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Table 1 Niobium alloys of various strength grades

Alloy Semi-finished Temperature Tensile properties
Classification o Nominal composition Ref.
designation product state /°C R,/MPa R,,/MPa A/%
Cb-1 Nb-30W-1Zr-0.06C - - - - - [7,14]
BS88 Nb-28W-2Hf{-0.067C Annealed rod 1315 372 - - [14,15]
VAM-79 Nb-22W-2Hf-0.067C - - - - - [7]
Cb-132M  Nb-15W-5Mo0-20Ta-2.5Zr-0.13C  Annealed rod 1315 407 - - [14,15]
extruded rod 1095 630 - -
High strength  As-30 Nb-20W-1Zr-0.1C [7,15]
(£80-90%) 1315 420 - -
Cold working plate 1095 450 295 18
F-48 Nb-15W-5Mo-1Zr-0.1C [14,15]
(£80-90%) 1208 350 210 22
Su-31 Nb-17W-3.5Hf{-0.1C Annealed rod 1315 281 - - [7.15]
C-3009 Nb-22.4Hf-5.9W Ingot 1200 - 388 - [3]
Su-16 Nb-11W-3Mo-2Hf-0.08C - - - - - 7]
1100 333 231 22 [6]
Fs-85 Nb-10W-28Ta-1Zr Annealed
1315 161 - - [15]
) Cold working plate 1205 246 190 35
F-50 Nb-15W-5Mo-1Zr-5Ti-0.1C [14,15]
(£80-90%) 1315 148 126 46
D-31 Nb-10Mo-10Ti Annealed rod 1315 140 - 8 [14,15]
1093 330 274 16
D-43 Nb-10W-1Zr-0.1C extruded rod [15,16]
Medium 1260 253 225 30
strength and  Cb-752 Nb-10W-2.5Zr Annealed plate 1649 70.3 63.3 - [16-18]
plasticity ~ SCb-291 Nb-10W-10Ta Annealed sheet 1649 84.4 70.3 23 [16]
C-129Y Nb-10W-10Hf-0.1Y Annealed plate 1649 77.3 70.3 - [16]
B-66 Nb-5Mo-5V-1Zr Annealed plate 1095 372 - - [15]
B-77 Nb-10W-5V-1Zr Annealed plate 1315 210 190 34 [15]
As-55 Nb-5W-1Zr-0.1Y-0.06C - - - - - [7]
PWC-11 - 927 - 160 - [19]
SBHIT Nb-5W-2Mo-1Zr Annealed rod 1250 120-140  80-110 40  [20]
Nb521 Nb-5W-2Mo-1Zr-0.07C Annealed rod 1600 =70 260 225 [20-21]
Cb-753 Nb-5V-1.25Zr - - - - - [7]
Low strength ) 1095 199 - -
) C-103 Nb-10Hf-1Ti-0.7Zr Annealed plate [15,16]
and high 1427 70.3 56.2 -
plasticity D-36 - - - - - [7]
Cb-1Zr Rotary swaging rod 927 - 130 - [19]
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Fig. 1 Photos of thrust chamber and combustion chamber of China's first and second generation enginesBHQ]
(a) The first generation of thrust chambers with different specifications(C-103 + 815 coating) ; (b) The second generation engine

thrust chamber(Nb521+ 056 coating); (c) The second generation engine combustion chamber(Nb521+ 056 coating); (d) The First

(C-103,the specific impulse in 305 seconds)and second (Nb521,the specific impulse in 315 seconds)generation 490N engines
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Table 2 Physical properties of typical niobium alloys

Melting point Density Thermal conductivity ~Coefficient of thermal expansion Working temperature

Alloy . Ref.
/°C / (grem™) /W-(m-K” / (10°K™D /°C
C-103 2350 8.86 41.9 8.10 (20~1205°C) 1100~1450 [16,27]
Nb521 2452 8.85 48.7 7.40 (20~1205°C) 1370~1650 [27,40]
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Fig. 2 Tensile properties of two niobium alloys: (a) C-103 and (b) Nb521
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Table 3 Applications of niobium alloys in aerospace industry

Nationality  Alloy Application examples Ref.
R-4D (490N). R-1E (110N). R-6C (22N) thrust chamber of rocket engine, attitude

control of Apollo lunar module and service module.

