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Strengthening and Toughening of Maraging Steel of Over 280 kg/mm?
Seiichi MUNEKI, Yoshikuni KAWABE, Kozo NAKAZAWA, and Haruo YAJI

Synopsis :

In order to develop ultrahigh strength maraging steels of over 280 kg/mm?, effects of Mo, Ti, and Al
contents and thermomechanical treatments on the strength, ductility, and toughness of Fe-16~17Ni-15Co-
4~7Mo-1.0~4.5Ti-0.05~2.0Al alloys have been investigated. The peak-aged hardness increased in
proportion to the amount of strengthening elements shown as (Mo-2Ti+1.75A1)%. The increases in
the amounts of those elements, however, led to the unstable fractures in low stress level during tensile tests,
and this meant that the strength corresponding to the aged hardness could not be achieved. This tendency
was more pronounced in the alloys with higher Al and T1i contents than in the alloys with higher Mo contents.
The combination of the superior K¢ and fine grain size can prevent the low stress unstable fracture up to
higher strength levels. It has been shown that, by the combination of appropriate alloy compositions and
thermomechanical treatments, the ultrahlgh tensile strength up to 330 kg/mm? with the excellent ductility

and toughness could be achieved in maraging steel.

1.

WiZei, viy Mo FOBRERIARC Y I o BHEEO
DR, T AROVF—RTEH T T4 A —ovin Ko E
BRAME E LT, IEaEOBm TR OBFENREE X hT
WBD. e Th U T ViR O EEE O BERIRAR
ik, HEEEERICTT 2 572 0F LLEWHHRE 2 #h
7o8IME, TS TSRIN D,

HAE, SBOEBENEDY PRSI TWED, T
e 18NL v v — U HlEa bR BN, Lisd IR
RIS THRER B T 5ET, i Mo, Ti &%
# 1, 140 kg/mm? 7> 5 245 kg/mm? (350 ksi) %% T
OMESR I TWE. BEEMECHREL £ 10
437 MmALsIN 55 2 X 9 280 kg/mm2? (400 ksi) I3
KT 350 kg/mm? (500ksi) FRMBMEE SN TS, &
DM, %80 Mo %Fhn L7 {KNi-%Co-EMo
FRSTHY, T, 18Ni B X S ikl &
RERhD B H OB CIE BEEREIER TE V. Zh
V¥, Mo MABIRMINTWAELDI, WEI LT —D
WV BN S IRETO BH(LAAEETIE Mo 2347 i
ELUTERE L, i WA ERT IS, KEHELS

il

BT BDTHD. £2T, EWEELCERI®ES
728, Fll CEWLILEEZAT5 5 Z LB E L 5. —
Jis ZO@BERLC I o TSR EINRAR, F—
AFFA b~ (1) FERE U <HX(b UIEMEL R
KT T 5720, RISHEENRTEL, B RE S HmE

GHN<759. 2T, FBEOIEEBTHEKRbLL
EfTI o7, SHERTII 2zt 5T
BDEESD 23 L, 280 kg/mm? FRIC W CERT:
HEE: BV A RIRRC I 5 T & 5 2 SR L.

—J, 18Ni R & MR BRI LB LA U CE5E
LR 545D H 0, FHERS 5% 17.5Ni-20Co-4Mo-
1.5Ti R giin & CHRE S 280 kg/mm? L {gh 7= Lk,
AHEZ2ETHS. COX S, VI~ DHOERE(L
DBV, BAME 18N 245 kg/mm? $HOWEE FCE
Ni-fEMo-gTi 2 X~ L7zbD L, %ED Mo #
w7z (KNi-FCo-FMo # X~z Lz DD 2
CRBIE I, ARV LR & hn TRV 2 4775 S5 %
DEHFTBEND. T LT, —KHICIE, fIEDRSRE
ST VRIB AR R, I 3N TEVER A X hC
W5,

AffFEE, BNi-EFCo~KMo-FTi & N — T HIT

* pEf0 50 £4 H, 51 48 10 Ak XN 52 4£4 B4

(Received June 10, 1977)

SMERDCTHEE WM 52 £6 7 10 gRH

® S BRI AT (National Research Institute for Metals, 2-3-12 Nakameguro Meguro 153)
Bk A BAMRERIIZPT T8 (National Research Institute for Metals)

