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# & Fe-(24-30)Ni-(13-16)Cr-(1.5-3.5)Al-(1.2-2.8)Ti-(0-2)Mo-(0.02-0.2)C & —#¥ &y Nis(Al, Ti) (') &Y R KA MR, &
BT ZH BRI S Tas Nb FEAFEN S AE, ASRFEAREA T R AR % PIRARE F AL BRI
8940 R et R AR MR TR A MR F oL 2. AXARNAREE T ZMFRATRLT & #40 Fe-29Ni-14Cr-3Al-
2.25Ti A& M IRAZ 8 B 680 °C AoAR IR RALIR X 750 °C B it A2 F B LA T, LA RIEBT T AR R AT B2+
FAFHENH R, LR A, £ 680°C FfaidAZd, Sty TR D, SR E Y E NDAIT 4= 0 48, y'4889
HBRSHBILFARE, B WREH ALK, ESF o HOMETRFEESEZHEMFRETE, S0t E
T Bt 2B K I8 Ao [ Ko 750 °C B 2GEAZ T Mk B R AR R A A B4, R EATH K2 NAITi A= o 48, &b A 47H NAITI
A8, KA B34, NDAITI A= o ABEHRRSHIEm, Wbk A3 yramRoom ), 6802 RA5 R LT 5K,
R oAU TLE VN v FoRR- R AL E R LE S N

R w G TSR B A

FESHES: TG146. 1

TR, EBNIER S URAEGAL, X HRBER SR B AN T 1 ™R fskdl. RV BER
KHE, RERETH LK IR TER . R H BRI R AR REN, WORRARE. XUAE. /KAE. ZAESE,
EHAERT TR, KA AT AL A [ e AT e o 4 St oz (231, e 2 3 G 300 55 600 °Cr i
F (ultra-supercritical, USC) A HLuEM, SHZEMREK IR BB RIS L 77, 7 Bl e v b 28 3 50
J5 Wk — D5 v r b AR, T B OEAE S E I ST, B s PO 283 T S MY B 1 PR s 1050 L S i

IREWE: EXARREEESEITE (Nos. 52201027, 52471019); #iiT4 EHAARIEIEERBIH (No. LR24E010001);
EZBHERT I (J2019-111-0008-0051);  Hr @ R FEARIINL 55 9 LTI B BITH  (226-2024-00044)
FEERIN:  BREAS (2000-), & (W), TN, Wit E-mail: dljessiechen@zju.edu.cn
“EWEH: D (1969-), F (BE), WL, #d%. E-mail: hbei2018@zju.edu.cn
THEE (1992-), & (PR, LFEAN, B R. E-mail: qq_ding@zju.edu.cn



PR MRS T B R A BRI, HRTTZ A 600 °C USCHLS H K LR B I S84 R P9 1/P92 T,
AT FAEN,  FAd A B BRI B2 628 °Cl8), 78 il 1L 630 °C /e, KM AR A e fi F Inconel 617BA
Inconel 740H% =i M RE AL S I REE =il & 4, (RARES & G LA i i LA KRS FH 100, (A1, A 75 F AT
AR P RE I GE AR AT B —RUSC R B AR 75 3K

AT HAARAE 1 — BT A Fe-(26-29)Ni-(13-19)Cr-(2.8-3.0)A1-(1.8-2.4)Ti (wt. %) M-33Ii W, BA 571
)RR AU AL IERE, T RETE RRYR L ) AU B BRI L A S5 IRy #4800 AP 7 3 B4 vh 7E B
GV 7 R R AR RE D T 131, A1 S 1 e P B ORI T B P R A 43 $~20 %11 Nis(AL Ti) ()
M, M H SRR Z A 4 E 700 °C B JE AR (yield stress, YS) ##id 600 MPa. UhAl, MM #AETE 750
°C 4tk 480 h FIKIARENE RIF &R LB, BAT ALOs MR IRILIRAE S Aeli il J1 TR S bR 4 75 2
TEREACIT 25t A%, ADLIR AR I B AR S A% B PR 2L 2R R 2 e A 1 2 VPA X SR ) IR A58 7 i ) 6 22
Hidle .