103 Agena auxiliary propulsion system, combustion chamber and nozzle. [7,13,16,27]
) The wings of the Apollo engine. [41-43]
The compression cone of a launch vehicle.
Structural material for the orbital control engine of the space shuttle.
PWC-11  The reactor for the satellite, space nuclear power systems and high temperature reactors. [7,19,22]
MinutemanIIl MK12 attitude control engine, injector.
USA
Nb-1Zr  Poseidon final boost control system. [7,27,44]
Exhaust gas regenerator for Poseidon engine system.
2670, 1330. 90N shuttle attitude control engine.
SCb-291 [7,16]
MinutemanlIIl MK12 attitude control engine, and thrust chamber
Booster glide manned vehicle.
Cb-752 [7,17-18]
Space shuttle and manned aircraft, screw joints.
FS-85  Space nuclear energy system, liquid metal container. [6-7,16]
C-129Y  Space shuttle and manned aircraft, screw joints. [7,16]
12.20.100. 135,200, 400N engine thrust chamber is used in satellites such as "Cosmos",
Russia SBMI]  "Crystal", "Quantum", "nature" and "Spectrum", in spacecraft such as "progress" and [27,40]
"Soyuz-T", and in space stations such as "Salute" and "Peace".
490N engine, used for all kinds of satellites, Shenzhou spacecraft, Tiangong and carrier
C-103 [27,39-40]
rockets, etc.
Chi Nozzle of gas-oxygen kerosene engine of a new generation of high-thrust launch vehicle.
ina

25. 120, 150+ 250+ 490N engine, Attitude and orbit control engine for Sinosat 6, Nigeria  [27,36,39]
Satellite, etc. [45-46]

Nb521

China lunar rover project engine.

NN N2 B C-103. PWC-11. Nb521 & 4 KAEWF R 3 4 & &t R b i F
2.1 C-103%k&%E

C-103 (Nb-10Hf-1Ti) ¥ 4:+% ATI Wah Chang Fll Boeing 2 76 & FF & 10— Fh e B U i i s . A0
RV e SRR IR TR e & 4, BT V2 N A T K R 2 55 ek, 2 —Fh R ARCA T IZ AR &
GO 7 1% 4 S T AL TR K EE R EIHL, IR A R miR By AR 2, TR
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ZA ST HE. Ti fl Zr &40 R LB A, Horb Zr st E A BB R, HE R W &
TR IR RS . Panwar ZRTRT C-103 & 47EFIRRT)AN 12000C 2 [R5 165 FE A FA s A ke % b
ZUTH (WE 3 B, EFRB] 12000CZ 1014 4 18 ) AR 28 RIER VIR, R A T ZhaS RAS T 2L
(DSA) 4. o, fE 900°C iy Zhas NAS N Hoos b P BES 3= FAE M, EId 900°CH,  BhaSWRAZ A AL XS
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Fig. 3 Tensile properties of C-103 alloys'*”: (a) Comparison of plastic region of engineering stress-strain plots at various

temperatures; Schematic drawing of stress-strain plots from (b) 600~900°C and (c) 1000~1200°C
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Fig. 4 EBSD maps of C-103 alloy before and after cold rolling and the schematic of Nb-HfO, interface'*”!

(a) EBSD inverse pole figure (IPF) maps showing grain structures and boundaries before and after cold rolling; (b) The

schematic of the Nb-HfO, interface
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Fig.5 Microstructure and composition of silicide coated Nb-alloy C-103""
(a) Cross-sectional microstructure of overall coating and (b) magnified view of L1, L2 and IDZ; (c) EMPA concentration

profiles of various elements across the coating; (d) X-ray diffractograms obtained from surface of uncoated and coated alloy
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Fig. 6 OM and TEM micrograph of the deformed and the annealed(1300°C/3h) Nb alloy"*
(a) OM of the deformed sample; TEM micrograph of the (b) needle and (c) rectangular shape precipitate present in the

deformed sample; OM (d) and EBSD images (¢) of the annealed samples; (f) TEM images of annealed samples

~2500°C ~ 1200 °C
7-Nb,C e B-Nb,C )  o-Nb,C

7 Nb-1Zr-0.1C # 4 "PRRALY Nb,C A AR 5 )
Fig.7 Schematic diagram of carbides Nb,C phase transition in Nb-1Zr-0.1C alloy"”
(a) Crystal structures of vy, B and a-Nb,C carbide phases; (b)The unit cells of all the Nb,C phases are drawn with Nb atom

positions as the origin; (c) The dimensions and atom positions of Nb atoms in these structures are similar in certain directions

Nb matrix

200 nm
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an ¥ (002
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Fig.8 Microstructure and carbide morphology of Nb-1Zr-0.1¢ alloy during solidification, extrusion and recrystallization®”!
(a) Bright field STEM micrograph of the as-solidified sample; (b) Bright field TEM image of the extruded alloy; (c) BSE
micrographs of the recrystallized sample and spherical morphology of carbides; (d) ) HAADF micrograph of the carbide

particle showing the presence high concentration of Zr at the interface; HRTEM micrograph of the interface between Nb

matrix and (e)spherical and (f) needle morphology of (Nb,Zr)C carbide, respectively

