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Mechanism of Precipitation Hardening in 8 Ni-6 Cr Maraging Steel

Isao KIMURA, Hiroshi YADA, and Takanori NAKAZAWA

Synopsis

Precipitation characteristics and strengthening mechanism in 8% Ni-6% Cr-Co-Mo maraging steels
were investigated. The precipitates contributing to strengthening of the steel were spherical ones of about
200A in diameter and ribbon-like ones of about 100A in width and 300~5004 in length. The both types

of precipitates were identified with Fe,Mo Laves phase.

In the steel, the addition of Co accelerated precipita-

tion hardening by retarding recovery of dislocation during aging. The precipitation hardening of the steel

can be explained in terms of Orowan’s theory.

(Received Aug. 19, 1971)
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Table 1. Chemical composition and transformation temperature of alloys studied.

Chemical composition (%) Transformation temp. (°C)
Alloy system
C Ni Cr Mo Co Ae, A, M,
Base 8Ni-6Cr 0-009 8-50 6°00 — — 555 691 375
7Co -OMo 0-020 8-24 5-25 — 7:05 635 717 430
# -4Mo | 0:022 | 8°15 561 4-25 7:05 520 805 415
Effect of Mo # -6Mo 0-016 8-30 4-95 6-06 6-95 637 842 390
| 7 -8Mo 0-008 773 6-30 7-68 6-03 705 782 248
7 -9:5Mo 0-022 745 6°10 9-50 7:20 710 814 165
6Mo -0Co 0-008 8-25 6-05 6-10: — 580 814 322
Eff £ C #  -7Co 0-016 8-30 4-95 6'06 6-95 637 842 390
ect of Lo # _9Co | 0026 | 871 | 625 | 550 | 9-60 650 770 292
# -15Co 0014 7:85 6-30 5-80 14-40 670 775 320
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Fig. 2. Isothermal age-hardening curves and iso-
thermal change in retained anstenite of
8Ni-6Cr-9Co-6Mo steel aged at 450 , 500,
550°C.
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Fig. 3. Effect of Mo content on the age-hardening
in 8Ni-6Cr-7Co-0~9'5 Mo steels aged at
500°C.
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Fig. 4. Effect of Co content on the age-hardening 2 Photo. 3. Transmission. electron micrograph of

in 8Ni-6Cr-0~15Co-6Mo] steels] aged at % 8Ni-6 Cr-9 Co-6 Mo steel aged 10 hr
500°C : at 500°C.

051 0.2p
Photo. 1. Transmission electron micrograph of 8Ni- Photo. 4. Transmission electron micrograph of
6Cr-9Co-6Mo steel solution-annealed Ilhr 8 Ni-6 Cr-9 Co-6 Mo steel aged 100hr
at 1000°C. . at 500°C.
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Photo. 5. Analysis of selected area diffracton pattern, brightfield and darkfield
from?(200) ; reflection of 8Ni-6Cr-9Co-6Mo steel aged | hr at 550°C.
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Photo. 6. Transmissiom electron micrograph of 8 Ni-6 Cr-9 Co-6 Mo
steel aged to peak harvdness at 450, 500, 550, 600°C .

a)
d
o & o_
T HO)a
(T1I0)a (000) (110)
Fe,Mo( Hexagonal) | NiyMo {Orthorhombic)| d-FeMo.(Tetragonal)
Observed Tnten-
O |\, | mt | a [PIE \me | o | T | hw
R 2us 218 | 100 [103 220 M |20t ]216| 50 | 330
(103) o s (201) o) (330) o
P 64° | (o3)> 69°16 (207) = 5915 (330)> 90
) . . . ’
b _© o "™ Double diffraction spot
(101 ) (011 &
LA
8
[e] (o]
(TI0)e & (1T0)a
o _ o_
* (O1Ma (101"
ob FeoMo ( Hexagonal ) NisMo {Orthorhombic)
served 7T, | mal d_ [intensity | hk/
(R 362 362 101 422 0 010
28] 220 218 100 103 220 M 20
e | 87° (103) > gs°s0’ (201} > s0°

Fig. 5. Analysis of selected area diffraction pattern.
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Photo. 7. Transmission micrograph of 8 Ni-6 Cr-7 Co-0~9'5 Mo
steels aged to peak hardness at 500°C.
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Photo. 8. Transmission electron micrograph’of 8 Ni-6 Cr-0~15 Co-6 Mo
steels aged to peak hardness at_500°C.