— 83 —



606 gk & W

# 64 4 (1978) 5 &

Mo, Ti, Al Z¥Rhn L RS hnTEVR 2 @R T 5% &
WOElE,LEELER Y, FREX 280 kg/mm2 [
LoOREDREFEAENE LinbDTHD. FOERE, H

s B4R & T B2 @ E 0T, 300 kg/
mm? D) EOBEAUETIC I\ C L BN 7 aE M, BMEDS

BoNZOT, ZZCRET 5.
2. 4 B #

BEAM DRV, ROE 2 CHE I TEEI N, F
T NI @, M EMNEE 26059 OTEERMT
LT ERET LV, Ms 52E LS TTF5DT Mo &
DEWFHRTIE 16%, Mo HODIWHTIE 17% L—
FiL Lz, F£72 Co 13, Ms 5&ED L EA2HT 58
FANTTE L3 HINT 5 &V oSiEr 5, 15% 2%
AJZ. Mo X4 EBIRMNT 5 & INTEYAEE R T OIS
MEXNE0T 109 DTekI 2, £hic X 5I8EK
T Ti, Al EZ #imLC#Hok. ZoX5ic, Fe-
16~17Ni-15Co-4Mo~1Ti F % N— R C Eix Mo, Ti,
Al ZEnLCEBELE "oz b DT, Oy
% Table 1 t5R L7z, =9, Mo H&4cix, Ti %

Table 1. Chemical composition of alloys used (wt2).

Alloy series | Ni | Co | Mo | Ti | Al | Mg | Fe
6| 15| 5 |2.5]0.1] —|Bal

Mo 6| 1516 (25| 7| —| 7~
6| 15| 7 (25| » | —| »

17] 15| 4 |1.5]0.05 0.05 #

17) 15| 4 |25 7| # | »

: 17| 15 4 30| »| »| »
Ti-(4%Mo) | 17| 15| 4 (35| 2| # | »
170 15| 4 (40| 2| » | »

17| 15| 4 (45| » | » | »

16| 15| 6 |2.5]0.05 0.05 ~

: 6| 15| 6 |3.0| 7# | # | »
Ti-(6%Mo) | 16| 15| 6 |35! » | » | »
6| 15! 6 (40| »| » | »

17| 15| 5 | 1.0]0.05 0.05| ~#

17) 15 5 |1.0]05]| # | #

Al 17| 1505 1010 7| 7
17 15| 5 |1.0]15| » | #

17| 150 5 |[1.0]20( # | #
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ZRVEED S 1250°C ¢ 30 min THJE L, 30 min

Table 2. Rolling condition of thermomechanical treatment (TMT).

Specimen dimension (mm) Rolling temperature (°C) Number of | Total reduction
Initial Final Start Finish passes (%)
1) 23 square 13 square 850 4 68
1200
2) 30 square 10 round 750 10 91
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Transverse to R.D. Longitudinal to R.D.
R.D.

a), a’), b), b’) Fe-17Ni-15Co-4Mo-2.5Ti
o), c’y, d), d'5 Fe-17Ni-15Co-5Mo-1.0Ti-2.0Al
a), a’), c), ¢’) 68% total reduction
b), b’), d), d’) 91% total reduction
Photo. 1. Optical micrographs, showing the effect of alloy composition and degrees of

reduction on prior austenite grain size.
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a) Fe-16Ni-15C0-5Mo-2.5Ti
b) Fe-16Ni-15Co-7Mo-2.5T1i

Photo. 2. Transmission electron micrographs,
showing the effect of Mo content.
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Fig. 1. Effect of Mo, Ti and Al contents on
transformation temperature of Fe-16~
17Ni-15C0-4~6Mo base alloys.
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Fig. 2. Hardness change by isochronal aging for

3 h of various alloys.
(Data for 919 total reduction in"TMT)
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Fig. 3. Effect of Mo, Ti and Al contents on
hardness under as rolled and peak-aged
conditions.

(Data for 919, total reduction in TMT)
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Fig. 4. Relationship between peak-aged hardness
and amount of strengthening element
shown by Mo+ 2Ti+1.75Al
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Fig. 5. Effect of Mo content, aged structure and
thermomechanical treatment on strength,
ductility and toughness of Fe-16Ni-15Co-
2.5Ti-XMo alloys.
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Fig. 6. Effect of Ti content, aged structure; and
thermomechanical treatment on strength,
ductility and toughness of Fe-17Ni-15Co-
4Mo-XTi alloys.
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thermomechanical treatment on strength,
ductility and toughness of Fe-16Ni-15Co-
6Mo-XTi alloys.
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Fig. 8. Effect of Al content, aged structure and
thermomechanical treatment on strength,
ductility and toughness of Fe-17Ni-15Co-
5Mo-1.0Ti-XAl alloys.
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perties and amount of strengthening
element shown by Mo+ 2Ti+1.75Al.
(Data for 682, total reduction in TMT
and peak-aged condition)
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Fig. 10. Relationship between mechanical pro-
perties and amount of strengthening
element shown by Mo+2Ti+1.75Al.
(Data for 919, total reduction in TMT
and peak-aged condition)
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Fig. 11. Schematic illustration explaining the
occurrence of unstable fracture in low
stress level during tensile tests with
varying the amount of strengthening
element, Kijc and grain size of alloy.
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