AW FAEIRABE A (680 °C) FIEBIRIRILZ&AF (750 °C) Rt Fe-29Ni-14Cr-3.0A1-2.25Ti (wt. %) £
ST TR, S5 AHIRE S T BB R T RO R A i B SUE A, SO R
JTARAL UL R AR R84 s I 05 P BRI AR 5T 1 I 280 A v 2H 23086 738 ot e v 1 i (1) 52 i
FEE A T R SR R IRI SCIOG R o W TS SR AT LA R R v AL RS 0 T 1 v e AR AR SR A Bl

1 SLEHMBERE

TS N PN 4 S inae 1 B A8 A 025 f UG R ] 46 )RS 29 60 mm X 25 mm X 12.5 mm )5 644
BE. fE 1225°C TH5M 4h, HAEZER. WHIWERMEERITAEL, M 12.5 mm WELE 2mm. HHE
PR FLBR AT FREE (1200 °C/0.5 h) FIPTEETRIL (700 °C/24 h) KbFE . JE$E T PN BETE S S T
2k, BPAUARACIRE (680 °C) MR ARALIELE (750°C), BFRLE 43724 24 hy 120 hy 480 h A1 1000 h.

HFHF BHEBE (scanning electron microscopy, SEM) Ff 548 B KAL) 31 208 B R 5 #h 47 ARk,
i SiC Wh4RATEE 2 2000 H 5 HRametilf. EHRH —KHT (secondary electron, SE). ¥HUM HL ¥

(backscattered electron, BSE) AIGEIL (energy dispersive spectroscopy, EDS) ##:3k ) HITACHI TM4000 Plus

SEM &4 PR i b FE SAH A SO EAT RAE, I s Ry 15 kv, TAEIEES 10 mm.

ST 2% (transmission electron microscopy, TEM) A i ifill 2 1 Je ¥ AR EE 22 100 um, SR )5 1
PRSP EAA N 2-3 mm IR F, WFEEZE 50 um JE, BEETE 18 °C [ 7 % & IR+93 % LR (vol. %) &
WO AT LAY CHEN 11 V). {# ] FEI Tecnai F20 3% % 5t TEM 35853 (dark field, DF) Ef%. i%

X HLF-fT4T (selected area electron diffraction, SAED) 4. $3##i&E 5 H+ 4% (scanning transmission electron



microscopy, STEM) KE|F#E4T EDS 747

1 Fi] Netzsch 257~ B HITHE1X (differential scanning calorimetry, DSC) Il #ER AT HLAH [ VAR,
R P ESEAN 20 mL/min, FHEEZA 10 °C/min. FiE5HRFARFE S AR EE BT A 12.7 mm X 3.2
mm X2 mm, {EREECA BNINAERH) CMT-5504 = 284 /5 e Ee il AT R seis, hrid 20y 0.75
mm/min, X RT TARERAREAEN 1073 57, Fra Rses 2= /b aET 3 0 5 5250 DLORE P BE I 45 SR A Pl 5
Peo YSilId 0.2 %lmFETHFAFH], N JgRAR AN Ok B A 4k AR BB IR TR JE IR 43«

® 1B R SOk (wt. %)

Table 1 Nominal composition of the experimental alloy (wt. %)

Ni Cr Mo Al Ti C B Fe

29 14 2 3 225 02 0.005 A=

2 LWERESITS
2.1 BIFERE R BTN B AE R AR

B 1R T DT SR AL B TR AR AE IS AT (46 AR AL 4. I AT, A&t (B 1a), PRI
227 pmo ORI HLRIT AR S A e & &b (B 1a P EFSLARED, EDS HHESR (B
1b) RI[ZHPAHT HHARE C. Ti A Mo JozK, W RENBRAY). [0111FI[0011MJ5 [ L) SAED I (& 1¢)
R ZMT A E A0 (face centered cubic, FCC) 454, [k H 4 a=0435 + 0.04nm, #ENH MC
ALY (M: Ti. Mo Al Ta %, Fm-3m, a=0.432nm). XA BB R EOE S SHEEEHE, BEE
Bt R v B BLAE R I O AR AN 2 A S (KR40, B 4 1) bR P S AR PE R R R T A,
DF K (K 1d) PR, “PEALN 12 am FERTENT HAHB 510 fifE Rk b . EDS MR ER (E le),
A TR Niv ALM Ti T, JH T4 ¥ HAADE-STEM & (| 1) S RiZA#E[001]77 H 5 FCC 4544
(B AR JEAR () JEASEHRS . [011177 1A SAED & (I 1g) HEk FCC AT fidk, AEAE FCC M YCHTH &
(L), XRIZHTHAHEAE LL AR thah, 1R4% SAED 4Bt E iz Sk EH a=0352 +
0.05nm. 1T B2 GRS AE 5 S0k 3B £ Nis(AL Ti) (', Pm-3m, a=0.357nm) MYIE17T, gkt
HAH R y'AH o

