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Fig. 1. Equilibrium phase diagram of the designed Fe-
7.95Cr-13.47Ni-3.10A1-1.83Mo0-0.23Nb-0.03C alloy calculated
by Pandat software.
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Fig. 2. EBSD IPF image and phase image of the designed alloy after cold-rolling (CR) treatment (a), (b); TEM bright-field (BF)
image and corresponding SAED patterns (¢) and High-resolution TEM image and its FTT pattern (d) of CR.
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Fig. 3. Microstructures of 12 h-aged CRA alloys: EBSD IPF image and phase image of the CRA alloy (a), (b); TEM bright-field

(BF) image and corresponding SAED patterns (c), TEM DF image (d); HRTEM image and its FTT patterns (e), (el), (e2), and
diffraction ring (f) of the CRA alloy.

3.2 1R
B 7(a) 45 T A 4 BMCRE BE (V) B I
o B[] A8 Ak, W] LLE S ZE B Z0HT 30 min, 7 4
i FE M BL 7 BY~404 HV K I8 $2 T+ = ~626 HV,
FFAERT 2 5 h i B3k e = B B ~651 HV, ZJ5
i 5 S SS5CET [R]  SiE l BE SEAC LR R AR, Bl )

ol RN s — N, B2 BOKRLT i — b %
) AN FEL V3 5l 2 5
B4 B LA A 4 ERTAL A8 bR B9 TEM B35 (a). W55 L, & ﬁﬁm}%m&ﬁ AR ERMR, (LR
P R 30 minitf, 45 4 0 ) ORI 0 34 ) T {6 B
Fig. 4. TEM bright-field image (a), the corresponding dark- FERY 96%, X Ui B 1% % G HA B ) B A AE
field image (b) of 48 h-aged CRA alloy. R 13144,
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Fig. 5. EBSD inverse pole figures (IPFs) of the designed alloy after hot-rolling (HR) treatment (a) and hot-rolling + aging at 500 °C/
12 h (HRA) treatment (c), EBSD phase images of HR (b) and HRA (d).
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Fig. 6. Grain boundary distribution maps of 12 h-aged HRA alloys (a) and 12 h-aged CRA alloys (c), kernel average misorientation
(KAM) of HRA (b) and CRA (d).
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Fig. 7. Variation tendency of microhardness of the CRA alloy with aging time at 500°C (a), room-temperature engineering stress-

strain tensile curves of the current alloy at different heat-treated (b), and 3-points bending test of the current alloy at different

heat-treated (c).

F 1 AFRPREBRRE FSAH44 L 18 Ni(300)49 () H, oy, ours, B, IR -HRHT (Fg), MR (0p)

Table 1.

Mechanical properties of the current stainless steel at different heat-treated states and the 18 Ni(300) steell”), in-

cluding microhardness (H), yield strength (ovyg), ultimate tensile strength (oyrs), elongation to fracture (El), ultimate bend-

ing force (Fg), and ultimate bending angle (63).

States H/HV oys/MPa oyrs/MPa El/% Fg/kN 0s/(°)

HR 326410 787 1100 9.3 8.5 35.5

CR 40445 1408 1432 4.4 9.7 14.9
HRA: 5 h-aged 57346 1704 1940 3.9 10.1 9.7
CRA: 5 h-aged 64546 2326 2344 3.6 22.2 15.4
CRA: 12 h-aged 64148 2254 2324 3.0 18.2 17.9
18 Ni(300) — 2000 2050 7.0 — —

XF G A AT S R P LS, TR N - R AR
HiZe s 7(b) iR, Ho RS IE (oyg), HERPT
PSR (oyurs), WiJE EMIR (EL) 4055 1 s, Al LA
i, EREURE T, &40 Im B 8A%, 24920
oys = 787 MPa, Wi SEMH % El = 9.3%. fE&4d
REBIR)GE, AR ERA (oys = 1408 MPa), ¥
PR (Bl = 4.4%). 7€ 500 °C Bf%4 5 h J5, CRA
A 4 Y JE R B 3 K oyg =2326 MPa, 5 9]
AR FLARZS A G, L ARk B 2 25 K (Aoys =
918 MPa). {HAFF EME, RETENRUG G 41
JERIMRIE R, ABA DR — 3, W75 4E
i3 El = 3.6%. 539k, A BFRLAT ] 2 12 h )5,
B4 E ISR EA 5K oyg = 2254 MPa, EffiR
El = 3.0%. HRA &4 433Ut BSRFEEA T
B R, H i T EA BRI Ji B8 G AR R R
~F, FETREE ST RIS R, 1) ZE R EL =
3.9%. AT HEIAEWPEREE X, 755 1
Z5 1T 18 Ni(300)1) By [G 44 bisf 205 1) A 7 i
TEREH T LA T MR R SPJR, 18 Ni(300) ThEGiA