9 RASEFEN 0.1 IS 1500 Fl 1600°C 4 2 T AN R 2828 ) 7 45 @ ki EBSD &)
Fig.9 EBSD map showing recrystallized grains for samples deformed at strain rate of 0.1 s for different temperature
and true strains of (a)1500°C, 0.3, (b)1500°C,0.6, (¢)1500°C,0.9, (d)1500°C,1.2,(e)1600°C, 0.3, (f)1600°C,0.6, (g)1600°C,0.9

and (h)1600°C,1.21%

[, Nb-1Zr-0.1C &4 18 F B 75 ZEAH R HT A IR Z BT, iR NbSh 52 %A &R JZ Wit i E .
Vishwanadh 2T 8, 78 1300°C BA_Ef Nb-1Zr-0.1C & 4350k FIREL T 22550, o — 2 1L i
(¥] NbsSi; W2, —ZEJEM NbSi, 4. Majumda Z 58 T 1E 800~1300°C 2 8], X B2 (NbSiy) HIZ
(NbsSiz A NbSi,) it 2 AT | S SSFR AT IT, IS 7 — D3l BRI E 78 ek A i 72 7 NbSi, A
(A KBh 5. 534k, Majumda SR FHBEAZ RS BUARTE Nb-1Zr-0.1C A4 KT Mo, AR5 R
SARTTRNEED R DTN Si, fEEE&RMH & T MoSkh iRz, KIJERL T 4MZE MoSi, N JZ 9 NbSi 1)
WUZWR)Z . TE 1100°C AL T2 25 pm JZ 1) B 28 dit ZH 2R BT MoSh, 12
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IS4 < B o R PR 326 0 gt o

Nb521 4844 FLAT BLUF B SR O R Rl 30856 1T DS IO W T o 4624 51 el B OB SE O, (A
G e SR PR 2 U T 3545, WL T3 B KT LRI P et b e BRI, BT 9 NDbS21 488
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Fig. 10 Surface and XRD patterns of Nb521 alloy powder with different sizes!”)

(@) >105 um; (b) 45~105 um; (¢) <45 pm; (d) XRD patterns of alloy powder with different sizes

a b S (©) ;
@) Before remelting (b) Building direction %200) :-:tzc
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Fig. 11 Comparison of precipitation phase between Nb521 prepared by EBSM method and ingot sample!”™

(a) Schematic diagram of powders before and after remelting; (b) Schematic diagram of sampling positions S1, S2, S3 of the EBSM
alloy; (c) XRD patterns of S1, S2, S3 and ingot samples; SEM images of EBSM sample (d)S1, (e) S2, (f) S3 and (g) ingot samples;
(h) Schematic diagram of precipitates morphology of EBSM alloy; TEM bright field image of (i) C-rich rod-like precipitates in the

grain of S2 sample, and HRTEM and SAED (inset) of (j) region I and (k) region II in (i)
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Fig. 12 Schematic diagrams of oxidation mechanism of three different coatings: (a) M coating; (b) MM coating; (¢) WMM

(a) [@L<e
e
“"‘,'4: (00
0& ﬁ 4O
WSi, ZrB, ZrSi

coating!®”

(c) 'ENbS2  Nb,B,NOBEE NbS, 5 Nb,S,EE (WMo)Si,  (WMo)Si, (W.Ma)si, B (WMo,
® Si0, B, Zr0

® ZrSi0, © ZiSi, | ZrB, 9 Oxide Scale

1

B 13 WRE AT I BT S5 A 24 % SR o R = B
Fig. 13 The schematic diagram of section microstructure before and after oxidation and failure process of the coating!®"

(a) Cross-sectional schematic diagram of the coating; (b) Cross-sectional schematic diagram of the coating after oxidation; (c)

schematic diagram of the evolution process of the coating cross-section with oxidation time

LeRL IR B A ML, Nb521 e & i M FLBC & (1 il D A AL B )2 22 BB T3 — AUORHE g i2
BRE AR NI . Je R B A . &l 6 555 L AR HUE = H) K ShiL L H 3R R SHL%
TH 2 H Al RSP TE S R S B U B SR AR = 0 e AR

