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ABSTRACT The fuel cladding plays an important role for the safe operation of the nuclear reactors. After the Fukushima nuclear
accident, a large number of new types of the accident-tolerant fuel cladding have been developed. FeCrAl alloys have become one of
the important candidate materials for the new generation of the accident-tolerant fuel cladding due to the excellent comprehensive
properties, such as the high temperature oxidation resistance and the high strength. After years of research and development, some
progress has been made in the design and preparation of FeCrAl alloys used for the nuclear fuel cladding. As one of the main research
directions, the preparation of the oxide dispersion strengthened FeCrAl alloys with the better performance by powder metallurgy shows
a broad prospect and has attracted the extensive attention from scholars at home and abroad. In this paper, the research status of the
composition design, smelting, and powder metallurgy for the FeCrAl alloys used for the nuclear fuel cladding were reviewed. The
microstructure, properties, and the existing problems of the FeCrAl alloys prepared by the different methods were analyzed. The future

design and preparation of the FeCrAl alloys used for the nuclear fuel cladding were prospected.
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Fig.4 FeCrAl tubes fabricated by the tube drawing (a) and the cross-section optical micrograph of the FeCrAl tube (b)®”
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BRI, PSR 711 4% FeCrAl & 42 (1)
T HBBR, BTN GO0 e — 2 IT T 25
HIRALPERERT T, TER 5 H G R & S g T X E
i, Quadakkers %" fil Czyrska-Filemonowicz %%
i A M FeCrAl & 4 R A s 7 325 1l 2% 44k
PoR AL FeCrAl & @ HEAT T UL P Re I 0T HE
o, @R M, EREAEERERIN, AltHR
A S 4 < SR ) S AR A R TR . WS
Y JCE I ARMAN: AR A R A KL, H Y0,
SREAH I EAE T 484k = 5 B A 2 TR 1R 5 19 K
A, TR EAK, TG R T AR B
T PERER. TMIAE 1200 C B R RIS F, Y T
En by SRy IV E=R =1 ARt VAT FIAD TN
TN A A AT 2, s L AR 1 Y. kg,
AL 2 TESE 5 A SR 3 DA S, Rk

WL — DR R AR R TRk maaht
AALTERE. Field 25 4 $V5 IK VA HI 4 1) APMT
G 45 VG R 45 1 FeCrAl & & AT T 148
MPEREXT LU 9T . &5 RR W], R —HIHLE 7 dpa
A BN, AEE ) 2 e N R R 24 5 85 5 T Y AR AE
W22 5, WK 8 Fran™, APMT 4 4o 8 W] WAk
TR AA 4, HIRIH B 3 A N 28508 AR R
fiE, AHH= IR RO N D e P R, M EEZ T,
oy r s MR & PP S A
3.3 MEFBETRE

TS B Fhedt (spark plasma sintering, SPS)
AT R . TR RCTR O A Ry AR A8 ) 55
PR, TR A N H TS A IR B AL FeCrAl &
S AR, H AT Ae T T 2B R M B,
AR, %7 VEAE N AN KSR O B[] I ]



.28 - BARBEEA

202242 H

1000

“““““ 24 °C Z MR

<l 0 5 10
— 320 °C e it E—

NiAE /%

800 | _
< ' h *
& Y
S 600 LU
§4m5.%f n:?\ [\3f\
B r Y i " 1A

200 -{ Il .. :I | Fr :I

U7 osdpa | 184dpa, [ 70 dpa, | 13.8dpa,
0

kTG L 355C | 3827C .'] 320C | 341°C
1 1 1 : 1 1

(a) HLIRFeCrAl

1200 e
““““ 24 C iR wAR /o 05 10
1000 | — 320 Crii I RiAE / %
< I’("\ s
& 800} . | I
= |~
< _ |
R 600} : N
ey -+ I
= 400 II'I
200 i 03dpa, { 18dpa, |7 7.0dpa, 13.8 dpa,
ARG P 334°C 3T L30T | 341C
0 3 ~ e |
(b) APTM

8 MM FeCrAl 54 (a) 5 #AEHH LT % APMT
Frd (b) Pl M T b il 2

Fig.8 Tensile curves before and after the neutron irradiation for
FeCrAl alloys by melting method (a) and APMT alloys by HIP
(b)

AT RO AT U, HAT — e N AT 5.