Bl 2 HE4EAE 680 °C (| 2a-c) Al 750 °C (& 2d-D) B #%5 BSE El. 680 °C B RS, & 4H4WIH
BEATAMN (B 22), 120 h J5 & FETF 46 IR B8 GU Ai PR AR, il 2b Hh At et RS D
A (TR #iskFin. 1€ 680°C I, A@HLdER RE, BN 1000 h 522235040 BT H AR T



B M T 1%, JRF/NT 0.6 pm (I 200, IR RITHRG, WIS T ZBIMA ATt . 750°C BY
3 240 G £ A ofr L ST TR MO0 | 6L ATPTRIT U, 1EE 2 IR, FLI &8Py TFAA T 0
FHREBC HOBURLRYT i (P 24 SEH90. 120 bR, SRS EFT AR S HKEL 10 m (A 200, Bk
ARBT ISR S (20 SO, F DU TR EHRATH AR (P 2e HEELTTSR) . 400 A e i
1000 h (1 26), @ FHHT I IR 1.5 um, 5 PR RERARBT HEAR B0 SR 2 I R

1 PRI AT 2. a. BSE BIR: b, Kl 1a P ELAE IR N EDS HTEE R . BRALYIAHIT[011]A1[001]77 )
(¥ SAED [&l; d. Wi #4i SokL 35 A 1 DF & e y/MfY) EDS HHAL5 R £ [001]77 1] py' Wi At 143 ¥ HAADF-STEM &
g. MR [011177 MY SAED [, ZLEafElbRis o/ 40 18 S AT 5 25
Fig.1 Microstructures of the stainless steel before aging. a. BSE image; b. EDS maps of the area indicated by dash rectangle in Fig.1a;
c. SAED patterns of the carbide phase along the [011] and [001] directions; d. DF image of the y’ phase inside the grain of the stainless
steel; e. EDS mapping results of the y' phase; f. HAADF-STEM image with atomic resolution of the y/y’ phase along the [001]
direction; g. SAED pattern of the )’ phase along the [011] direction, with the superlattice diffraction spots of y’ phase marked by red

circles.



2 T VBRI RO (2 5212 a-c. 680 °C TN AR KA &) BSE B8 d-f. 750 °C I ZUAN A5 #5421 BSE
o IR AN ARV AE B 2 b A

Fig.2 Microstructures of the stainless steel after aging. a-c. BSE images of the steel after aging at 680 °C for different times; d-f. BSE

images of the steel after aging at 750 °C for different times. Note that aging temperature and time are indicated at the upper left corner

of each image.

I RGE AR b A AT A RS AR N, SEM AT 703, {8 TEM BEAT S ARES R RIS 73 70T, G5 2R 3R

1] 680 °C F1 750 °C IR ™ AL ATt AHF AR IR . &l 3a Jy 680 °C I &L 1000 h J& & FH4T i AH Y HAADF-
STEM K, HAEEHEFFHAEE (55 BSE KD, 5 FRIFEAELE R 38 S0 A3 I WAt AR [7) (4T H A
43 B A O kbR il. EDS 4558 (& 3a #li &) R g A LA EECREAHE Fe. Cr A1 Mo, T4 FEL
W5 HIAH & Niv ALAT Tio SEEHTR A E Few Cr. Mo MHEIRLS A 47.2Fe-38.5Cr-9.1Mo-5.2Ni (at.%). SAED
(E 3b) &R, ZAHFE[110]MI[12-2]77 FIATHT LR SIDU 7 4540, &4 a=0.876 = 0.05nm, ¢
=0457 + 0.04nm. HEEEEHIRIRS 5 Fe(Cr, Mo)#l (o AH, P4ymnm, a=0.88nm, c=0.454nm) A
5, AR IR o AHUSY, dof BERRIRE A Niv AL R Ti A0 N 48.4Ni-31.7A1-13.3Fe-6.6Ti (at.%), ¥+
[-111)A[1-20177 R AT S AERE (B 3¢) 5 L2, T, @at& w2808 a=0.588 + 0.05 nm, 5 NiAITi
(Fm-3m, a=0.584) MHYI&, Kbt BEEUE AR L2) 4544 (1) NipAlTio Z%AH B/ B Ni AITi 4 fr144
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ERIRAT HU AR A 121 S5 N AITi A (B 3d). NiAITi AHRAE BB g2 7y A, Wil 3d 4tk
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ARl TR BRI AR AL B, B 1000 h J5, 680 °C BFRLE y A RSIAUMAIAAT) 12 nm $5K 2 27
nm, HAPNERIE, 1M 750 °C B 201 p'FRSF A 2] 75 nm, FOARBFEA N ERR . b R0 y A AL
52, FIH Lifshitz-Slyozov-Wagner (LSW) AMIRATHE 7 o M B HAME SR (KD, W3 2-1 fs:

e —1d =Kt (2-1)