A 508 A i AR5 B 35 3 oy = 2000 MPa, SEfHIR
El =7.0%, M B2 99KILk 87 H 3R CRA
B 4 70 i IR 5 SR B T A [ s, SRR T B
BT A4 HA B s S 76 5 [GK BCO ik
TSN T AN B2 40KFF (< 5 nm), (5%
A & TERT UG B8 = 0 R BT B — e
SAME, FESER A M Z [ PRARE T R A A
a4 RARIRE (HR, CR, HRA, CRA) 3
17 = s, SR R 7(c) Fias, 15 E1
e BR2S M f B (0) I 1 . AT LB H, HR &
G HA RPN R A1 BE (~35.5°), MTE#A T T
WELTE G, CR & 4 i BR 5 il 1 B R B AR
(~14.9°), ZH FAMELE T A8 NS4
(# 2(a)), FEARIE b B8 rp HLAT S ) B8P T 485
BHELE, A& WA IE | B, B AT 441 21
(# 3(a)), AL BRI AR T IAELS B 4 0%
ik, e L RO BRS , T B2 0Kk BIAT
Wntk, IR 4L T, (2 HRA A 4 A9 BRAS il
A FTREAR (~9.7°), T CRA & 4 (AR BR2S il
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FAPEMEATHE R (~15.4°).
4 7

2B 4 LA 1A v e R 3 ok 5 A P oW
gEk AL, APV TR T AL L Al AL A
B Fom AL o4, BS FoRUL, JEARGREE oyg At i IX s
s AAIL I Rl 1, BARH oys = 0y + Aoy +
Aoy, + Aoy, Hrp oy /& BCC a-Fe B A& B ),
WHALE K 0y = 50 MPals. Ao, & BT AL
(AR BTG 5, Aoy, Je B FOUR LR W B, A 36 07 4
SRACFI AR AL, Ao, SR 5 AR T R A
EREE. XF CRA &4 A MBS EREE (oys =
2326 MPa) HSRILHLHIRI TSI

4.1 [EliasEL

AKX A4 Fe-7.95Cr-13.47Ni-3.10A1-1.83Mo-
0.23Nb-0.03C £ 950 C [#HELIRE T N FCC B
ARGy, et fEr, D) Nb f1 C EPetE
JE A /INE) NbC R, T AN & 1 il 31 SR
W, EE AL SRR TR AR R ER T Cr, Ni,
Al FI Mo Je &, it (1) 0] LIS 3 [# w1k
FA) R 1 146,490

Aogs = z (57:2%‘)1/27 (1)

B; = 0.00045G (1, + 168,)*2, (2)
i = 1 +7g.5m)’ 3)

o= G, @)
=izl 5)

Hor 2, BB SR G R 6 (0 IR 43 E A E
R AL R B, AT LLHE Fleischer J5 2 ((2) 2U)
T, n e —AHE8G 0 A6, A IR TCE i AHXT
TFali gk BB R RS RE; G Ao R C R
i BB DR RN R 72442 B0, BR R BT YIRR Gl
RS A4 KA E = 194 GPa FIJAM I v =
0.31431 1144, ]33] G = E/2(1+v ) = 75 GPa.
[, o] LA 2 [ sk R 8L B, : Cr TR 2
174 MPa, Ni JGZE 2 64 MPa, Al TTZ & 491 MPa,
Mo JGEK & 1753 MPa, M Al LLTTHE15 2] [ % 51
FRISR R Aoy, = 374 MPa. [HAFEREAE, X

AME X EE A — L BRAN T, PO TER RS
g — BRI AL FI Ni TTEIER T B2 kit

4.2 SREEEEE

Ih [P A A i B F2 EROR T S R ks
R/ INFIVAE At 5 B 64T T PR P i RO AT LA A
AR RSE, 3T Hall-Petch A3 P #E1 7584kt
B N, bl LU AR T A 2 i 6 R
SroR R I, 2880 Aoy, AT (6) 2T
’f%ﬂj [46.,51,53]:

300

Aoy = T 0.25MGby/p, (6)
p = 2KAM/(ub), (7)

Hrpr, M= 2.73 HFENFRE; b= V3/2 X agoe =
0.241 nm AA KK E. d) &5 KRR R,
i$ EBSD %tit443] dy) = 0.6 pm. p 2 A 5L
BAAb B IS A A% S EC AR TP i 46 B 9%, KAML 2 AR
P EBSD 255 (1] 4) 15200 F- 24 Jri i B ) 22 02,
pw = 0.2 pm Z 1T EBSD i iy 41K R,
AL RAF RIS E N p = 1.8 x 103 nm 2, %
P % BE 5 SR o AR C 3 et 5 FOAR I R 1Y
A —F o T AR, D AR IR 5
JEHRZN Aoy, = 900 MPa.

4.3 KT HEREL

55 R BT H SR AR bR A Sead sl T
WL ), X TEZ BIFTE h C A ik 1954 98,
EIZE AT, AR AR 53R A C R
1) NbC KL DU R 5 R 4% C R 1) B2-NiAL 44
KA. 3K PR FIORL T () 25 5 9 B 1 1T LR N
Ao, = Aoyyc + Aopy.

T NbC ki 5 BCC R AR A% L &, F
DU R A ] 2B R BN O A5 S AL L, 38
FEYE AT Ashy-Orowam J 2 ((8) 20) KiTH
ot oL

Aoyye = <O.26be1/2) In (M) . (©®)

TNbC b
H e 43000 NbC BT A 44 2 42 F iR
UL it TEM B RSt LIS El, ez 64
H rvpe = 42 nm Fl f = 0.5%, THHESE] Aoyye =
41 MPa.
ZA4TE 500 C FHFAL 12 h J5, B2-NiAl 44
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KB T4 R AHET 6 nm, W5/ T 505 77 4 2100
SEHLBIEQIG R B, B2 4hK0R: T3 LA £ 200
E R LU U, PR RO KA E
HHETE (AG coperency) » BV 5 B2 R T2 ORI 4 £ 1a00] Bl
B2 (AGumodutns), ARG UI 3t B2 40T BT 1045
FEARAE (A0 o) SRR FHIZESR 555459, FL{K ) oo
THE ((9) —(11) ) 5 oosoor

3/2 rf vz
AUcoherency = Ma(Géc) (()5Gb> s (9)

A(j'modulus =

MAG [ 3AG 1/2[08
42 Gb '

— 0.143In (%) }2/3#/2]”1/2, (10)

o2 Ar 1/2
ACorder = M ('Y pZ ) (Sf) ) (11)

ol

Hrh, o, = 2.6 AWE; r= (1.98 + 0.08) nm &
B2 YPRAFFEPERR; f= (4/3)nNr = (3.340.5)%
J& B2 iU B, Hoh N = (1.02 4 0.02) x
102 m 3 JZARYE TEM DF EURAE ) B2k T-H9%L
W AG = 13 GPa 2 AR B2 RifZ Al 57 Y]
Bif2E (B2 KI8T UIB . Gy = 88 GPall);
5. =26/3 W MM HE L, Hd 6 = -0.28% &
BCC il B2 Z [A1 B9 S A HE L, o = (2/3)V2r 28
YN B2 KL FAEM A I LA TR Yy, =
0.5 J/m? 52 B2 KL 1% f ] W5 AL RE B2 T =Gb?/2
JENIEELR K Ty 3 AR LA_E B BIAT 5 A
ARV ERIXS R EER BTRR 0 Ad onerency = (13 £
2) MPa, Adyoquus = (213 + 17) MPa, AG e =
(708 + 65) MPa. I, B2 g4 KHi 7 Xt 58 & 1Y) 57
WA : Aoy = A0 conerency T ATmodutus T AT oraer=(934
84) MPa. 25 AR TSR AL T A5 19 Sham B 1 1o
Ao, = Aoy + Aopy = 41 + (934 + 84) = (975 +
84) MPa. W4k, B2 99Kk T U5 IbAEH b7 £ 53t
7, T NbC kLT B3R ARSI AT LA Z AT