Table 2. Results of X-ray diffraction analysis of electrolytic extraction residues.

8Ni-6Cr-7Co-4Mo (500°C 192 hr) 8Ni-6Cr-15Co-6Mo (500°C 32 hr) Fe,Mo

d (observed) (A) Intensity d (observed) (A) Intensity d(A) hkl l/lo
2182 S 2-174 M 218 | 103|100
2-064 M 2-055 W 2-05 200 60
2-022 S 2:019 M 2-02 112 100
1-987 M 1-98 201 60

EMCHTLIEES— €L MM LD OTHDS. B
EiXEw Mo & Fe X hpkv, Cr, Ni, Co 2MES
BHLTwS. (Ni+Cr+Co+Fe) r Mo OFEFILIFIE
EZITAEWEETRLTWS. 73 7Co-8Mo ZTHEF
EBKEVWOR 2y — v (FeO,), F7- 7Co-6 Mo %
TEFH 25 /hEvDix 3°38A o FEK > WHE
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DEDOFHREFR B &, 7% %i1F 500°C wpshClingshes
155 3, 10, 100hr 288hpT % &, WHERX 48, 7-4,
9°4% LHEHNL, & 7-REShEE(LC — o BT B
IREEDS 450, 500, 550°C L LR+ BIcPEVv 5°5, 74,
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O ‘tx—Fe

Darkfield from (103 )g,mo reflection

Photo. 9. Analysis of selected area diffraction pattern, brightfield, and darkfield from

(103) Fe,Mo reflection of 8 Ni-6 Cr-9 Co-6 Mo steel aged 3 hr at 500°C.

Table 3. Residues analysis from electrolytic extraction.

Chemical composition (%) Atomic ratio
X-ray
Alloy Heat .
Amount : n Diffrac-
system treatment Ni Cr Co Mo Fe of Ni+Cr+Co+Fe tion
residues Mo
1000 IR ACI 041 058 | 014 | 234 | 144 | 49 1-89 —
7Co-4Mo
P
1 500°C 192 b | 0721 | 0°68 | 018 336 |2:12| 66 1-65 Fe,Mo
p
L 500°C 1he |0°CB | 0718 |0°06 | 168058 26 0-93 —
v v . ﬂ . . . . . . . FC;ZMO+
7Co-6Mo +500°C 48 hr 0-31 H 0 9Q 0-22 562 | 3-09 lO_!» 1-39 )
] 1 i 1 i
7 ! . . . . . . .a FesMo—+
1-500°C 192 hr }0 17 0-43 0-13 3-20 | 1-83 5-8 1-38 SRR (X)
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Table 3. Continued.
Chemical composition (%) H Atomic ratio !
i . } i X-ra
Alloy Heat s : ] “ i | aray
‘ : i ‘ | Amount . . | Diffrac-
system . treatment Ni | G | Co Mo | Fe | of | Ni+CriCo+Fe | Difflra
: ; ‘ L, residues | Mo
L H : i i ! i
- ] i ’4
L PrAC 0-04 028 0-015 | 042 o-soi 1:26 3-48 (Fe,00)
; h ! |
| ” : 00 | 0 . . . ’ : ! Fe;Mo+
7CO—8MO +soooc 48 hr 52 1 00 16 J‘ 3 4’6 2 49 q 76 ;; 2:08 (FC3O4)
P \ i | ‘ ; :
| 1 500°G 192 e | 0753 | 066 1025 I 372237 1 7°5 176 | Fe;Mo
. i i
|1 200 B AC 026 | 0-96 ! ‘18 | 369286 | 83 202 Fe;Mo
7C0-9°5Mo !
| L 500°C 1921y | 036 | 047 1012 |2:97| 160 55 1-48 Fe,Mo
e arACl 050 fo-52 002 [314]1°09] 62 | 165 Fe;Mo
0Co-6Mo
Y/,
£500°G 64he | 0752 | 0758 10-03 | 3:52|2:33| 70 1-67 Fe,Mo
"=, - " . ‘ ‘
e rAC 0-012 | 0-056 00004 | 0°16 | 002 | 024 | 0-98 —
// - - . - f~4 . - - [
_!_4_5000 100 hr -48 g-73 16 2-91 1-25 ; 55 EV 1-55 ; Fegl\/io
L 500°C 3he | 0734 | 059 [0°16 | 244 [1-22| 48 1-64 Fe;Mo
L 500°C 10he | 0748 [ 098 019 363|206 74 177 Fe;Mo
9Co-6Mo ‘
L 500°C 100k | 062 | 123 | 033 | 424|300 94 212 FeyMo
| 4 550°C 1 e 45 1087 ‘025 |373|216| 75 | 1-71 FesMo
L s50°C 10ne | 0747 [ 139 1031 | 449|323| 99 2-10 Fe;Mo
q
L 600°C 1 he 53 | 1°10 1027 [448[34l| 99 2-04 Fe;Mo
| o, f f
e el oss [0o79 031 [335)134( 63 1-54 Fe,Mo
15Co-6Mo ’ :
L so0°C 39 | 061 | 106 [0°38 |3-48|1-70| 7-2 1-87 | Fe,Mo
T~ i s rza !
(X : Mo Oxide ?)
9-59% LT AIHEMAED SN 5. UEOEBER L D AMBONEERIZRO X 5l
EEND.
4. % g yo HE T > 15
BRI MBLIRAEII Photo. 1 1251 Lo X 35 BRI R
4.1 FHET(LES B < H—T o UoHET, BSRBIZ X D Zh SR
4-1-1 $HrH,HB818 REHE - (R E BB L, FRIRFCEREMZITEE E LT
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Fig. 6. Effect of aging temperature on peak
hardness of the 8Ni-6Cr-Co-Mo steels.
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o, BLEEZZEILLRLL, s — s HELE
{F%. ¥—2oE{E ZREHMENT (Photo. 8),
Co & & & izt it L, HiTourd 5 @Em%
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Fig. 8. Effect of Mo content on the peak hardness
in 8Ni-6Cr-7Co-0~9'5Mo steels aged at
450, 500, 550°C.

