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Effect of Alloying Elements on Strengthening and Toughening
of Maraging Steels through a'2y Cyclic Heat Treatment

Kozo NARAZAWA, Yoshikuni KAWABE, and Seiichi MUNEKI

Synopsis:

The effect of addition of 5Co, 1Ti or 1~2Mo (per cent by weight) to Fe-17Ni-15Co-4Mo-2Ti
alloy has been studied in order to produce higher strength maraging steels. Grain refinement through
'y cyclic heat treatment was applied and the microstructures and mechanical properties were in-
vestigated in comparison with the results of conventional solution heat treatment. Initial grain size
prior to cyclic treatment was coarse (0.6 mm) because of complete solution treatment at high tem-
perature. The addition of each alloying element increased strength level for base alloy from 2550
MPa to 2750 MPa and lowered fracture toughness irrespective of the kind of alloying elements and
the heat treatment. The results of conventional solution treatment showed that there existed little
effect of alloying elements on grain size, and the ductility decreased monotonously according to the
increase in strength level. In the case of cyclic treatment, the addition of Co promoted grain refine-
ment (7 ym) and thus yielded the same ductility as that of the base alloy even at higher strength level,
whereas the addition of Ti and Mo suppressed refinement (11~20 ym) leading to marked decrease in
ductility. The cyclic treatment was thus found to be more useful in obtaining good combination of
strength, ductility and toughness than the conventional solution treatment, particularly, in the alloy

with high Co.
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Table 1. Chemical compositions (wt%) and transformation temperatures (°QC)

of maraging steels used.

Steel Ni Co Mo Ti Fe As As M M;
A | Base 16.36 15.16 4.13 1.93 Bal. 756 805 274 135
B | +1Ti 16.18 14.11 3.89 2.94 Bal. 770 822 229 118
C | +1Mo| 15.9 14.59 4.98 1.98 Bal. 743 798 253 118
D | +2Mo| 16.44 14.63 5.83 1.97 Bal. 729 791 215 76
E | +5 Co 15.68 19.06 4.6 2.06 Bal. 729 784 243 132
Al 0.055~0.079, Mn, C, P, S, Si<0.005
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Fig. 1. Schematic illustration of cyclic heat
treatment including high-temperature
solution treatment and aging treatment.
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Fig. 2. Austenitic grain size of the specimen as
a function of solution treatment temper-
ature in the specimens of conventional
solution treatment.

B, Vo oy Fo%Mm% 0.lmmR Loy 5
A=A ADRBFE A, ASTM g5\ T
fTleote. el L, EHTEZUIRRABEITCRHEA L
7o Th BB, WIhbER Ok, ridh
K E, 102Cr,05 KEW AR CEMUTE LC r KA H
HS X3¢, linear intercept #}Z XD C intercept D3
BRESERD, chic 1.78 RF UMED % r Rge L
7o,

3. R B & R

3.1 FEFFHICERBRELH

Fig. 213, FEZT H 7 FER X OEFEBELH
OEHEALMERE - v MEROBEFRE R LA S O TH
5. FEREE O, WTEWMEZE LIRS B b,
EERF | mm 2o 7 RES M@ L S ERREC
8~12 pm B LT\ %, e REBENITHY S £<
Db bR iehote., TR bR E 5% % &, 800°
C Tt r NEOHEARZbT N THEY, REDO AL
Lhie 7 BRI TS, 875°C IR, #fEMNC
AR TORR DATEITED Biuis. 900°C TR, A,
B, CEIUCE#Hio 7 gL 31~33um TH D Dkt
L, Mo #%& < & ¥ Dfifd r Rk 27pm Ll DEffE
T 0T/ E . Do 800°C & THRENEHTH
P OFEFEDRD b,

Fig. 313, FEEE FH s X O@EHMEEN © 5] 58 3
X, MOBIO® Kic ZIRLbDTHS. TTHRER
HRAEb cux, ZR¥E A gROMEIRA 2 550 MPa (260 kg/
mm?) %KL, Zhic Ti, Mo X% Co Z¥E L7

g
z
82900- .
° 2800 N
& 2700} y
5‘) 2600F T -
L 25001 T 2
@ -
ot
R BN
o]
- 130 <§[‘i
o _20 '45
- 410
I b g
=}
o
~~ - &
E 401
b o Kic
. Om==--- O —0—0  _
=30 T 2
< 20F A----C . b— B 4
1 A Y 1 L 1 L ]
AsRoll *800 825 850 875 900 xihr

Solution Treatment Temperature (°C)

Fig. 3. Tensile strength, reduction of area and
fracture toughness Kjc as a function of
solution treatment temperature in the
specimens of conventional solution treat-
ment. The specimens of steels A, C, D
and E were aged at 525° C for 4 h. The
specimens of steel B were aged at 530°C
for 4 h.
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Fig. 4. Austenitic grain size as a function of
austenitizing temperature in the spec-
imens of cyclic heat treatment.

DR Kic i 825°C D ETCRBERLILTF—ETHS
%3, 800°C TfEL~. Z AURBICaliR7e X 5 W AR E AT H
MOBIEC L HLEDTHS.

