10°8 | 104-2 10-7 | 102:1 7°5| 1075 81 —
1'07Al
10 | IONi- — — 794 10-4 | 87°2 98, 871 7-9| 92'3 84 —_
0-83Al
11 | 5Ni. — — — 87-8 17-8 | 92-5 16°5| 98-8 13-7 | 83-2% }-7*
1-57Al Brittle
12 | 5Ni- — — — — 70-9 16:0 | 810138 838145
1-07A1
13 | 5Ni. — — — — 58-5 16°4 | 75-213%3-7 | 810 137
0-83Al
14 | 20Ni- — 1829 5-0 — — — — —
1-8Ti. 1Mo
15 | 20Ni. — 120* — —_ — — —
1-8Ti Brittle
16 | 20Ni.-1Ti- 1511 6-7 | 1540 6-2 | 150:3 5-7 | 149:7 59 — — —
1Mo
17 | 20Ni.1Ti 143-1 6-1 | 141-8 6-5 | 1419 63| 141-8 6°1 — — —
18 | 20Ni. 113-2 8-2 | 11%-0 7-3 | 110-3 85| 109-9 8-1 —_ — —
0:5Ti
19 | 15Ni- 141-0*% 1:0% 183-0 4-2 | 160-6* 1'1 | 155-7* 1:0* — —_ —
1-8Ti-1Mo Brittle Brittle Brittle
20 | 15Ni. 71-4% 120-1* 50* 50* . — — —
1'8Ti Brittle Brittle Brittle - Brittle
21 | 15Ni.1Ti- 144'9 58| 1506 6:3 | 148-2 6'6 | 146:4 60 —_ — —
1Mo
22 | 15Ni-1Ti 119-5% 148:7 4°5 | 128-1%* 144-2% |-7% — — —
Brittle Briitle " Brittle
23 | 15Ni- 103-0 10-0 | 107°6 10-5 | 1058 10°3 | 104'3 9-3 — — —
0-5Ti
24 | 10Ni. — 82-8* 83 3% 106 1* 84-9% — —
1'8Ti Brittle Brittle Brittle Brittle
25 | IONi-1Ti — 106°2 12:3 | 110°6 11°3 | 119:7 6°2 | 122-3 8'6 — —
26 | I0Ni- — —_ 793 14-0 ) 81-4 13:0| 89-6 101 —
0-5Ti
27 | 5Ni-1-8Ti — — — — — 94-5 12-8 | 105-2 12:0.
28 | 5Ni-1Ti — — — — — 659 15°6 |. 71-2 15-2

* relates with plotting in Fig, 8
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Photo. 1. Transmission electron micrographs of the Fe-5% Ni-1'579 Al maraging steel aged
at 475°C for 50 hr.
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(a) Aging at 475°C for 10hr (x26000) (3/4)

e TR ;
(b) (x17000) (3/4)

(d) ;26000) (3/4

)

3
P P

(b) Aging at 475°C for 50hr (x26000) (3/4)

Photo. 2. Transmission electron micrographs of the Fe-10% Ni-1'569% Al maraging steel

aged at 475°C.
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Fig. 6. Tensile strength vs. hardness for- the Fe-
Ni-Ti maraging steel.

FELLTLERD, FRNARGHER DT 2 0T,
77 v 7 BB ISEHZ2EIE L TERWIS T CRFTT 5 X
51075 2 EBHE bR, ik Fe-5%Ni-Al o
HIZ BT, B HERER LU RRGE & b, 7
Hitgiz CeCl(B2) o NiAl TH % Z LT TieBE S
LINTWEBINEEL LRIREERCTH Ok
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TIHA — A7 74 MESC A AL LT e
CERLTWEDR, ELiiFEHEN. Ak 475°C,
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5. Table 2 ofER & Fig. 3 @R LR shiiig & 025,
Fe-Ni-Ti RvlT—UHILOWT, WELHEN LD
BitE% 7 m v b LicoRt Fig. 6 Th5. Bkl THEL
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Fig. 7. Tensile strength vs. hardness f:br the Fe-~
Ni-Al maraging steels.
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Fig. 8. Tensile strength~(gg) vs. elongation (&)

7 for the Fe-Ni-Al and Fe-Ni-Ti maraging
steels. (Plotting the data asterished in
Table 2 is omitted.)
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Fig. 713, Table 2 & Fig. 2 X5, Fe-Ni-Al

VOV T DOV CRESNIERE L HUIR) & DBtk E 7 o
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& BEE L TEWE A CREiT 2 Blikis»ok. Ll

EHhizREVEE(LOFERE T, Fe-Ni-Ti F LRI
BRibT 305 »RSBOMETHS.
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Fig. 9. Magnetic properties of the maraging
steels. '
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Table 3. Magnetic properties