Horhr WS Ty ¢ i y A EEAR, o y MVIERIRAS I A2 . MRAE ST 4 RBkAT IS, R 4c s, 11
BRI 99 %, Ry MK R SRR SRR L . AR, 750 °C I U o HRPRALE SR (50.7
nm*/h) 25T 680°C I IR A (2.2 nm3/h), & WIHE S A I R0 B2 AR 58 o AH AE S5O FR I 1) Py R A2 S 2 )
RO RIS o W E y AR G B AR AL, FRATTGETE T I S8OAN RIS K A i B A TR 73 280 (N AT
FERTE y X K GEiE), 45 FR B 4d FiR. 680 °C BRI, yHITHA S EULT AL, (HEHE (750 °C)
ISF S, A A A ) O SEE R T B PRI, ELINS R0 KT 120 h iy A AR 70 BB AR BE 2 . 750 °C y/fk
R BB AT BE A2 H T /AP AR AR 0 2R B 2 B0 o ISR —HEI, XS #ANHEAT T DSC 704, 45
K 5 fros, y ARG Y 690~900°C, Rl 690 °C I y'HHTTAGVAAR, 900°C LL_L yAHE &M, & &
BWIREE. Bk, 680°C AU, yMJLPAKRARNE, B ROEFEH AR 3 BEEAANZ, 11 750 °C B yHHK
AR, AR



B3 T AAVEA £ B O R T = AR B AR TEM 2047 a. 680 °C 2% 1000 h Ji5 & 548 STEM AR EDS T b, # EEESEH)
#H SAED {4 ¥, R AR AT R o AT BRI IAH SAED T4 I, WKLY L21; d. 750 °C I 2% 1000
h J5 i YA BERRIR AR STEM RIS N2 EDS Ti4318, /MEIJN PFZ I¥] SAED R I, RWINAZAE y SEfk .

Fig.3 TEM analysis of the phases formed during the aging process of the stainless steel. a. STEM image of the grain boundary phase
and the corresponding EDS mapping image after aging at 680 °C for 1000 h; b. SAED diftraction pattern of the phase with brighter
contrast, indicating that its crystal structure is a tetragonal system; c. SAED diffraction pattern of the phase with darker contrast,
indicating L2; crystal structure; d. STEM image of the phase with darker contrast within the grain and corresponding EDS maps after

aging at 750 °C for 1000 h. The inset is the SAED pattern of the PFZ, indicating that there is no y’ precipitates in PFZ.



4 T FENIN RO AR Py AR AL . 2. 680 °C Al b. 750 °C I RCA RIS kL N 5T o/ AHE) DF 1815 . LSW B A Ay RTRE
IR d. y M AR 2 Bl I R K AR L 3

Fig.4 Changes of ' precipitates in the stainless steel during aging. a-b. DF images of )’ precipitates within grains after aging at 680 °C

(a) and 750°C (b) for different times; c. The coarsening rate of the y’ phase obtained according to the LSW model; d. Area fraction of

7’ phase as a function of aging time.

K5 MR DSC B2k, HELRIX (8]0 y/ AR 1Bl I .

Fig. 5 DSC curve of the stainless steel. The dashed region indicates the temperature range of y’ dissolution.
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°C hrAfPEREMIA, Z5H A 6 fTon. 680°C MG, &4 il 680 °C Jr#ERERME /N, Rt 2k F A4
S, W 6a fin. HBME, &&FIN T, 680 °C Fiffiy, &4 YS UL RFKL 70 MPa,
TE NS /N F~10%0] BIIA B Hi bz 58 E  (ultimate tensile strength, UTS). 680 °C B4 4 YS. UTS FIZEAi
# (elongation to fracture, EF) FISZMI4NME 6b frzr, YS A1 UTS JULFAAE, EF 84 FFFELGEE T 26%.
750 °C I AU, A&k IAFE SR N 2L EL 680 °C Rt 58 &2 (K TR (& 60), HLIAUBA A4
SR, 750 °C RO G4 YS. UTS MUEAZBISEMT AN 6d . AL 24 h x-SR AU, (H
Bt B T 3 0, SRR IR Y'S R UTS # B8 25 i 20K R 38 I A, 750 °C B 2% 1000 h
B4 YS M UTS $EEI 2T FEAR~200 MPa. Z RS EF B3 I 0N KRG AW A%, 7ER 2% 1000 h
JEIET 20 %. 680 °C HLAfIN; EF JUIBE IS 0 KR i sy, 5 mik 2~35 %o