P R ) 2% S AL HE R nT R S EUE AL IR
B & AR, WS s RO, DU S5 3 T b gk
TN IA RT3 T DAAE — e FE R A iz )
PN R R, Y &5 ALO; B R AR AL
PP, PR KAL) 2% Pk RE P4, Shibata
2100 B A M S B T R 4 L FE P L CeO, AR
Y,05 kL, M AERE S 2= eI R B, 3=
P tERe . FAb—AN T LN A TE RSO
TR kAT ALO; FURLAE AR N 38 5 40 A1
EHHLL ALOS AE RO, {H BT R O £l B ok
1%, ZTVE MR R AN CeO, JRL I — 21,

BF 502 2l A T A B R g il e T2
HE— A T MR 211 RS . Garcla-Junceda 2517
IR, B it 55 B 1 R 5 TH O 3 2 Al 4
o A A OK, R I3 PR AR A AR e I K &
T HU AR UKL 2[R BRYE AR JE RN G 4 J0 3R I ANI8 5 43
Ay TG R B 55 B 1 Jee 4l i R vh itk RS S
WA . Zhang 251 1 Nishikawa'® 25 78y K o 78 bn
iR Co Al NiJGER, (A REPY R A S 38 y/o AR %S
A5, TP T 11 Jed s S P A AT B v A 4 I T

T AL LA ) 1 . Ding %67 7880 45 5 1 e 4h
il 2% B o NGk ZeC JORL, ST A AR A0 4 R
HLSR AL FeCrAl 5 < 4E REVEAT BT B F,  (HIE L )5 4t
TV T 20 RT DU 5 <5 A R R R VAR T SR AT I 2
Tte BEAL, BRI Co JGH AL £ B 1 i o 55 1
et T 204 T LIS 5 b LR B A IR A7 17 AL
o B R R AL ROCR L & e TR A R AL
VLD PN e ot 9 S N T e O R o €2 N iR
JEAR A 9 frR

1800
Ooraer — B2AT [T 5RAL
1600 " 0, — AL TRIRERIL
on — HEARSRAL
o 140 %;ggﬁh“
S 1200 ] S
~ . Oorder
21000 + | BRI i
‘>: lo ol *
=800 - ® Massey et al. ==
og | FeCrA1-ODS& 4 - |
B o600 [WH---o___ 5
== A N o,
400 .| Yamamoto etal. T = U
200 1 FeCrAl& 4 H ) J_I
0 1 1 1 1 Im

0 100 200 300 400 500 600
IREE/C
B9 AFIHLI A AR BOR B FE AR A
Fig.9 Temperature dependency of the strengthening effects in

the different mechanisms

BEAh, TR AR BT be gl ik il DA REAT S A
IR AL FeCrAl & 5 (MR% o T8 T 0 34 i fH A JEE
i FSE R B B TR) 45 280 4% ), Naimi 25 e 2 A
P HEL 5 B e 45 AR R PM2000 HEAT 1 B 4542,
O T O 20 23 AR ) 2 M E I K W T
i

E R, ] T8 A S 1 e & g v &
FACH IR HCR AL FeCrAl & & M THRENE, 5
A Hs R A5 e s 45 A1 8 ] 45 7 1A B AT A7 AE —
Bl . Lin ™ ERIFEMGIN TETF, T
TR A5 12 o 5 R FA AR i s R R AN [ e 5 T 200
HarERe g m, ik 10 Pros, AR
# ALY R UL FeCrAl 4 4 78 AH X 2 B A bz
iR B2 A5 22 7 AR bR B0 TR A5 3 1A,
N2 P TR A B ke g L e A E— B
KR
3.4 ERFBMHRL

VE o s BEIG A 3 Fo R, B FEPEBOGRE 45
(selective laser sintering, SLS) HA MR N H
RGeS AN B BE A R SR 2 RUE T
RRCOTET2 T ] 594 10 75 125 m] LA & 4 v A SR



340 5 1

PO W oRIG &R &A% R EL 5T FeCrAl & & 7Tl & <29 -

£2

5 um
il

10 RSB TReST (a) FIRERE T (b) 4 FeCrAl £ 4Bl U ™

Fig.10 Polishing images of the SPS (a) and HIP (b) FeCrAl samples”