Solution annealed . o, .
) Aged 4hr at 500°C Aged 32hr at 500°C
thr at | 000°C )
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[
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Photo. 10. Transmission electron micrograph of 8 Ni-6 Cr and 8 Ni-6Cr-7 Co steels solution
annealed 1 hr at 1 000°C, and aged 4, 32 hr at 500°C hereafter.
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RLTW5S. BEfMEEESIT (Table 3) X3,
Co BHEWHITE T T, /4 Co FE X oo
A FTHEOZ IR Bhiiv. L2 T Colx
FEpf o= v Te T B4 P ED DAY SHD
HEERBXELTCWS LELZLNRB. Photo. 10 i1z
L5hFELOD LT, WHEITLE Mo & EV,
8Ni-6Cr & 8Ni-6Cr-7Co RV, BEhc &
LHUL S BEAEHFMBOLE(LER LI DTHS. Co D
FHELID< v T2T 94 FOREIERDL DER,
500°C 32 hr Bighit b 2 7s D BWIRNBE R R LTV 5.
DIEDOFEBREFE LD Co ORI KDL ST HPTE
5. CoBLidbiiwo v TensFrd4 hhDIRRIO
THEAER, $THBFT & L CDIRRIA % < 7T B 55 R,
MO L LD, MMTELSHKEZRT. &
TMHSBFIA S W &, D WIiEER 2 FIA L 5EE g
FERT KO THLEESR LB L2 bh5. Co 28
IEALDEE#E SE AT OVWTIX, 2% ) Lgw
2, —DoDFE 2 E LT, Co WHEIBKHGT # V¥ — %K
LEEDBYRPBHBDT, TRz (cross-slip) #HF
ERALOEIEZESLE S & v ED BRI h TV 5.

i CohBwBILTIX 18Ni v — o 8T, #
DIEHPT D, (1)Coiz X 2MAIHE Fe,(Co-Ni) DS,
(ii) Co pENFE(LD, (iii) Co I X5 Mo DA
DIETY, BEDEFEXHMNREEINTWS. SREIOEER
FERICX D (1) X Co iz X 47 LR OB L F 30
HRILMEBDO ZE ZITH_THESEPICRENZ D, i
(i) X Table 3 TR L7XSic Co ZHE L THIFH
MOEIXTEAELEL LW I ELLHEESINS. KE
BCRETFH XHBERCRBACRIZERD HhitsrD
7=#3, Fe, Co, Ni L[R¥HESOER LoHEEOHE]
ALFIIE A4, XBERTRBERTE:ZE X 5h 50

T, (V) ORAULFIE LT LI FEETE L.
42 BILBH

T OFRDOIT ML S EEa (i kT 5 RN ERT
&5 OrowaN & ANSELL D E FILT XD CTHET L.
OrowanN [TERRIASKRFRTIED UL (bow out) )b — 7
RERLGEETSETVEEZVRRIST o %