6 MFAANLE 680 °C (a, b) 1750 °C (¢, d) B RUAMIBLFTERE . a, . TREN JJ-RAZ#HZk; b, d. &4 YS. UTS M1 EF f
IR R K AR
Fig.6 The tensile properties of the stainless steel after aging at 680 °C (a, b) and 750 °C (c, d). a, c. Engineering stress strain curves of

the steel; b, d. YS, UTS and EF of the steel as a function of aging time.
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F8f A% 750 °C 2L 1000 h & 4 AE =R WA 0 (&l 8ed DL WTZL S FE st U B A2H 2] (18] 86), Wk |
FAER R AU L (G linE 8e BEMGEOFIR), Wi D RITHAS WA R IV 2 SIMERE (K 8f
Sk, HRLERNGMILEE AL o P (B 8e FEILLAFTK), STt o HIRLR 3R AR R4
Yo FTLL 750 °C B 2% 1000 h [G& 4 i Ft LA KE o M2 S E & BRI RE FEMER. 750 °C I 2
1000 h J5 )& EAE 680 °C IR A0T M iR B 58 4 AR, Wl 8g 1 8h o, Wr Ami##IE, AFEAE
WL (B 8g), HWIZLSFE MM BMHS AW ENE RRL (B 8h), T o HMTHEEATLIMIL,
XEHEGERETFWRE o MW RN RRE0R, R 750 °C I &L 1000 h 584 7 o #HF1 NLAITI A3 &
HZ TR 24 h FEf. 750 °C B 1000 h J5 &b A FRRGUE T AR S N SR EE 35 T RELUK L2, 4514
NiLAITi 7] A2 5B ARTEA K

STy HTOE BRI E 4, SR R By A AR S B g 2. 750 °C B A0, BRS8N, &
GRS A NRAIT AR 08N (& 2d-0, &N y MR 808/ (B 4b 1 4d). BHEZEK)Z, 680 °C
LR A R NDAITE AT s o5 1S (B 8h A Ek), 1= iR H R S b N AT AHHES 7
e 5 h AT LA A8k, XK B 680 °C ATAE ST NiAITi MG AR ALY, 12, 4544 NiAlTi AfLL S 5
YAPEARTE, TR SR NipAITi A2 SR, AT PRAS SR P A fE 3h . NBIEIX — 45, *F 750 °C B
R4 1000 h A & AN R BE i 5 (2 23347 TEM 204 (Bl 9D =R A IiRE & b N AITi A N L AR AL



(& 9a), M 680 °C Fif#j5 NiAlTi A4S E R E (K 9b). Kk, SENGRER R T RARE, 5484
FRA b,

Bl 7 680 °C I A RN K G G RIWR T, a, b, I RGET &7 25 °C M1 680 °C Hufh ¥ 1 SE ;5 ¢, d. 680 °C % 1000 h
JEAEZ AN 680 °C Fr A ¥l 11 SE El; e, £ 680 °C B AL 1000 h J57E 25 °C F1 680 °C Wi 5 1 il 1 2 i 21 44 BSE .
Fig.7 Fracture analysis of the alloy after aging at 680 °C. a, b. SEM images of the fracture surfaces of the alloy tensile tested at 25 °C
and 680 °C before aging; ¢, d. SEM images of the fracture surfaces of the alloy tensile tested at 25 °C and 680 °C after aging at 680 °C
for 1000 h; e, f. BSE images of the side-view microstructure of the alloy tensile tested at 25 °C and 680 °C after aging at 680 °C for

1000 h.



| 8 750 °C I XA RN K JG & 4 IWiZL 04T . a-d. 750 °C B2 24 h A 4:7E 25 °C (a, b)Fl 680 °C (c, )FLWIHE s e-f. 750 °C i
21000 h & 47E 25 °C (e, HF1 680 °C (g, R Wikt . ZHIE A (a, c, e, @)X A% T T SE B, F31HE F (b, d, f, I NIEERS
FE T 423 1) BSE K.
Fig.8 Fracture analysis of the alloy after aging at 750 °C. a-d. Samples of the alloy aged at 750 °C for 24 h after tensile fractured at 25
°C (a, b) and 680 °C (c, d); e-h. Samples of the alloy aged at 750 °C for 1000 h after tensile fractured at 25 °C (e, f) and 680 °C (g, h).
Images in the left column (a, c, e, g) are SE images of the fracture surface and those in the right column (b, d, f, h) are BSE images

showing sideview microstructure.