FHERAE TR, A B M O 8 45 VR 1 46 A
YRR AL FCrAl 45 4 4 W] fig . Walker 257 {ifi 1)
PM2000 # A FHIE S0 e 45 77 75 B 2% 744
YR HUER A FrerAl 45 G #ERE M RE, H i T30 H
R B KSHEEENE, BE8AEE R R0
ANIE) S )

HAAIF 7T 2% B AR IX — B LA B SR T
WEFENE MO RS T2 Boegelein 255 ik T 1k %
PEBOG R S5 M G e b BE T2, 11 T A SE KW
i N TR GG ARG E e, BERRE, KA
7 EN] AR U MO B S A R VR OIS, T i 42
I AT LUAE AR AT H Y T OB 4 N DTE AR, A
MHE SO R IR, WG S0P . (Al T7E
ML L R P AR LM, A S TE K [001] £F4E 21
PRIV S BRSO G e 4 T g il (AR, 3B,
s B A QR R R I ] W 1) e ik, R
J5 2 5 R AWk 4 . Bk Ak, Gao 25U th 343K
K HL T R Be 4 T 2 AE 18Cr-E AL W ok B oAb 1k %
AN I A e R P R B T AR IR IO, Rl I e Sk
W — A T S e tE et (HEARTE, %07
AR EAL R B AL FeCrAl & 4 1 1 4 0F 58 b 47y
W FYIRHERN B, BAR T 238U 420 BEFE
ARARNIST

35 MRABEESHEGBEENEMEE S

1T FeCrAl £ 4 7t HL #0585 Bl A7 — o
PRI B, I AR FH AL G vk ROk A 4 )
2 A2 BT TR A ORI 58 M BB ZE SR W FeCrAl
GaMBE IR . Har, ANE T % FeCrAl
B G BRI FE ) LAV Ik e 06 3 R Sk L 4% T2 T
B, G 51N GREC A IR S A SRR 2 4h Ak R
ETHALES A S 2 ErtERe ) H bR o DALV 45
LA B SR 5 v I ARER I AR G s s v ml ik
M5 4 JE TG 3 A Laves AH S5 55— AH 1 R HL2 A7 K 53k
s, IR R MysCy SR TSI . WREL
AE RS 18 42 R0 70 28 Qi BT 25 Il 0 A 5 10F — P A v
K ARG v ) £ IR AR A ) R LR 4K FeCrAlL 45 4 )
1BV /NG NI SIS | DA NN 1455 &3 T ST RS EOE LB S
¢ Y,05 HIO, %5 S AW R HUAH Kk 2% H 1) .
1A T AR v 2% 1) FeCrAl & 4:°F- 34 b fi
JOTFIRLR s, nf UG 1, MRiE &k 5L %%
WIEA L, S a PR SRR ST EE A /s, & A
per i R A i R SN, DAL, R oRIR SR
SEILAH LR R G G A A AT B kAh, AL
YR EORH I N RT DUTE S SO S A 2 S R (AT
B Y HOHE R R A2 A K, T m A R
AL E RS,

R AR TEHI# FeCrAl A4 b sE 5 hr ik B
Table 1 Grain size and tensile properties of the FeCrAl alloy prepared by various methods

o X HIANGRSE / MPa ‘
il £ 12 P3RS / pm - SR
=i 300 C

TEGLIIE H IR/ 2 S A M 20~500 459~811 377~680 [2,76]
B 0.3~4.6 1117~1316 1150 [19-20, 30, 49]

i PR 36~150 550~960 400~800 [2, 55]

ARG L .
G 1.6 730~1642 1477 [68, 70]
PRI SE 0.5~50.0 400~600 — [53,73]




«30 -

BARBEEA

202242 H

JUE Nt R R R 6 <5 ik 45 1K) FeCrAl
FaE IR IB R 2, LN R LU
Tl 0, XN SR SR I RR A T
Pt TAKHI P, BEAh, MR 5E B AR
MORSER DB R 3~4 m™, B K d 4k E B
il 4 KSF FeCrAl 4 <5 1 125 H5 L BRI T L%
JERN o SRS, SESUEEREMEL, BUBR
0 ekl 4 FeCrAl & I EMAEN T L E RS
PERESE T T I FUIE AN 42, R GEH) T 2L RE
SHAH it — D5 .