Chemical composition (%) Magnetic properties Hard-
No ness Aging
: : Byo Bys By By | Br Hec
Ni Al Ti ‘ Co Mo | Mn K& KG)| K&)| ®KE)| (KG)| (Oe) Hv
1 20 | 1'56 | — — 1015]| 85136168186 79| 49 454 | 475°C-3hr
8 10 | 1-56| — — — | 015y 783|127 (154} 17°5| 62| 42 435 | 475°C-50hr
9 10 | 1-07 | — — — | 015| 89140 16-4|18'3| 64| 34 390 4
10 10 {083 — — — | 0-15]|10°1 (149|169 187 ] 69| 31 360 4
11 5 | 1'57 | — — — | 015|13-0(15'3|16:4|17'9 80| 21 340 4
12 5 | 107} — — — {015|13-8)16°0| 171|186 60| 1‘3 300 4
13 5 |[083 | — — [0°15]|12:3]155|16v8 | 18:6| 52| 14 265 4
14| 20 (02 -8 — 1-0|0-15| 2-8| 8212:0| 156 | 6:4| 108 577 | 475°C-3hr
15} 20 [0-2 '8 — — | 015 33| 88|12-9|16°6{ 65| 99 551 4
16 | 20 |0-2 10| — 1'0 ({015} 3-2| 88{13-0|16-8] 64| 99 477 ”
17 | 20 [ 0-2 1'0) — — (015} 37| 97{13-8.17:4| 66| 9-3 462 7
19 15 {0-2 1-8{ — ‘01015 37| 85|12-2,159| 61| 93 550 4
20 15 [ 0-2 18| — — | 015 41| 994132169 | 62| 8-7 540 4
- 21 15 | 0-2 10| -- 1'0| 015} 38| 91|13-2]17-2] 61| 89 459 4
22 15 | 0-2 1'0| — — | 015} 43| 9'9|14-1|17°7| 65| 84 463 4
25 10 | 02 1'0 — (015} 46105147182 62} 6°9 420 | 475°C-10hr
26 10 | 0-2 05| — — | 015 56| 1-1]155|18'9} 58| 56 295 K
27 5 [0-2 181 — — {015} 6°4]12°7{15°8,18'0| 85| 7°0 340 | 475°C-50hr
28 5 102 1-07 — — {015} 7-211227116°21 183} 68, 50 260 v
29 18 | 015} 07| 10 5 0-15| 12} 591100 140} 61} 167 619 | 475°C-3hr
30 18 (015 | — 10 5 015} 13} .6"110°6| 146 6:6| 168 490 4
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Fig. 10. Changes in coercive force (H¢) and
magnetic induction (B,g) by aging
for ‘30 min.
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Fig. 11. Changes in coercive force (Hg) and
magnetic induction (B,) by aging for
30 min.
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7eHEE & He, Bio, Bas & & DEARE 0 v LA
B#% Fig. 9 itRd. Fig. 9 »HHEL2R L ST, BE
RO E, F—BE/KETHET S L, Fe-Ni-Al =
wx— SR DIE T, Fe-189,Ni-109,Co-5%Mo 3
T~ SRR LEE THS. T Table 3 588

Ll X Sic, Fe-Ni-Ti F= v x— U8z Mo &M
5 & He 23884501, Bus, B 7 EVWIEAT 5.

WTFNORBEO 7T — UHITEWTD, He, Byoo 75
E ORESHIER A ORI X > TIEEEE D,
WRFENT X 2T r MM LI WIR D, BRghL TEEES
L THITEA LRI IIEB LW T & 278
LTws. Thbbnifhoerz— Uik Tdh,
BT AR 7L 72, i X2 THE{LASEA T DR
HERIZEAEEH LAV D EE L SN%. Dyks-
TRA 530)%, #7HFES 800A~1000A FREEDK & XLk
ELwE, HHEic X > T He ML E vz & 28
LA LTW5. Fig. 9 iR —{bEEROFEHZ D
THEEE L RSHIEE & OBARZ T T 0TI, 1
DEEIMLEMROEB & A TW5E. Tihbb Fig. 9
v3, Fe-Ni-Al % X% Fe-Ni-Ti Rz \WT, B
T 570ic Al 5X00 Ti OSFEEZEINT 5
Ly WRPHEPES LB EEZRLTWA.

Fig. 10 % X ef Fig. 11 p3fl—3t$l 2418 5 ©30 min
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B5. REhBE% LR T 5 LHEH Ni DK bectg
Foa tBE, Ni BOE W fcc B5FD 7 M ST 5
BB T NS, RS r MO Ni &HERE
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YD OFLRDFBRE WS, Ni B 5% i3
LIERBHIT R D, Al w9 %) DL EDFHA X <
5. ¥k 475°C FREC BT SR HIE (LB, Ni
£ 10~20% o#FHTIE, Fe-Ni-Al % Fe-Ni-Ti &
H Ni B KELIEEKEL V.

(2) Fe-(14, 18)9%Ni-109%Co-5%Mo i 475°C &
425°C L TR AWHEPERSh, 425°C Beghok
BT LSS LV, 425°C BBh OIS h BT g 2

* Fe-Ni 255% 7 f8® Curie 1B, 64~68at/o Ni ORWETHE
504°C %R L, 28 at/o Ni T 100°C, 7 D Ni M I 5icig
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