Gb 2 D-d
Tt Ppo g gy (D)
THEbL/A. 22T ¢=1/2.{14+1/(01— )}, v :#

FyVrlt, G RIORIEE, b S-H—2 - Ny
v, os: EHOBRRIES, D : WFEIE, 4: WTHE
BT D

ANSELL VLR Tk ERURR AT 5 % & F Ak E Z,
MtkisH ok, (i) <26b/e, (d<4Gbls) DIBE

Gy ]

o :—C_'fl/s'—_—vO'BQ——fI/‘*"“ : -(2)
(i) 1>2Gb/0, (@>4Gb/s) DEL
_9) G Gpb 2
=215 p_d)CJ ~(3)
THEDLE TCTr: BRHOMELE, Gy : HI-OR

MR, C: B, f: RToRBEERTHS.

8 Ni-6 Cr-9 Co-6 Mo & D&MEIKEEIL 2T, #HH
WOWKEE : flaTable 3R LA-ERMmEEREOINE
RRFRICHE Lclii®, ZWHho RE: dix 10
JEOETHHMBMEMTE S RE X iEEANE L. Y
FoRFEmCBE LR RRLERD FHE AV, R
RE VRN MOEEMEFIS L7z, HRIKKFOl
— e AAREEI R L TiE, RO SHROA~DER

ol Dix d & f bR O5ENSE. ZZTIX
Kocks'™® iz X1 5 DoFE R
Dy=1"18(x/6)3/2-d- f12 it (4)

Table 4. Dispersion parameters and tensile properties of §Ni-6Cr-9Co-6Mo steel

for various states of aging.

! Dispersion parameters of precipitate

! Tensile properties
“ Calculated -
Aging ‘ True Planar Volume Kocki’ Oroi)s?,an’s Results of tensile test
treatmen particle particle : particle
. diameter diameter fraction spacing model )
(kg/mm?) | (kg/mm?) | (kg/mm?) | (%)
d (&) dp (A f Dy (A) gy Go-2 gB Elongation
450°C 10 hr 30 ; 25 0-002 600 1532 1452 1552 8-4
450°C 100 ke 85 75 $-048 383 1826 186°3 260573 57
500°C 3 hr 147 f 120 0-039 636 158-7 165-9 170-2 36
500°C 10 hr 160 1' 131 0-062 550 176-7 183-0 192-7 4]
550°C 1 hr 202 166 0-062 694 1580 167-1 186-1 4'9
600°C 1 hr 244 200 i 0-084 717 158-2 139-8 1693 11°1
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1244 S r | w58 4 (1972) 9=

ARV TRk, — AT oXmlomiEs. (D«
—d) HHvE (Di—dp) TEZBNS. 22T dp i3
HETORECTd,=082d T&Hd. ZDXS5ZLTH
FESIRREIC DT, d, dp, f, Du%ilSE, WHHE LE
B3 X UG IEEREAEER %2 Table 4 1tHbETRLA-
FEill L7z 04.2 & Orowan %5 * — &2 — : 2/(Dx—dp)
An(Dy—dp)/2b 7o P LT Fig. QIR L. do
L OrowAN ,$35 x — &% — |\ XITIFEEEERIZH 55 600
°C lhr BghfflE T H TN Tv5b. COEBOAEX
5x10-*kg/ mm? & (1A En7 (G-5/27)-¢
=3-7x10-4 kg/ mm? 70 iz LT3, =25
A, v=030, G=7730kg/ mm?) FHD g4, & LT
i B LR £ S5 V> 8 Ni-6 Cr-7 Co F% D 500°C 3 hr
it oo fti 92 kg/ mm? ZFvy, Orowan @ (1)3iz
X OGS EEE LciER % Table 4 ke TR L
7243, 600°C 1hr Rpshft &< & FERfE L 2270 D I v
—F& RLTW5S. 600°C 1 hr Bghitd F o v b25TF
FHiethd, HHVEIFHENEREL 1 EL L 2RE
I, CORBPELEA—2FFA4 bx 139% L, »icD
SEHLTWABZEEEELTVWE EEZLNSE. £ 2T
fa+ 7] LSO WMHzE LTIEBSRBKNE TS &
FsELT, #—AFF+4 +OfitH% 30kg/ mm? & LT
e O N E2FTH T 5 & 156 kg/ mm? Lix Y, Fig. 9
DF oy MIEHBLICTED, 7 55 158 kg/ mm?
EPED X VW—FETRTIHITKD. Lich > T 600°C
1 hr FEEhAMERA D = V5 o 3 4 FFEOE{ LRI 450~
~550°C Bl &l —DbDTH B LHfEEEN 5.
—75 AnseELL D E FUVIZE LT, T T o HIkRE
131 d<4G-bjo DEGEHTIBUTS. Z ZTHHEAFOM

Fig.