4 FR5E5RZE

1T E A SR . B e A A A R ) 4
HrPEfg, FeCrAl & 4 Ok # — A oA 85 k)
WA E R R 2 —. S ZHEME, ZBE
£ 5% FeCrAl £ 4= W e vk A & wF 90 LA — e ik
J&. VERFERI T2 —, FIHmAKIEETES
2% VERE 5 0 7 1 AE AL ) SR R AL FeCrAlL 45 4 1l
s, ZEIENAMEE T O

JC 2 2 AR 2% 0 T T2 2 S W FeCrAl & 4
HEAPEREMI CHBER F . 7E Cr. AL & 8 AH [ 2 1
FEOR, WINBE Y. Nb. La 50 % & Se M B
S A BT, AR BG4 70 20 S B iAo
T ERA TR RE IR i A HAE FHATL B 75 22 5 4 A TR
REMRI. WAL, METFALGIEET, ARG
GV % A ALY TR ELR AL FeCrAl & &M 255 M g
A W KEITY, A RIS R A
il 45 T2 H R, i 55 3 1R g FE Bk 0
o8 45 152 AR R J b A R B AL FeCrAl & 41l
AR TR IR, R R RV & T A KR
SRR RE S N T L S R B IRAN
TFE.

& £ x #

[1] Allison C M, Hohorst J K, Allison B S, et al. Preliminary assessment
of the possible BWR core/vessel damage states for Fukushima Daiichi
Station blackout scenarios using RELAP/SCDAPSIM. Sci Technol
Nucl Install, 2012, 2012: 646327

[2] Yamamoto Y, Pint B A, Terrani K A, et al. Development and property
evaluation of nuclear grade wrought FeCrAl fuel cladding for light
water reactors. J Nucl Mater, 2015, 467: 703

[3] Gao S X, Li W J, Chen P, et al. Study on irradiation behavior of fuel
rods with FeCrAl cladding. Nucl Power Eng, 2017, 38(5): 175
(38, 2530, BT, 5. FeCrAVE FE RIS B AT M F9Y. #3)
J1ITHE, 2017, 38(5): 175)

[4] Zhou J, Qiu S 'Y, Du P N, et al. Research progress in the FeCrAl
alloys for accident tolerant fuel cladding. Mater Rev, 2017, 31(Suppl

(3]

(6]

(7

(8]

B

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

2): 47

A, B 32, ALl v, 45, T SO0 58 F FeCrA AN 85 41 1) AF
FUBERE. MBI, 2017, 3138 T112): 47)

Huang X, Li X Y, Fang X D, et al. Research progress in FeCrAl
alloys for accident-tolerant fuel cladding. J Mater Eng, 2020, 48(3):
19

GEA, B/, TIDEZR, 55 A9 H B MU LR 52 I FeCrAL S S I
JEHERE. MR R, 2020, 48(3): 19)

Rebak R B, Terrani K A, Fawcett R M. FeCrAl alloys for accident
tolerant Fuel cladding in light water reactors // ASME 2016 Pressure
Vessels and Piping Conference. Vancouver, 2016: 1

Rebak R B. Iron-chrome-aluminum alloy cladding for increasing
safety in nuclear power plants. EPJ Nuclear Sci Technol, 2017, 3: 34
Terrani K A. Accident tolerant fuel cladding development: Promise,
status, and challenges. J Nucl Mater, 2018, 501: 13

Liu J K, Zhang X H, Yun D. A complete review and a prospect on the
candidate materials for accident-tolerant fuel claddings. Mater Rev,
2018, 32(11): 1757

CAMRYL, 5ROBT IR, 0. A R e AR B RS BILR
JEHRENTAR, 2018, 32(11): 1757)

Field K G, Yamamoto Y, Pint B A, et al. Accident tolerant FeCrAl
fuel cladding: current status towards commercialization // Proceedings
of the 18th International Conference on Environmental Degradation
of Materials in Nuclear Power Systems-Water Reactors. Portland,
2019: 1381

Gussev M N, Field K G, Yamamoto Y. Design, properties, and
weldability of advanced oxidation-resistant FeCrAl alloys. Mater Des,
2017, 129: 227