24 REEERESE



18 W E A 4R R 202x 4F 00

RFE RS S NN RREA S, BTHRNT KET. ALERFUCRRW, MoZafbn g, AA BRI
M3 (<Tg/em®). Bmf=RAEREE, HSREEEET (GRS T IN TR S50 R,
ST — Tl AR IR JZAES50~800°C KA T HALAE M, R IRZE A LAFE800~1200C K5 i H]
(FyET B L A A R0 S8 R R DRI B PR IR AR B (R, S T LR RS 4
ANb-Ti-Al. Nb-Ti-Al-Cr. Nb-Ti-Al-Hf\ Nb-Ti-Al-Cr-Hf%5 4k 55, fEESL, % ER G & DA KFifi
ERIYZIEBERIN, W [E Pratt & Whitney 24 7 1138 72 ] WAL SHALAGHE FEmEHE FHAR A1), 1R
DT CHURSIHLIHEETEDY, L RAR LR B b FE R B H LA M 25 T B A 31 T R AP, R4l
[l S0 MR 5 BE R A G AR S Sk 202 80889498 ]

4 [EHANBARE FEHR S S Re K

Table 4 Tensile properties and density of some low-density niobium alloys abroad

Density Test Temp. Tensile strength ~ Yield strength ~ Elongation

Alloy B Ref.
pl(g/em’) T/°C R,/MPa R,y ,/MPa Al%
25 811 799 25

Nb-40Ti-12Al 6.20 [20]
1200 56 56 166
25 1010 1010 14

Nb-40Ti-10A1-10Cr 6.35 [32]
1200 56 56 153
Nb-40Ti-10A1-10Cr 25 1050 1000 22

- [94-95]
-C-Y(at%) 1000 150 130 75
25 901 901 15

Nb-38Ti-12A1-12Hf 6.76 [32]
1200 77 77 91
25 915 915 23

Nb-34Ti-8Al-7Cr-2Hf 6.04 [32]
1200 97 62 51
25 930 930 24

Nb-27.5Ti-5.5A1-6Cr-4.5Hf-2.5V 5.49 [32]
1200 141 141 83

Nb-35Ti-6Al-5Cr-8 V- 23 1117 1107 16 (86,851

1'W -0.5Mo-0.3Hf (at%) 1000 280 280 244 ’
25 - 1200 8

Nb-18AI-20V(at%) [95-96]
1000 - 550 -

Nb-11Al-41Ti-1.5Mo-1.5Cr (at%) 25 - 788 11 [95,97]
Nb-35Ti-6A-5Cr-8V-1C 20 - 875 -

[95,98]
(at%) 1000 - 137 -

E N E 2005 FIAEPHHEIRE LGS, &5 NIEE— B THERN B, MkA TR R & i
A . BUEF AT, JPRXSEE &R LA PR R AR R AL TR, pEde
U A T AR TN A IR AT, o, RS PR e m BT TR AN T R AR T A A
A PR 7] =K BRI 2 Nb-Ti-Al &, 20y 1] — Rl DU T304 K A Sh LI 7 v AL
FOBE IR AE 1100~1200°C, DA A K BT R SR AL B V) EER . 38 5 J9lE P o0 5 L e
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B S BRI Ay B LR R

PEALA g JEm A Fele (RIFRNIND W] ARG B 4 & 4 32 2 Nb-31Ti-7Al- (3~10) V-1.5Zr. Nb
-35Ti-6A1-(2~10)Cr-(3~8)V-1W-0.5ZrfINb-37.5Ti-5A1-4.5V-0.5Zr & 42, FWEEFE . b In L L Z3HT T
o Hrh, BMEEIRIND-37. 5Ti-5A1-4.5V-0.5Zr & SR A I HEL T 23T THER, NTE1200/11100°C
TE T RGN & B A RIF =i M einttee, HEEFLSIREZN T &, Sihisn R BRI, Bk
BK, FE1000°C FAELET, =IBAIEE /) R, EUS IR AT R BN 2 . 0l %
Nb-35Ti-5A1-5V-1Zr 5NbW521 & 46 FL 45 B T UG 3 T 20807 T8, S RERZEE5NWS 268 2F
RIS, FEME S AP BRAS TR B 1) IR PIRL IR T IL B 1468 MPa, HIINDS21E 6 HEAR )
PLRismE . 20/ XIND-30Ti-5Al-4.5W-0.5Mo & & e A (4% T 23T T W9, i eos Bt T 20
T IR R R R R A S

