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Identification of the Precipitates in Maraging Steels by Non-aqueous
Electrolyte Extraction Method

Yasutaka OKADA, Jyo ENDO, and Tsuyoshi NAKAYAMA

Synopsis :

Many works with respect to precipitates in maraging steels have been presented. However, the pre-
cipitates at the peak-aging condition (the maximum tensile strength level) have hardly been identified
due to their very fine shape, complicated multi-phase precipitation, and similar crystal structures.

Fine precipitates formed at peak-aging condition were extracted by a non-aqueous electrolyte ex-
traction method. The chemical composition and the crystal structure of the extracted residue were
analyzed by the ICP analysis and electron diffraction analysis, respectively. As the result, fine pre-
cipitates formed at the various aging processes (under aging, peak aging, and over aging conditions)
of the maraging steels were identified. The change of the precipitates in the various alloy series of

maraging steels with aging time at 500°C are as follows :

1) Ni-12.5C0-6Mo-1.2Ti steels :

The precipitation of NiyTi and FeMo was confirmed.

the peak-aging condition.
2) Ni-12.5C0-6Mo steels :

In 17.59Ni steel, NigMo was identified at

It was confirmed that FeMo precipitated at the start and then NigMo did. The precipitation of
NigMo was accelerated by the increase of nickel concentration.

3) Ni-12.5C0-1.2Ti steels :

Only NiyTi was confirmed. This precipitates was very fine and needle-like shaped.
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Table 1. Chemical composition of steels.
Steel C Si Mn P S Ni Mo Co Ti Al N
U 110.007] 0.01] 0.01]/0.001[0.002(10.34[5.84[12.30]1.20 0.065[0.0023
U 2/0.0074 0.01 0.01]/0.003{0.001(12.42|6.16|12.58 1.21/0.066|0.0021
U 3(0.008/ 0.01] 0.01/0.001|0.001]/14.85(6.24|12.61|1.13 0.064{0.0027
U 4/0.006/ 0.01{ 0.01/0.001/0.001{17.27(6.32]12.68/1.21 0.067/0.0021
U 510.005 0.01] 0.01[0.001[0.001| 9.76(6.08[11.75] — |0.022 0.0018
U 6lo.007  0.01f 0.01{0.001|0.001{12.42|6.12|12.12} — |0.023 0.0020
u 7lo0.007, 0.01{ 0.01{0.001|0.002|15.02|6.28}12.15] — |0.014 0.0020
U 8l0.004/ 0.01/ 0.01{0.001/0.002|17.25(6.16/11.82] — |0.016 0.0018
U 9]0.005/ 0.01] 0.01[0.001}0.002{10.41] — [12.35[/1.21{0.067 0.0025
U101/0.003| 0.01/ 0.01|/0.001]0.002{12.42| — |12.55/1.22}0.070 0.0025
ulllo.o006{ 0.01 0.01/0.001{0.002|15.08| — |12.57(1.28|0.067 0.0024
vi2{0.005 0.01} 0.01{0.001}0.002{17.57] — 112.5211.24)0.069 0.0025
U13]0.004/ 0.01] 0.01[{0.004|0.002|17.41|6.00 — [1.21}10.070}0.0029
U1410.002/ 0.01/ 0.01|0.004|0.002(17.48(6.16| 5.93/1.26(0.074 0.0025
U15{0.004| 0.01] 0.01{0.001{0.002|17.57|1.14} 6.16(1.23/0.063 0.0024
Ul6[0.001 O.Ql 0.01{0.001{0.002017.60/3.20] 6.47]1.04/0.060)0.0020
FEKBEPHCOREE IR TWAR®~2), < L= — Table 2. Electrolytic extraction conditions.
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l'\...l5%@%&’5{7»1_V§%®ﬁﬂj%m—ﬁmb AA 10%i\%;fxtélgcetone 0 mA 2
- > & - 1 2!
fcl s MS RBMECT, BEMNDHEHILILLA : Notheno! (bal) mA/em
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1) Galvanostatic extraction method.

2) Electrolytic cell : 500 ml. beaker.

3) Volume of electrolyte : 500 ml.

4) Electrolysis temperature : Room temperature.
5) TMAC : Tetra-methyl ammonium chloride.
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Fig. 1. Age-hardening curves of various kind of
maraging steels aged at 500°C. 4Hv shows the
increase of hardness due to aging.
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Fig. 2. Effect of the electrolytic solutions shown

in table 2 on the chemical composition of the
extracted residue.
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Fig. 3. Chemical composition of the extracted

residue of the various maraging steels. (MS solu-
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Photo. 1.
NigTi in steel U10. (aging : 500°C x 300 min)

a) bright image,
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Fig. 4. Correlation between the amount of alloy-
ing elements in the extracted precipitates. (Number
in the figure shows single correlation coefficient.)
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Fig. 5. Relation between the amout of nickel and
titanium in the extracted residue of titanium con-
taining steels. (U10, U12)
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b) diffraction pattern,

Blank replica images of electron microscope showing the precipitates of

c) key diagram
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Fig. 7. Relation between the amount of nickel
and titanium in the extracted residue of titanium
and molybdenum containing maraging steels.
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Photo. 2. Electron micrographs of the extracted residue of steel U2 showing the

metallic compound of FeMo. (aging : 500°C x 3 000 min)

a) bright image,

Photo. 3. Electron micrographs of the extracted
residue of steel U4. (aging : 500°C x 300 min)
a) bright image, b) diffraction rings

# XU Photo. 4 {3 Mo ¥k Ti »itic&%k, EFEM
FCESEETS Ud RiconT, B (500
°C x300min) CHLZLIcREETHS. Photo. 3 D
TeSPRT I LT B bhic 285 Y v 7 D BTk
Rix Table 3wiiT X 51, ASTM » — Fo> NigTi &
NisMo & X { —F71%. 7emTd NigTi BEBRCER
ETOEMBRETI—HKLTkH, P &b NiTilx
FETHLELDBNS. ¥7- Photo. 4 DBKEF <4 —
“i% NigMo tFEZh, BALEERY v 712 onTix
Table 4 ©RIMHTFER LD, Alad &b FeMo nifg
ET5HZ Lot

&3

s

a) bright image,

b) diffraction pattern,

c) key diagram

Table 3. The d-spacings computed from the
diffraction rings shown in Photo. 3.