Bai G H, Xue F, Zhang Y W, et al. Hot deformation behavior and
processing maps of FeCrAl alloy for nuclear fuel cladding. Rare Met
Mater Eng, 2020, 49(7): 2340

(R, R, TR 2B, 55 OB 58l FeCrAlfS S48 TR AT o 15 #4
IS Fif 4@ 4 RS TR, 2020, 49(7): 2340)

Han W T, Yabuuchi K, Kimura A, et al. Effect of Cr/Al contents on
the 475 ‘C age-hardening in oxide dispersion strengthened ferritic stee-
Is. Nucl Mater Energy, 2016, 9: 610

Liu Z, Han Q, Guo Y L, et al. Development of interatomic potentials
for Fe—Cr—Al alloy with the particle swarm optimization method. J
Alloys Compd, 2019, 780: 881

Tu M H, Hu Y. Overview of the developpement course of FeCrAl
alloys for the accident-tolerant fuel cladding // Progress Report on
China Nuclear Science & Technology (Vol. 5). Weihai, 2017: 77
(WS, B 5. ATFHFeCrAlG 6 R R TIFEMER // Hh R A HR
RS G ). B, 2017: 77)

Ukai S, Fujiwara M. Perspective of ODS alloys application in nuclear
environments. J Nucl Mater, 2002, 307: 749

Ohtsuka S, Ukai S, Fujiwara M, et al. Nano-structure control in ODS
martensitic steels by means of selecting titanium and oxygen contents.
J Phys Chem Solids, 2005, 66(2-4): 571

Kimura A, Kasada R, Iwata N, et al. Development of Al added high-
Cr ODS steels for fuel cladding of next generation nuclear systems. J
Nucl Mater, 2011, 417(1-3): 176

Dou P, Kimura A, Kasada R, et al. TEM and HRTEM study of oxide
particles in an Al-alloyed high-Cr oxide dispersion strengthened steel
with Zr addition. J Nucl Mater, 2014, 444(1-3): 441

Dou P, Kimura A, Kasada R, et al. TEM and HRTEM study of oxide
particles in an Al-alloyed high-Cr oxide dispersion strengthened
ferritic steel with Hf addition. J Nucl Mater, 2017, 485: 189

Field K G, Hu X X, Littrell K C, et al. Radiation tolerance of neutron-
irradiated model Fe—Cr—Al alloys. J Nucl Mater, 2015, 465: 746

Field K G, Briggs S A, Sridharan K, et al. Mechanical properties of
neutron-irradiated model and commercial FeCrAl alloys. J Nucl
Mater, 2017, 489: 118


https://doi.org/10.11868/j.issn.1001-4381.2018.001165
https://doi.org/10.11896/j.issn.1005-023X.2018.11.001
https://doi.org/10.11868/j.issn.1001-4381.2018.001165
https://doi.org/10.11896/j.issn.1005-023X.2018.11.001

FA405H 1

SUCHT A AR ST S M 58 FeCrAl £ exBF 7Tt i

«31-

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

Briggs S A, Edmondson P D, Littrell K C, et al. A combined APT and
SANS investigation of o' phase precipitation in neutron-irradiated
model FeCrAl alloys. Acta Mater, 2017, 129: 217

Du P N, Zheng J Y, Wang H, et al. Effects of Nb content and
annealing temperature on mechanical properties of FeCrAl alloy. Heat
Treat Met, 2018, 43(12): 83

ChLmivg, M4k =, FHE, 45, Nb A i KGR JOR X FeCrAl 42 )1 %
PEREMISE M. 4 )8 0T, 2018, 43(12): 83)

Su H Q. Study on Mechanics and High Temperature Oxidation of
Fe—Cr-Al Cladding Materials by Al Element [Dissertation]. Harbin:
Harbin Engineering University, 2019

(4. AUGE X Fe-Cr—AW e Ry 27 1 il A AU T 9 E [
LB L], M IREE: M JRVE TR K%, 2019)

Zhao L. The Mechanical Properties and Deformation Behavior of
Micro-Pillars of Fe—13Cr-541-Mo Alloy [Dissertation]. Harbin:
Harbin Institute of Technology, 2018