TEARITTEN A AR AT (fEF OTIC) J&)a W] I Nb-40Ti-15A1. Nb-40Ti-10Cr. Nb-40Ti-20Cr
Al Nb-40Ti-10Cr-10A1 &2 F&EE, MEEHHMG ST Z A B JEX & A giib /e BT 7R
N9 R T Nb-Ti-Al-Cr 1 Nb-Ti-Al-Zr B/ RAUMGH BUR R A 4, FRR& A $30~150mm 754
BER A 1~3mm X 500mm X 500mm AR 11147768 F7. Bl 14 ¥ Nb-Ti-Al-Cr-M3 Fl Nb-Ti-Al-Zr-M8 R 7E
IR AT P A I SR (K AR S ITAESR,  FEJRA A B S T Nb-Ti-Al-Mo-W-Zr #8442 .
AL N I 2 B Nb-Ti-Al-Mo-W-Zr 888 & AR AT N MM SUHASHEAT THESE, 345 18 AU
B G IR AT TR B N e A AR T R . 0 B U OTX Nb-Ti-Al-Mo-W-Zr 884 G0 1138 K T
AT, ICHIZEEAE 900~950°CIR K v LIRS R UF 45 & fe
=5 EWNEMIRE RS S h LR &% E

Table 5 Tensile properties and density of some low-density niobium alloys in China

Density Testtemp.  Tensile stren.  Yield stren.  Elongation

Alloy 5 Institution Ref.
pl(g/em’) T/°C R,/MPa R, /MPa Al%
25 937 - 16.2
Nb-31Ti-7Al-xV-1.5Zr 6.0 [32]
1100 81 - 56.8
25 1088 - 21.0
Nb-35Ti-6Al-xCr-yV-1W-0.5Zr  6.0~6.9 NIN [20,32]
1200 152 - 62.6
25 895 - 12.0
Nb-37.5Ti-5A1-4.5V-0.5Zr 6.01 [99]
1100 90 - 39.4
25 900 877 32.8
Nb-Ti-Al-Cr-M3 6.15 1100 87 86 62.0 [20]
1200 53 52 62.0
OTIC
25 804 804 28.5
Nb-Ti-Al-Zr-M8 6.15 1100 77.8 73.2 59.5 [20]

1200 47.8 45.2 74.0
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Fig. 14 Stamping and spinning parts of low density niobium alloy*”":(a) Nb-Ti-Al-Cr-M3 ; (b) Nb-Ti-Al-Zr-M8

BEAL, Zhao! VERFFE T VR AN Si AT AR TH Nb-35Ti-15A1 &4 3B . Shil' 4% FIHUIR & Sk (MA) il
JE(HP)E % 1 Nb-23Ti-15Al (at%) &4, WFFE T ACBURIAE MA 3 72 H B2 230 AR e Honh 4 & 2 2R
R RE MR . (IR, Shil' VAR N %4 4 A BOB I KL B SIRI I 2AT AT TR TT, S5R%
B . JEIEOEEUY T LIRS LT T BRI 1 Nb-Ti-Al &4, IERA9/NIR . &8 T FF2E B, § Al Ti(0,C)
=AH LB 15, 24 B/s A4 Ti(O,C) 7 BN, ek kil BE R IR 20 1%k LU, Ul WO RO S — Rl e] BA
il # T M BE Nb-Ti-Al & & HTELER % J7 1% . Chaial ™5 H &L R B AL TE Nb-Ti-Al & &R 0 TR
AR, SRR BRSSP HEAT T 1000°C &R GRS, ] 7R 2 BA — € MR MERE .
Weil "MZE 75 T Nb-35Ti-4C. Nb-35Ti-4C-15A1. Nb-25Ti-8C il Nb-25Ti-8C-15A1 FJ & L 2RI A8 1 g 24T
AN, RIURA C R AL G 1] 22 4 i A5 R R A 20 5 PR S IR RPN IR BE T 1 024 ke (LI 16D,
B AL AH M (ND, TI)C AT NbsA 51N, & 4 1S 0 R H B K B e PR B Ak 0 F0 Nbs AL I BT PG . 53
gh, R R kSR BB S AT T Nb-40Ti-7AL. Nb-38Ti-12A1 SLE AR & 4, FEXT & S A K
1T Mgiamsh 1%, EiREWAT N, 5 Si-Cr-Ti IR E RIA AN DU R E ST i A b i E LI, DA
C JTCERMTSINAT Nb-20Ti-16Al1 & B HLAFVERE IR BEAT T HEFL, i€ T Nb-Ti-Al & <5 1) P 4 it il 2
880~1000°C, C Jf¥ 2L E R 1 H) I :UEVA T Nbss 1 Nbs AL, HEfE C oG, AR
B4z Nbss A HOR/D,  miiE4am BB 0, S IR W R g .