& 9 750 °C K% 1000 h J57E(a) 25 °C Fl(b) 680 °C T HifHJ5 Ni2AITi AH 5 {748 HAH EAF FH

Fig.9 Interaction between Ni2AlTi phase and dislocations at (a) 25 °C and (b) 680 °C in the steel aged at 750 °C for 1000 h.
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Aging effects on the microstructure and mechanical property of a

precipitation-strengthened austenitic stainless steel

CHEN Jishan!, DING Qingging '*, HAO Weigian', XU Chengxiong',
ZOU Nan!, WEI Xiao!, ZHANG Ze'?, BEI Hongbin'*
(1. School of Materials Science and Engineering, Zhejiang University, Hangzhou, Zhejiang 310027,
2. State Key Laboratory of Silicon Materials, Zhejiang University, Hangzhou, Zhejiang 310027)
Abstract  Fe-(24-30)Ni-(13-16)Cr-(1.5-3.5)Al-(1.2-2.8)Ti-(0-2)Mo-(0.02-0.2)C is a austenitic heat-resistant steel
strengthened by Nis(Al Ti) (y') precipitates, exhibiting excellent high-temperature performance. This heat-resistant
steel does not contain expensive alloying elements such as Ta and Nb, and has broad potential applications for the
manufacturing field. The stability of the microstructure and properties at both service and over-temperature
conditions are essential for evaluating the service life of such materials. This study employs advanced electron
microscopy techniques to investigate the microstructural changes of the heat-resistant steel Fe-29Ni-14Cr-3A1-2.25Ti
during aging at temperatures of 680 °C and 750 °C and effects of aging on mechanical properties of the alloy are
revealed in combination with tensile tests at room temperature and 680 °C. The results indicate that aging at 680 °C
has little influence on the alloy’s grain size and the y’ volume fraction, but a small amount of NiAlTi and ¢ phases
precipitate at the grain boundaries. Moreover, aging at 680 °C has little effect on the tensile strength, but slightly
decrease the elongation to fracture (EF) due to the precipitation of the o phase along grain boundaries. During aging
at 750 °C, the grain size similarly shows no significant change. A large amount of Ni2AlTi and ¢ phases precipitates
at the grain boundaries, while Ni>AlTi also forms within grains. As the aging time increases, the volume fraction of
Ni2AlTi and ¢ phases increases, while the volume fraction of y’ phase inside the grains decreases, therefore leads to
changes in mechanical properties. The aging effects on the mechanical properties are discussed based on the
deformation microstructure and fracture analysis.

Keywords: aging; precipitation-strengthened steel; microstructure; mechanical property
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ABSTRACT

Alumina-forming austenitic stainless steels (AFA steels) offer advantages such as low
cost, oxidation resistance, and creep resistance, making them promising high-temperature
structural materials for aerospace, energy, and power generation applications. Introducing the
NizAl (y') phase and optimizing the alloy composition can significantly enhance the
mechanical properties of AFA steels, approaching the performance levels of nickel-based
superalloys. Niobium (Nb) is a key element in traditional AFA alloy design, typically added at
levels no lower than 0.5 wt.%, and is generally considered crucial for strengthening the )’
phase and improving the high-temperature oxidation resistance of AFA steels. However, given
the high cost of Nb, the effects of its specific addition level on alloy microstructure,
mechanical properties, microstructural stability, and oxidation resistance vary across different
alloy systems. Therefore, in-depth research is needed to achieve a balance between
performance and cost.

This study, based on a self-developed y’ precipitation-strengthened AFA alloy (NSAFA),
designed and prepared three NSAFA-xNb alloys with varying Nb contents (x = 0, 0.8, 1.6
wt.%). The effects of Nb on the microstructure and properties were systematically investigated.
The main conclusions are as follows:

(1) Microstructure: All three alloys consisted of equiaxed grains, MC carbides, and
spherical y’ precipitates. Nb was mainly concentrated in the MC carbides, with a small amount
participating in the formation of the y’ phase and a trace amount dissolved in the y matrix. Nb
had a minor effect on the y’ solvus temperature and grain size. The addition of 0.8 wt.% Nb
had almost no effect on the y’ volume fraction, but when the Nb content increased from 0.8
wt.% to 1.6 wt.%, the ¢’ volume fraction increased from 24 % to 26 %.