(BB, Fe-13Cr—5AI-Mo & AT 1 2% 1 fig 5 48 AT AW 58 [ AF
P IC). MR MR DAL K2, 2018)

Dong H Q. Effect of Zr, Hf Addition on the Microstructure and
Tensile Properties of FeCrAl-ODS Steels [Dissertation]. Tianjin:
Tianjin University, 2017

GEZLIK. Zr. HEXTFe—Cr—AIZR ODSHR W W20 ZUR 7 it 1 B 1 5% i [
SRR IC]. Rt KR, 2017)

Li B, Wu S X, Yan Y X, et al. Y-Fe phase and its effects on
microstructure and properties in Fe—15Cr—4Al-Y alloys. J Chin Soc
Rare Earths, 1997, 15(2): 139

(T, S, B, 5. Fe-15Cr—4AL-Y A 41 f Y-FeAfl ) HAE
H. P ERG A 253], 1997, 15(2): 139)

Sun Z Q, Bei H B, Yamamoto Y. Microstructural control of FeCrAl
alloys using Mo and Nb additions. Mater Charact, 2017, 132: 126
Unocic K A, Pint B A, Hoelzer D T. Advanced TEM characterization
of oxide nanoparticles in ODS Fe-12Cr—5Al alloys. J Mater Sci,
2016, 51(20): 9190

Dong HQ, YuL M, Liu Y C, et al. Effect of hafnium addition on the
microstructure and tensile properties of aluminum added high-Cr ODS
steels. J Alloys Compd, 2017, 702: 538

Garcia-Junceda A, Macia E, Garbiec D, et al. Effect of small
variations in Zr content on the microstructure and properties of ferritic
ODS steels consolidated by SPS. Metals, 2020, 10(3): 348

He Y, LiuJ H, Han Z B, et al. Effects of La on mechanical properties
of fecral stainless steel under high temperature. Contin Cast, 2015,
40(4): 1

(frhs, Mg, S5, 55, M B0 FeCrAIN 54N iyl ) 27 Pk g
FISE. 345, 2015, 40(4): 1)

Naumenko D, Le-Coze J, Wessel E, et al. Effect of trace amounts of
carbon and nitrogen on the high temperature oxidation resistance of
high purity FeCrAl alloys. Mater Trans, 2002, 43(2): 168

Sun Z Q, Yamamoto Y, Chen X. Impact toughness of commercial and
model FeCrAl alloys. Mater Sci Eng A, 2018, 734: 93

Sun Z Q, Edmondson P D, Yamamoto Y. Effects of Laves phase
particles on recovery and recrystallization behaviors of Nb-containing
FeCrAl alloys. Acta Mater, 2018, 144: 716

Sun Z Q, Yamamoto Y. Processability evaluation of a Mo-containing
FeCrAl alloy for seamless thin-wall tube fabrication. Mater Sci Eng A,
2017, 700: 554

Yamamoto Y, Sun Z Q, Pint B A, et al. Optimized Gen-II FeCrAl
Cladding Production in Large Quantity for Campaign Testing. Oak
Ridge: Oak Ridge National Laboratory, 2016

Hou P Y, Zhang X F, Cannon R M. Impurity distribution in Al,O4
formed on an FeCrAl alloy. Scr Mater, 2004, 50(1): 45

He Y. Fundamental Research on the Solidification Characteristics
and High-Temperature Mechanical Properties of High-Al FeCrAl
Stainless Steel [Dissertation]. Beijing: University of Science and

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Technology Beijing, 2019

(F7 4. e BEFeCrAIANE AN BE [ R 1t K v ifi 7y 2% 1 RERERL T S [ 277
W3] bt b sk, 2019)

Shi Z M, Han F S. The microstructure and mechanical properties of
micro-scale Y,0; strengthened 9Cr steel fabricated by vacuum
casting. Mater Des, 2015, 66: 304

Zhang Y, Guo W W, Yan Q Z. Composition, microstructure and
mechanical homogeneity evaluation of the Y-bearing 9Cr F/M steel
fabricated by VIM & casting technique. Mater Res Express, 2020,
7(3): 036518

Dryepondt S, Unocic K A, Hoelzer D T, et al. Development of ODS
FeCrAl Alloys for Accident-Tolerant Fuel Cladding. Oak Ridge: Oak
Ridge National Laboratory, 2015