- _ _
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Fig. 15 TEM images showing different kinds of microstructures in the laser formed Nb-23Ti-15A1 alloy!'®: (a) a region of

B and 3 strips; (b) a region of equiaxed Band &; (c) a region of Ti(O,C) twin
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Fig. 16 TEM images and corresponding SAED patterns of Nb-35Ti-4C-15A1 alloy, and compressive stress-strain curves of
Nb-Ti-C and Nb-Ti-Al-C alloys at room temperature and 1000°C"%

(a) The bright field image of Nbss, (Nb, Ti)C and Nb3Al; (b) SAED pattern of Nb3Al; (c) SAED pattern of Nbss; (d) SAED

pattern of the interface between Nb3Al and Nbss; (e) Stress-strain curves of as-cast samples at RT and (f) samples at 1000°C

3 HFAEMEMSEIRRE

BEEAUREORKIBED AU R, X REIHLVERE (HLARBERCR . AT IS AT 5 fr ) ZORANMT
R, Xt Et DR RS B PR BE, (SRR & S IR MO Ry, AT O R S LB
HIRA RS P IRLEE AT g 2 Ve RE B B RBOR . e & & 5 eSS iR & e, BA SR, Rk
i G AEAE MR RE A SO0 mT, T DI TR i BE M R AR Ao FTEL, B & SAENTR S 15 21
THBTZHNH . E5MER, WXERAE A — LA AT [ 1 ) 7



22 W E A 4R R 202x 4F 00

1) HATAEH 4E & 2 W IRR BT S5 5m R & 6, O 1 i 2 R SIL S AR RS THIAR, 30 7 220
e O P A 4 I iR SR AL ML SR WAL BEAT VR AN I, BRI ol — A s s . S e s ) P B
e o ZE AR KA & AT RHR LR S

2) WA P T i e AN i IR BRI, =24 1 ) ) e TR 0 S A BT 7 2 ARt e DA A X 22
Ko AT AR TE RN TR A o B BRI VE AR 5 e A R0 B v i B A A B ER, thal AR T R 52
FHUCHC O TR L B i« SR RE S 4 KA e BT R =

3) REWRESAREReE D E T %R SR, HSHR TR A, 3 REIE 2 B A0l
. UOABE G < B B T3 mMi R A SR b Bt — PSR B, ARSI R 4% 0 R
HAMEAA T EERE L oL, TS B S-S maTH],  DUR SR e & < I 42 5T At 2 AR
RIFER R A EET M

R, O 7 ENR A EhHLETERE H s R IR TR, AR RSN 5% IR BHE & 8w 2 A s Al
R E SRR R, Bt PR R R S R IR SRR e S, LACERIRE . KAGari
R TR IRR . ITTEE— Pl e & AR MR B S 4

REFERENCES

[1] TANAKA R, KASAMA A, FUJIKURA M, et al. Newly developed niobium-based superalloys for elevated
temperature application[C]//Niobium for High Temperature Application, 2004:89-98.

[2] YAPICI G G. Simultaneous improvement in strength and ductility of severely deformed niobium alloy[J].
Materials Letters, 2020, 279:128443.

[3] SENKOV O N, RAO S I, BUTLER T M, et al. Ductile Nb alloys with reduced density and cost[J]. Journal of
Alloys and Compounds, 2019, 808:151685.

[4] NARITA T, FUKUMOTO M, MATSUMURA Y, et al. Development of Re-based diffusion barrier coatings on
Nb-based alloys for high temperature applications[C]//Niobium for High Temperature Application, 2004:
99-112.

[5] MENG X, LIU C, JIANG Y, et al. Microstructure and high temperature compressive properties of Nb-based
alloys fabricated by plasma arc-induction hybrid melting[J]. Materials Research Express, 2019, (6): 056519.

[6] LEONARD K J, BUSBY J T, HOELZER D T, et al. Nb-base FS-85 alloy as a candidate structural material for
space reactor applications: effects of thermal aging[J]. Metallurgical and Materials Transactions A, 2009, 40(4):
838-855.

[7] B8R, E2EE. AREHERESM]. bR A4 Tk H R, 2009.



55 3x B4 00 1) RER, 5 PURH miEIE G ek 23

GUO Qing-wei, WANG Zhao-xin. Modern tantalum niobium progress|[M]. Beijing: Metallurgical Industry
Press, 2009.

[8] SHA J, HIRAI H. Mechanical properties of as-cast and directionally solidified Nb-Mo-W in-situ composites at
high temperature[J]. Metallurgical and Materials Transactions, 2003, 34A(1): 85-94.