(2) Tensile Properties: Each 0.8 wt.% addition of Nb increased the yield strength of the
alloy by 30~50 MPa in the temperature range of room temperature to 800 °C, with a
corresponding decrease in elongation. The strength improvement was mainly attributed to
solid solution strengthening, precipitation strengthening, and grain boundary strengthening,
with precipitation strengthening contributing the most, accounting for approximately 50 % of
the room-temperature strength. The deformation mechanism of the alloy primarily relied on
a/2[10-1] type dislocation shearing of the y’ phase. 1.6 wt.% Nb led to the precipitation of Nb-

containing grain boundary phases after aging, significantly reducing the alloy’s toughness.
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(3) Microstructural Stability: Nb improved the stability of the y' phase and promoted the
precipitation of grain boundary phases. In the Nb-free alloy, Ni2AlITi and ¢ phases precipitated
at the grain boundaries. The addition of Nb promoted the precipitation of Laves phases, which
in turn promoted the precipitation of Ni,AITi and o phases. During aging at 680 °C, new phases
precipitated only at the grain boundaries. During aging at 750 °C, Ni2AlTi phases also formed
within the grains. With increasing aging time, the room-temperature and high-temperature
strengths of the alloy aged at 680 °C initially increased and then decreased, but the overall
change was small, and the plasticity continuously decreased, with the ¢ phase acting as a crack
initiation site. During aging at 750 °C, the alloy strength continuously decreased, the room-
temperature plasticity decreased, but the high-temperature plasticity increased. The
consumption of intragranular y" phases by NixAlITi phases, which reduces intragranular
strength, and the plastic deformation of Ni,AlTi phases with the matrix are the main reasons
for the improved high-temperature toughness of the alloy.

(4) Creep Properties: The creep properties of the Nb-containing alloys were superior to
those of conventional austenitic steels. Nb promoted the precipitation of grain boundary phases
during creep, reducing the alloy’s fracture strain and creep life, but did not change the creep
deformation mechanism. Dislocations interacted with the y" phase mainly through Orowan
bypassing and bowing. The increased precipitation of grain boundary phases easily became
crack initiation sites, leading to the alloy entering the tertiary creep stage prematurely.

(5) Water Vapor Oxidation Resistance: The water vapor oxidation resistance of the
NSAFA alloy was superior to that of A286 and 316L alloys but inferior to that of Inconel 718
alloy. The oxide film structure exhibited a three-layer structure: a Fe-rich outer layer, a Mo-
Ti-Nb-Cr-rich intermediate layer, and an Al>O;3 inner layer. The addition of Nb led to an
increase in oxidation weight gain and a decrease in water vapor oxidation resistance, possibly
due to Nb promoting the formation of Nb-rich oxides and weakening the protective effect of

the ALOs3 layer.

KEY WORDS: Austenitic stainless steel; Nb element; Creep performance; Microstructural

stability; Tensile properties; Steam oxidation resistance
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6 RESRE

6.1 AlF &

AFREIT EEF KW YR BRMNE AFA 44 (NSAFA), Zit#H#& 7T =#1
] Nb 4 & # NSAFA-xNb 44 (x=0, 0.8, 1.6wt.%), Z&H % T Nb Tt &4 H T #%
B, e, KERBREN. R EEETAZARENERNEH. %46 SEM,
TEM 7 EDS % RAEF &, RAETT Nb TR 44BN ERANG ., £ECIH A
T

(1) 47#f5 % AFA W &4 kI &: AW AN Nb & AFA 44 %t H
EnE, EAHREH, Nb FEAT b, B R EE%T, KA T ERER,
ARARAE EE AFA 62T ARG T 8%

(2) BINF KK KA E M RE AFA 4R : AFBE 5% I & 89 NSAFA & & = RFFI 715K
MR R, BEERT AR, IYEREATBRET —HEFTRNBATE,

(3) R Nb HAMERIMH AT H: SEARAETE, RFARLADE Nb
TR AT E ALO; R B, Rl 2 A K &S, HIBHARPER, 25
B ek E AR TR,

(4) % Nb 815 5 KA Z . X TEHRE, Nb T F
BRABRUYHEEREGRARBE; A, T KHREMEE ETHEE), Nb TES
RA#FFANHR, WERFRE. SHZRMEHEH, No Wi\ BHA TR
B, (Ex{8E% M ek fn EF A,

6.2 &

AT EAHE, FHUTEELE®:

(1) Nb X AR BHAEE=FTF Nb 4 &4 40T MAL & &5
fi. MC M REOR y AR, No EEEFTHAEMCH, PESS yHEPK, D E
BTy EAR N &Rt yHEMRE R RRERHAKR, EERE yHERS K,
ONb #7 0.8Nb &4 F y A 4427 0.24, 1.6Nb 44 %% 0.26. 0.8Nb 44 F Nb
1Mo L& Edh FmE, T 1.6Nb &4 N7 & FAT H 4 Nb 48,
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(2)Nb %t 4 6 P B B 2278 : Nb & 8 B3 o R 20 & A 4 hr 0 BRI OB % 2 Al s 3,
ERE4 1 & £ 18 E 800°C & WH#Y YS A2 UTS, [ &K EF. 445 EMIEE & ©
W TFH, EFNARRKEAS. 62RERTHRARBN. BEBNATERNL, E+IT
FERMATER KA, a2[10-11E 85 yHE G HEPE ZEANF. Nb #EHER
o F TR BB TR G A, & Nb d RARMATH A& EIT AR EX 2L, FH 1L6Nb &
% EF 1%,

(B Nb M KHR KT F A2 ALANTH: AoeKARREREZNN, EL
FHEFATEFA, BIE T @ AFENMEE S, 4 Nb 448 & T4 4 Laves 4 .NLAITi
HA o M, T4 Nb A& &AM N NDAITI #5048, SEKEE ST 750 °C &,
&4 B A B AL 2 & ik NDAITI A .y AT & LSW X &, 680 °C AL E AR 4 &
/N, 750 °C B FE K. Nb TR 932 & o/ AR R PE v e 8% /e, (R 2 o ST AH B AT
P

(4) Nb XKML T Ao EH T Ha RS EREK, 680 °C B
A4 5 E R E B, B TW T, 680°C B A, 44ETH T, TEE
MERTEEEEA T, boREMNRRNEMEENTEHWEEL yHRITHERS
B2, HENGIEE 4R T8 K %4 WCD %] SCD 2| Orowan %2 1 By #L#| 45 %
EF W& FAAAT HAT A 200, @R AEZHARIL TR A2 EHER, FATEH
NRAITI HAEBERZH IR T SERBEEHEBRGELEM. Nb TEHBEFELS
BN E. EF TR, ERKEHMHEBILE,

(5) Nb *EE R M BERI/7H: NSAFA A4 T HRER T LMD RAEN, #ARK
WA, W THERE &M 3B B RART AR . Nb i\ 1K A & W7 3 & Fo i
T e, REGAAATE, BEyHRT, EFKTELTEHM AN ELTEF
fr4f = Ei® it Orowan LT MEHZ T yiH, & Nb AL EHELMNEFA, EIELH
BFGRAHKE, FELRUTHENEZNE, FEWHREEESHTIE.

(6) Nb xf A& KA EEH 9 : NSAFA A4 FACGKR ALK 4T A286 fn
316L &4 1E1X T Inconel 718 &4 . Ao AWBEREH ZEEM, 452 KIMEE Fe
AME, FIEHE Mo-Ti-Nb-Cr &M Z LR &K AME ALOs &, Nb THEM WA FE A
SHENHE LA, FAERANMETHR, TS5 No R#E Nb A & &, Hl
% ALOs =W R¥1E I8 K.
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LA, AHEBETT Nb LK E NSAFA &2 FH L EERANG, Ahtée
BAVI. FHERE., Bl AR REANEREHR T EZNERKE. TLZA
TRIERT AFA 2 it B, WARER ARG HETRGSWIT R ERT BL A,

6.3 B¥

A E Ly R R AR AFA 44 (NSAFA) # Nb TZHEFA BT ENKER,
KR T —RIGIH AR, BEZRTHARS G, MEE—LEFRHENT. —F
H, ERIRFeeZBE. NA. MNRESEZRBEER, TARERXRET Nb T
FB T B, RARLHEBOLR, EUBEEBELLTINTAoMaELA
B BUNEMFTE, ARRBBLSRAE, k246 2R/ M T, A BEXRHBANLEH
AEE R LB o N, RE T X Nb R BUAR R E R, TR EE,
B EIESE NSAFA &aft %, B AMMR & T L ¥ KT R, x4 7 % At D R,
HoAR = T ik & & e K A R P B, R R A A A e

REFEMRE, TERLGBEERTE, ENELRATRE, &6 RAMRE
K, HELHEBLTALMHMAETNER; 5| NEM TEM £EHKA, BELHTIHA
¥ HEGEM, NETFENIREMHT Nb Faun gL ns; 560 aek, @
1. NSAFA A4 AMAEH & TF, HIE T 34247 K B RAZ MR, frsk sz 5% ik R 1|
Tt B AL, B il AR S R AT R R 7 &
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