FIEE M o5|EEE, Kh kL0 Kic i 800~825
°C OBHEBERM EFED L VIZREFU LoEZRL
Tu5,

3.2 & LanmEs

Fig. 4 138K LB O r Rt 4+ — A5 1 ML
HEDOBRY R LD THS. F7: Photo. 1 1353
AR L D REETH o7 Dt X O MR & 7eo7- EER
WCONWT, F—2AT7F+ 14 MMEREH T 5 M LA R
LizdoTH5. Photo. 1 (d),(g), (h) wiRLicX
5 I BRLIRAE TR HIRE T A IRER, A, B, Ck X
O ESRIL 875°C, D&cix 900°C ThH 5. Ll E
DORETIE, BELA LD 7 HNRIEXTS. £
LT DEE Tix, Photo. 1 (IR T L5 KEID
Befe GBI RAE LR, B %\ ik Photo. 1(a),
(b), (c) BIV(e) CRDBIB X HCKRFE-EHRD
BV ES REHEY 2T 5. BEBRMGEEH T,
Fig. 2 iR L7z X 51z 800°C T EEE R LT\ 525,
CAURIE R CAIER E C o RERHEL 1Th LRV T
BH5.

IDEX5K, ¥ OEFERSARHEETE UL A AT
F4 MERETE, TNCOMEEL b, B LA
400~600 pm C & O @HkES 30 pm LITFEFE LA
MR35, Las LR L1E % MR o B E 3 $fER ©
U B D, HMEAc Co% 5 % Lz EgRA K%
LKL & /s h 7pm (Photo. 1(g)), “2\»T A §fi58pm,
Ti % 1 %y Uiz B4RAS 10 pm, Mo % 1 ¥R L7

Clzs 11 pm, Mo % 2 Z¥sHn Ul DA R & MiRzfb L
1< < 20 pm(Photo. 1(d))CTh5. Fi=Z OHERD
MPALDBEOFINL, WThot—2T5 74 MLRE
THELE. Thbo ¢ REOKE X1, D#xER
E, FIEFEHOLDLEIERBED S WILLhITFT
Hb, 800~825°C B X v D .

Fig. 5, Fig. 6 3 X Fig.7 1%, A~E#liconT
BRELF—27+4 MEBRERT X, FIRMS,
MOBIO Kic OBMEZTHhENRLICSDTHS.
1 250°C x 2h ¥RfboMEREED ¥ F T, FIERBRKC
FCTIEMIZE LEL, BT CREEREL, @
JIETAEERILR I, S RICHERE LB
whx b LR ESRED bR, IRt 5505k
MXERTISS. A, CRIVEMTIZELLIE
HrEE L, AEBRTHGBELBEERGH K 2E
Hi, MR LD L 875~900°C T it Ik K & /R
3. ZDBE, AT 900°C TH[EMK X 2570 MPa
(262kg/mm?), &b 23%, CGHTLX 900°C txhth
2 690 MPa (275kg/mm?), 18%, E&f<i1 875°CC 2760
MPa(28lkg/mm?), 2625 #*/RLT\5%. LiL, HEE
KENE L, RO IhicB R X ODETIL, »
THORETHE D 23 F Hhisu.

Kic [ 3BEOSWREE K. AT, Ko 1L
B UBMIERTH Th E Bk, & —AF7F A1 ML
EEC L bF—EThs. B, C, Dk IOEHRTIL,
825°C T DIEE X b Ev Kic &7k L, 850°C [ |Cig
X b FEE—ETHD. D K © EFIZREI DR
DRI ND LD, FloFwW@ls ko, HMED
ETeHETA5D0THS.

XGEEH e L hiE, AT, REBROBHEADO T
hor—25+4 MERETS v 2 Ihich o
DERtlL, B, C, D XIOE# <L, 825°C TERY
T NERER 14%, 5%, 23% X O 10%, 850°CG T
DR TS AL, Tl EoRE cimt Ih
Tehote. T i, o>y WERBCE LT NIt o
BEETOEEOE 7 MER L, ThXRAREERE
(—196°C) TLRETERYG LD DTHS HBW, Ff=
Fo v OB EHTLCHRERTFREEDE -7 =51
Fo(a) BERTHFREMELSDH B, FIHOBEID
WAL, 7L a ODFEERIBZLDTHAS. 2D
7t 1 OFENKic AL, 55\ IEE—HE
A CHESTIUE Kic i3 A 8L 5 JIF X g\ 19
LW HENRS D, ARER EMEBECED bhis 825
°C BT B Kic D LA, BEOE T X G
L, KBOERTIE, v OFENBELOHEEERT

— 69 —



546

g L M 65 (1979) 5%

Photo.

1. Optical micrographs of steels D (a, b, ¢, d) and E (e, f, g, h) in the specimens
of cyclic heat treatment, showing microstructural change with different austenitizing
temperature. (a) and (e) 825°C; (b) and (f) 850°C; (c) and (g) 875°C ; (d)
and (h) 900°C. Specimens were electro-etched with H,0-Cr,O; to reveal the
austenitic grain boundary.
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Fig. 8. Relation of reduction of area and fracture
toughness K¢ to tensile strength in the
specimens of cyclic heat treatment.
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Fig. 10. Plot of austenitic grain size as a function
of (Kic/ o ¢.2)2. Open symbols represent
the data where tensile specimens showed
reduction of area.Closed symbols represent
the data where unstable fracture at low
stress level occurred without showing
reduction of area. All the data in the
specimens of as rolled, conventional solu-
tion treatment and cyclic heat treatment
are included.
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