[9] KATHIRAVAN S, KALIARAJ G S, KUMAR R R, et al. A novel experimental setup for in situ oxidation
behavior study of Nb/Hf/Ti (C-103) alloy for high temperature environments[J]. Materials Letters,
2021,302:130336.

[10] PHILIPS N R, CARL M, CUNNINGHAM N J. New opportunities in refractory alloys[J]. Metallurgical and
Materials Transactions A, 2020, 51(7):3299-3310.

[11] SENKOV O N, RAO S I, BUTLER T M, et al. Effect of Fe additions on the microstructure and properties of
Nb-Mo-Ti alloys[J]. International Journal of Refractory Metals and Hard Materials, 2020, 89:105221.

[121 JACKSON M R, BEWLAY B P, ROWE R G High-temperature refratory metal-intermetallic

composites[J].JOM, 1996(1):39-44.

[13] A ik, B W, TR, 5. FURHUE S SR RHRBT TR )], A e mie s T, 2011,

40(10): 1871-1875.
ZHENG Xin, BAI Run, WANG Dong-hui, et al. Research development of refractory metal materials used in
the field of aerospace[J]. Rare Metal Materials and Engineering, 2011, 40(10):1871-1875.

[14] T2 MR & SRR MIPERE( T)[T]MA S B IRIR, 2002, (7):22-23.

NING Xing-long. Composition and properties of niobium alloys from Russia and USA ( I )[J]. Rare Metals
Letters, 2002, (7):22-23.

[15] T2 MSEHR & S i s A e (D[4 A7 <6 @ BR 4, 2002, (9):22-23.

NING Xing-long. Composition and properties of niobium alloys from Russia and USA (III)[J]. Rare Metals
Letters, 2002, (9):22-23.

[16] TSR K FWEE e & & L HIRR [T MR T2,1978,(5):1-55.

HAN Hong-shuo. Niobium alloy and its coating for rocket nozzle[J]. Materials Technology, 1978, (5):1-55.

[17] SANKAR M, PRASAD V, BALIGIDAD R G, et al. Melting, Processing and Characterization of

Nb-10W-2.5Zr (Cb-752) Alloy[J]. Transactions of the Indian Institute of Metals, 2016, 70(4):1-8.
[18] SANKAR M, CHAUDHARY S, PRASAD YV, et al. Microstructure and tensile properties of niobium based
Cb-752 alloy rolled at different temperatures[J]. Transactions of the Indian Institute of Metals, 2018,

71(2):1-5.



24 W E A 4R R 202x 4F 00

[19] EL-GENK M S,TOURNIER J M. A review of refractory metal alloys and mechanically alloyed-oxide
dispersion strengthened steels for space nuclear power systems[J]. Journal of Nuclear Materials, 2005,
340:93-112.

[20] &% W, & 5k, X 2R, &5 Pek A& SAENTURIURIIBE S N RICY, 8T m 4 EA g maii b
k0 T BB AL 2 ¥ SCEE, 2019:11-16.

ZHAO Gang, LIANG Bin, LIU Jian, et al. Research and application progress of niobium alloy in aerospace
field[C]// Proceedings of the 5th National Nonferrous Metal Structural Materials Preparation/Processing and
Application Technology Exchange Conference, 2019:11-16.

[21] & &, 73 W, F/TFT, S5EBRGEES & & E R 4 AR e R 2 [J]. P B 528 01, 2015,(11):44-46.
ZHANG Jing, WAN Peng, WANG Xiao-qing, et al. Formulation of national military standard for new
niobium tungsten alloy[J]. China Metal Bulletin, 2015, (11):44-46.

[22] VISHWANADH B, MAJUMDAR S, ORSBORN J, et al. Characterization of silicide phases formed during
pack siliconizing coating on the Nb-1Zr-0.1C alloy[J]. Intermetallics, 2015, 63:59-66.

[23] NIEH T G, ZHANG M, ZINKLE S J, et al. Effect of texture on the high temperature mechanical properties of
Nb-1%Zr alloy[J]. Scripta Materialia, 2006, 55(8):719-722.

[24] BEHERA A N, CHAUDHURI A, KAPOOR R, et al. High temperature deformation behavior of Nb-1wt.%Zr
alloy[J].Materials & Design, 2016, 92:750-759.

[25] SWADZBA R. High temperature oxidation behavior of C103 alloy with boronized and siliconized coatings
during 1000 h at 1100°Cin air[J]. Surface and Coatings Technology, 2019,370:331-339.

[26] CONDLIFF A F. Applications for zirconium and columbium alloys[J]. JOM, 1986, 38(9): 15-19.