Experimental Metallic compounds

results. (A)

Ni,Ti NizMo
2.18 2.21 2.220
1.93 1. 95 1. 951
L71 1.72 (1.784)
1.28 1.276 1. 280
1.096 1. 095 1.094
0. 820 0.819

D EOBFHRENHER»S U2 Mol e LT
FeMo U4 §ffic. FeMo, Ni;Mo, Ni,Ti 2&ET 52 &
B B IeDo%. C ORI 41, 42 38 X043 §
TR IHBRE OB R T OBPTREERE I {—&KL T
B, W E L oMK L EREEOWE,» SRETS
ZEMTEK.

4-5 Ul Bk U3 O HD

Ni o4 Ul g8E Co #& ¥\ Ul3 g Fe
& Mo DBEJffix Fig. 9 R+ & 5ic FeMo 1 b Fe At
Zus. Ul e onwCik BEEAED ¥ ¥ T3 Fe,Mo
D EF T2 BEINED bh, FEEREE & bic Fe
& Mo DBJfRIL FeMo D pilt (HF0— S8R «©
EFBBLTELLTWS. CofERE»S, Ul ik

KEZhENC Fe,Mo AARERSITHB E LTHEL, Fshé

Photo. 4. Electron micrographs of the extracted residue of steel U4. (aging : 500°C x 300 min)
b) diffraction pattern and rings,

c) key diagram
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Photo. 5. Electron micrographs of the extracted residue of steel Ul3. (aging : 500°C x 3 000 min)

a) bright image, b) diffraction pattern,

[ ] O:
(Fe,Co)Mo
4—ou1 /

wt% Mo

(Fe.Co),Mo +—— 1

‘ Aging ti
|\ S e |
) 4 1 3o

’ mn
/- .|/s°o 33 3000min

S Solution treated

|
1 2 3
wt% (Fe +C8)

Fig. 9. Relation between molybdenum and iron
in the extracted residue of steel Ul and Ul3.
(*Amount of cobalt is converted into the amount
of iron)

Ly FeMo 2L icdb D EEX DRS.

—7J5 Ul3 $@Cix FeMo ORI X » Fe 3% <75
500°Cx 3 000 min DB, Photo. 5 TiRT X5
Fe,Mo 2@» bhicz &b 500°Cx300 min DRER)
i FeMo 2L, %Dk Fe,Mo AL
TcbZx bhs.
4.6 SSOLFER, FBERGESTHBOBER

£ED B LB XOER&ECoWT, ICP S O
TR Table 5 % L TRT. InkBERDR
DB OBFRET CHE IR DR RL T
5H, BERXTRTC—HL, AEoWEROBITSILEL
W ERRLTWA. SEMAR FRh&E LT DR
FHELDDHELUTOLERYTHS-

1) Ni-Co-Mo-Ti #Ti% NigTi 2L,

WANT

¢) key diagram

Table 4. The d-spacings computed from the
diffraction rings shown in Photo. 4.

Experimental Metallic compounds

results. (A) FeMo NisMo
2.18 2.163 (2.21)
211 2,125 2.13
1.91 1.931 (1. 95)
1.46 1. 461 (L51)
1.29 1. 286 (1.33)
1,273 1273 1. 276
1.226 1. 240 —
1,153 1,148 (17
1.089 (1.112) 1.087
1,079 1081 (1.068)
1.032 1.035 (1.038)
0.833 0. 831

Table 5. Various precipitates analyzed by ICP anal-
ysis and identified by electron diffraction analysis.

Nominal chemical

composition. (wt%) Precipitates (aging at 500°C)

Steel

Ni Co Mo Ti 30 min 300 min 3000 min
Uil 1w 125 6 L2 A A,B A,B
U2 125 125 6 1.2 A,B A,B A, B*
U4 17.5 125 6 1.2 A, B A¥B¥C* A,B,C
U6 125 125 6 — B B*C B,C
U8 17.5 125 6 — B.C B, C* B,C
Ui 125 125 — 1.2 A* A* A
U1z 17.5 12.5 1.2 A* A* A*
U1l 17.5 — 6 1.2 B A,B A, B,D*
U1 17.5 6 3 1.2 A A, B A, B

Precipitates; A : NigTi, B :(Fe, Co)Mo or FeMo
C : NigMo, D : (Fe, Co);Mo or Fe;Mo
*Identified bfy electron diffraction analysis. (Undissolved precipi-
tates, identified as Fe;Mo, were observed in steel Ul before
aging.)
FeMo »With+%. ##&x Ni Eofic X h{EES
n, BLoRECES LTS EELDNRD.

2) Ni-Co-Mo %#Ti% FeMo, NizMo ODIJEHr 7
5. a3 Ni SR X Y REShS. TeiFig. 1
U6 8 e 380 b 2 Brf o Wizt h L£h FeMo
L NisMo o#fHic X < }Hit35.

3) Ni-Co-Ti FZTix NiyTi ORDHTHT 5.

5. #& &
MS REMKC X 5BHMMC XY < v=— CHHD
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