HR A THAR 25 R 25 T B P s AL AL I o) 5 B 1Y)
TR IR 8 B, AR BN JE ISR R oy =
00+ Aoy + Aoy, + Ao, = 50 + 374 + 900 + (975 +
84) = (2299 4 84) MPa, X5 CRA &47E 500°C
B34 5—12 h B A9 SEEE oyg = 2254—2324 MPa
eI, AN, R2: B2 9K X 58 A T
Hoft i B R AT B RTR 1365 MPa, Xt 54
BTEVRELIRAS T A SE 5 (H 1408 MPa JEH W) &

0

oy Aoss Aoy, Aonpe Aogz CR CRA

Pl 8 AR AS [ 5k AL AL 13453 B B CR & 4 DL R AL
12 h CRA £ 4 1Y i R i, 28 (0 B TR0 45 5 3R 38 i 5 3%
A5 1 Jd R 2 8

Fig. 8. Calculated strength increments from different
strengthening mechanisms in CR and 12 h-aged CRA alloys,
in which the measured yield strength values are also present-
ed with black star symbols for comparison.

5 & W

1) A A A5 2 T — A% A
1) 55 [CIRBT AN I, 1B SRS TR
AR A D ERIR L. 2t B LI A e A D ik
YR R AR P 500 C I Z G, A4
AT AR KA RS &, B P AE R & i AL
B (~1.8 x 10 nm?), I HA/NEY B2 gk A F
(< 5 nm) £ BCC 5 [GIARAR FALAg AT i, 1AL
48 h )&, B2 KL F I RSHAFE 3—6 nm. 5 HRA &
LA, CRA & 4 HA A0 fbk R R =5 i
P

2) RHLEA S TER R R 3R B 2 A B
SR AL, (R I RRE B SR 3] 651 HV, BRI 7F B 4%
288 h J&, A 4 BT RE PR FR7E 564 HV LU L. I
Hh, FERFRL 5 h )5, CRA &4 IR RS T
2326 MPa, I HAEMRL 12 h J5om BER R R AR,
I H W75 KRN 3.6%. FH# T [A) 9 B 4 ) R 4t
F& AL A 5 [ RN, CRA & 4 (e 4R T+ B Y
[ RIS 30A — 2 A8, BAT R A iy s i) M DT C.
X AT = A AL S K I, AER FL ALY
M ERE T AT A4 HAR S RS A .

3) CRA & & TEM & 5 GRS R T 45 A T
FEAN (3—6 nm) MR (~1.0 x 102 m™3) [ B2-
NiAL GKbE . 38 3 X% & 4 5 B A R
THRAVHE R, B ARG (Ao, = 900 MPa)
FFEAE B2 KR4 5k (Ao, = 934 MPa)
XF CRA A4 1 e ot B i 1 e ke 3 A .
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Abstract

Ultra-high strength maraging stainless steels possess many important applications such as in aircraft
landing gears owing to their excellent strength and good process ability. However, traditional ultra-high
strength maraging stainless steels are facing the challenge of balancing strength and ductility while pursuing
ultra-high strength. This is mainly due to the semi-coherent or non-coherent relationship between the
precipitated nanoparticles and the body-centered cubic (BCC) martensitic matrix. In this work, a novel ultra-
high strength maraging stainless steel (Fe-7.95Cr-13.47Ni-3.10A1-1.83Mo0-0.03C-0.23Nb, weight percent, %) is
designed using a cluster formula approach. Alloy ingots are prepared by vacuum induction melting under an
argon atmosphere, followed by hot rolling at 950 C and multiple passes of cold rolling. Finally, the alloy is aged
at 500 C for 288 h. Microstructural characterizations of the alloy in different aging states are performed using
electron backscatter diffraction (EBSD) and transmission electron microscope (TEM). As a result, the
martensitic structure of the alloy is fragmented and elongated, with high-density dislocations (~1.8x10? nm 2)
and a large number of coherent B2-NiAl nanoparticles (<5 nm) observed in the BCC martensitic matrix after
cold rolling and aging. In terms of mechanical properties, the alloy exhibits significant age-hardening, with a
peak-aged hardness of 651 HV after ageing treatment. It also demonstrates an extraordinarily high yield
strength (oyg = 2.3 GPa) and a decent elongation (El = 3.6%), indicating a well-balanced strength-ductility
property. Finally, the origins of the ultra-high strength in the novel alloy are discussed in depth, showing that
the ultra-high strength of this stainless steel comes from the strengthening effect of different microstructures.
This study provides valuable guidance for designing high-performance ultra-high strength maraging stainless

steels.
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