Ukai S, Nishida T, Okada H, et al. Development of oxide dispersion
strengthened ferritic steels for FBR core application, (I) improvement
of mechanical properties by recrystallization processing. J Nucl Sci
Technol, 1997, 34(3): 256

Dou P, Kimura A, Okuda T, et al. Effects of extrusion temperature on
the nano-mesoscopic structure and mechanical properties of an Al-
alloyed high-Cr ODS ferritic steel. J Nucl Mater, 2011, 417(1-3): 166
Dou P, Sang W, Kimura A. Morphology, crystal and metal/oxide
interface structures of nanoparticles in Fe—15Cr-2W-0.5Ti-7A1-0.4
Z1-0.5 Y,0;3 ODS steel. J Nucl Mater, 2019, 523: 231

Ukai S, Harada M, Okada H, et al. Alloying design of oxide
dispersion strengthened ferritic steel for long life FBRs core materials.
J Nucl Mater, 1993, 204: 65

Iwata N Y, Kimura A, Fujiwara M, et al. Effect of milling on
morphological and microstructural properties of powder particles for
High-Cr Oxide dispersion strengthened ferritic steels. J Nucl Mater,
2007, 367: 191

Massey C P, Dryepondt S N, Edmondson P D, et al. Influence of
mechanical alloying and extrusion conditions on the microstructure
and tensile properties of Low-Cr ODS FeCrAl alloys. J Nucl Mater,
2018, 512: 227

Xu H J. Research on Microstructure and Mechanical Property of
15Cr-ODS Ferritic Alloys [Dissertation]. Shenyang: Northeastern
University, 2017

(BR¥gAE. 15Cr-ODSBk 28 A& < o0 45 44 1 ) 2 P BB IO 5[5 47
W] TR ZRAER2E, 2017)

Jonsson B, Berglund R, Magnusson J, et al. High temperature
properties of a new powder metallurgical FeCrAl alloy. Mater Sci
Forum, 2004, 461: 455

Wen D H. Composition Optimization and High-Temperature
Microstructural Stabilities of Stainless Steels for Nuclear Fuel
Cladding Materials [Dissertation]. Dalian: Dalian University of
Technology, 2019

(URAME. 2R SR RN AR K B 7 AL 15 il 2 2386 PEATT
FUEFAL W SC]. K KT K%, 2019)

Boegelein T, Dryepondt S N, Pandey A, et al. Mechanical response
and deformation mechanisms of ferritic oxide dispersion strengthened
steel structures produced by selective laser melting. Acta Mater, 2015,
87:201

Czyrska-Filemonowicz A, Dubiel B. Mechanically alloyed, ferritic
oxide dispersion strengthened alloys: structure and properties. J Mater
Process Technol, 1997, 64(1-3): 53

Li J, Wu S J, Ma P, et al. Microstructure evolution and mechanical
properties of ODS FeCrAl alloys fabricated by an internal oxidation
process. Mater Sci Eng A, 2019, 757: 42

Pimentel G, Chao J, Capdevila C. Recrystallization process in
Fe-Cr—Al oxide dispersion-strengthened alloy:
evolution and recrystallization mechanism. JOM, 2014, 66(5): 780
Miller M K, Hoelzer D T, Kenik E A, et al. Nanometer scale
precipitation in ferritic MA/ODS alloy MA957. J Nucl Mater, 2004,

Microstructural


https://doi.org/10.3321/j.issn:1000-4343.1997.02.013
https://doi.org/10.3321/j.issn:1000-4343.1997.02.013

©32- BARBETA 2022 %2
329-333:338 1025

[58] Chao J, Capdevila-Montes C, Gonzalez-Carrasco J L. On the [68] Zhang S H, Ukai S, Aghamiri S M S, et al. Tensile properties of Co-
delamination of FeCrAl ODS alloys. Mater Sci Eng A, 2009, 515 added FeCrAl oxide dispersion strengthened alloy. J Alloys Compd,
(1-2): 190 2021, 852: 156956