Fig.

d= G5 2 D-a,
&+ 216(0_";) In oY
200 |
i~ 180
E
€
~
o
= 160}
¥
180 |
i i N " 1 " 1 " 2 |
1 2 3
2 D.-d.) v %o
(T—m) in (&%) 1o® &

9. Orowan plot of tensile data for various
states of dispersion in 8Ni-6Cr-9Co-6Mo

steel.
200 +
(-3
el
= 180
£
~ -~
2 .« o
< 160
o
140 -
1 1 1 L 1 1 1 1 ] 1 I
0 (0)5) 10
_
o8z- 7"

10. Ansell plot of tensile data for various
states of dispersion in 8Ni-6Cr-9Co-
6Mo steel.

Photo. 11. Transmission electron micrograph of 8Ni-6 Cr-9 Co-6 Mo steel aged 1 hr at 600°C,
and then strained 1-°59, by tension (The arrows indicate the dislocations bowed
out and the dislocation loops around the precipitates).
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M (Gp) BEEBIEMBEKEFE LW EREL, EE L7
Go-2 % ANSELL |35 5t — & — f1/3/(0-82— f1/3) T
o b LT Fig. 10 [T/RUL72H%, 642 & ANSELL /€T
2 — # —OICiE DX H LcEBERD v .

X HIC LR TERT 5720, 5BEBEX S 2 5B
P OEEHAEZ SUEL BFHEMEBCX 5 B2 7k
72. 600°C | hr Eghafic oW CEIZS U7 f% Photo. 11
W Lic. T ORISR TRICIR D B L Twvw 5 IkAEE
(Photo. 11. a) BRIV RFDFEVICNV—THEINRT
W5 IRAEE (Photo. 11. b)) MEHZEE X 703, KFRMICE
T L 72lahid B VBT 2SERALIC X2 Tl & h 7o ik g
HHEIhL» 07k DLoEEERET DL ZORD
BT LB LI HS1E Orowan OFGHTHMITE D LE XS
ha.

4. & R

WK 3 8 Ni-6 Cr-Co-Mo < b = — o o F fjic

VT, BT, BT, STHIEEEIC B XIS T RS

Zhit (Mo : 0~9:59, Co : 0~15%), I X U5R{LELF
i DT B L7 LT o & &% B AT 750
7.

i) BB{LIcFSTAEWEERIRRI T &, U Rk
FoZEETHD. hoo tilifiivwihd Fe,Mo
Laves BT H 5.

i) WHEGERO X 5 ez & 5. EH sk
RETREEBEEDEMNEZEALE Yy Te7T 44 M
BT, HhBE L & D iRMIEE Ui, RIRFICIRAL
AT E LT HESEST T 5. £ LTRzhe — 28k
JRAETIE 150~200 A FoERAKST I & 100x300A o
DK AR IR T H XL S b, AT s &
P R LERIRAT o0 oo B EEH . Bk
REShD AL ARSI < v T 94 MRS B\ iadt
H—AT R i A — 27 4 MBWH L, Fer
Mo #f & &R Lo ORET 27 DL FE L.

iii) Mo 8 L & dATHMOGRORES BERE T
D, FHIT EDRVCEILERENT 5257 8% Caflic
ET 5.

Co I#icREEnisvd, BlLEEE2RKEL L,
O I E IEE A B SR S, ST b2 R

EMIED S, Zhix CopiEimc X 2T, ZHHLOIERT
DEEEN, BT E LTE<EESP S SFETS
mHEFEILND.

iv) RENREAEL 72 5 L EERANEE IS <, ik
WGBS 7 5. THWEREhEE DT & & b icitkn
1bl, BRSEERT IS5, ZhiliEfioREE
- {HIE EBAE U CEBAT X 5.

v) ZOFRDOMLIEiEIE Orowan OIBEIC X v 308
TED. EFREMREETC B3 kLT H DR bz X
5HDTHDHH, BIERZITIEINTE, BE Lt —257
FA4MXEHFEBRKEVWEEDLNS.
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