[59] Quadakkers W J, Elschner A, Speier W, et al. Composition and [69] Naimi F, Niepce J-C, Ariane M, et al. Joining of oxide dispersion-
growth mechanisms of alumina scales on FeCrAl-based alloys strengthened steel using spark plasma sintering. Metals, 2020, 10(8):
determined by SNMS. Appl Surf Sci, 1991, 52(4): 271 1040

[60]  Czyrska-Filemonowicz A, Szot K, Wasilkowska A, et al. Microscopy [70] Liu T, Shen H L, Zhang T W, et al. Effects of consolidation process
(AFM, TEM, SEM) studies of oxide scale formation on FeCrAl based on the microstructure and mechanical properties of ODS ferritic alloy.
ODS alloys. Solid State Ionics, 1999, 117(1-2): 13 Mater Sci Forum, 2013, 747: 507

[61] Czyrska-Filemonowicz A, Clemens D, Quadakkers W J. The effect of [71] Liu Z C, Wang G W, Xiao X Y, et al. Process optimization of
high temperature exposure on the structure and oxidation behaviour of selective laser melting nickel-based superalloy. Powder Metall
mechanically alloyed ferritic ODS alloys. J Mater Process Technol, Technol, 2021, 39(1): 81
1995, 53(1-2): 93 . . - TN N y

[62] Garc;a-R(odri)guez N, Campos M, Torralba J M, et al. Capability of (iﬂ‘/%fl‘%'z, EAE, %/F‘Hij . T FRIEROCR IR R S 1

) 7 Lo ’ St AR TR AR, 2021, 39(1): 81)
mechanical alloying and SPS technique to develop nanostructured . .
high Cr. Al alloyed ODS steels. Mater Sci Technol, 2014, 3013y L2} NiXQ Kong D€, Wen'Y, et al. Influence factors and improvement
1676 methods on the porosity of 3D printing metal materials. Powder

[63] Shibata H, Ukai S, Oono N H, et al. Development of accident tolerant M‘eta<ll fechrfu{, ‘20\19"?7(3): 163 ) . ’
FeCrAl-ODS steels utilizing Ce-oxide particles dispersion. J Nucl (TRIEIS, SLEEML, o, 55 3DITE G PR AL A AR
Mater, 2018, 502: 228 MBIk ARG ETOR, 2019, 37(3): 163)

[64] Shibata H, Ukai S, Oono N H, et al. Development of accident-tolerant [73] Walker J C, Berggreen K M, Jones A R, et al. Fabrication of
FeCrAl steels containing AlL,Os particles by means of internal Al Fe—Cr—Al oxide dispersion strengthened PM2000 alloy using selective
oxidation. Metall Mater Trans A, 2019, 50(4): 1816 laser melting. Adv Eng Mater, 2009, 11(7): 541

[65] Zhang S H, Ukai S, Nishikawa T, et al. Development and [74] Gao R, Zeng L F, Ding H L, et al. Characterization of oxide
characterization of y/a transformable FeCrAl-ODS alloys by cobalt dispersion strengthened ferritic steel fabricated by electron beam
addition. J Alloys Compd, 2019, 797: 390 selective melting. Mater Des, 2016, 89: 1171

[66] Nishikawa T, Zhang S H, Ukai S, et al. Development of o/y [75] Maloy S A, Aydogan E, Anderoglu O, et al. Viability of Thin Wall
transformable FeCrAl-ODS alloys by nickel addition. Mater Trans, Tube Forming of ATF FeCrAl. Los Alamos: Los Alamos National
2019, 60(2): 355 Laboratory, 2016

[67] Ding R F, Wang H, Jiang Y, et al. Effects of ZrC addition on the [76] Field K G, Snead M A, Yamamoto Y, et al. Handbook on the Material

microstructure and mechanical properties of Fe-Cr—Al alloys
fabricated by spark plasma sintering. J Alloys Compd, 2019, 805:

Properties of FeCrAl Alloys for Nuclear Power Production
Applications. Oak Ridge: Oak Ridge National Laboratory, 2017



	1 FeCrAl合金成分设计
	2 传统熔炼方法制备FeCrAl合金
	3 粉末冶金法制备氧化物弥散强化FeCrAl合金
	3.1 热挤压
	3.2 热等静压
	3.3 放电等离子烧结
	3.4 选择性激光烧结
	3.5 粉末冶金法与传统熔炼法制备优劣势分析

	4 结论与展望