271 £ W, 2 IR AR T P, AL XA JT AR K R B HLAE D0 = R ORE B T RE R (00, T LM ORE
2.,2019,49(3):1-8.

WANG Na, LI Hai-qing, XU Fang-tao, et al. Recent development of advanced materials for liquid rocket
thruster chambers [J]. Aerospace Materials & Technology, 2019,49(3):1-8.

(28] BONZ, Wik, MEEEEAM RS TREMAIM]. JE5: e Tl i, 2012,

YIN Wei-hong, TANG Hui-ping. Refractory Metal Materials and Engineering Application[M]. Beijing:
Metallurgical Industry Press, 2012.

[29] GRIGOROVICH V K, SHEFTEL E N. In dispersion strengthening of refractory metals[M]. Nauka, Moscow,

1980.

[30] SHEFTEL E N, BANNYKH O A. Refractory metal-intermetallic in-situ composites[C]// Ed. Bildstein H &



5 3x A4 00 ] RER, 5 PURH miEIE G ek 25

Eck R, Bol. 13 th Plansee Seminar Metallwerk Plansee. Reutte/Austria, Plansee Group, 1993,1:71-757.

[31] SHEFTEL E N, BANNYKH O A. Niobium-base alloys[J]. International Journal of Refractory Metals and
Hard Materials, 1994,12:303-314.

[32] A fik, A i, ket SRS EUTEERT]. ThEM R EERE,2014,33(Z1):586-594.
ZHENG Xin, BAI Run, CAI Xiao-mei, et al. Progress of new niobium alloys[J]. Materials China,
2014,33(Z1):586-594.

[33] Z&IIRH. & i) S etk 2 M s 50 [D] ARV FhE ke, 2012:5-9.
CAI Zhen-yang. Preparation and study of niobium alloy silicide and its modified coating[D]. Changsha:
Central South University, 2012:5-9.

(B419h M, T &K, AATR. P8& i AP 9 L PR iR E 0] T E A RHEE E, 2018,
37(10):817-825.
SUN Jia, WANG Yu, FU Qian-gang. Thermal protections and silicide coatings on niobium alloy[J]. Materials
China, 2018, 37(10):817-825.

[35] HaEmEE, XI/NBE, £ B, S5 SR 0T Tk R AR TR WU BB OLICY/ TR 58 =2k AF
BRI =1 U BARZ = B —m S R E 2V SCE—M R T2 EHIEROR, 2017: 1-10.
JU Yin-chao, LIU Xiao-yong, WANG Qin, et al. Research progress of refractory metal and its application in
aerospace field[C]// Proceedings of the 38th Technical Exchange conference of the Third Professional
Information Network of China Aerospace and the 2nd Conference on Space and space Dynamics-Material,
Process and Manufacturing technology, 2017:1-10.

[36] TKHFH, BZEZE, Wb, & WS SARMERIA K ET A S8R I FHiA R T°Z,2007,(6):
57-60.
ZHANG Chun-ji, LV Hong-jun JIA Zhong-hua , et al. Application of niobium-tungsten alloy in liquid rocket
engine [J]. Aerospace Materials & Technology, 2007, (6):57-60.

[37] #7i ¥, KPR, BhHe. /AR K RS B /iR AR Z )], TRIMEL L Z, 2012,
42(1):25-29.
XU Fang-tao, ZHANG Xu-hu, JIA Zhong-hua. High temperature oxidation resistant coating on attitude or
orbit control engine thrust chamber[J]. Aerospace Materials & Technology, 2012, 42(1):25-29.

[38] & &, WREE, MR, 5. s B R M AP A S LI 3E R[], K HTHEE, 2018, 44(1):1-7.
ZHAO Ting, CHEN Xia-chao, YANG Cheng-hu, et al. Developing progress of liquid bipropellant orbit

control engine for high orbit satellite[J]. Journal of Rocket Propulsion, 2018, 44(1):1-7.



26 W E A 4R R 202x 4F 00

[39] MURMRER 20T T R S /3 % 1 2 SR L] i [J]. T WA RE 22,2014, 44(02):7-7.
Institute of Aerospace Materials and Technology. Manufacturing technology of engine thrust chamber
products[J]. Aerospace Materials & Technology, 2014,44(02):7-7.

[40] ZEHIRH, TLSZE, XIFE5, & ARG S FEERTTANRETTADR S RED]. P EE ta)Es
%, 2020, 30(9):1992-2010.
CAI Zhen-yang, SHEN Hong-tai, LIU Sai-nan, et al. Review and prospect of refractory metal alloys and
high temperature oxidation resistance coatings[J].The Chinese Journal of Nonferrous Metals, 2020,
30(9):1992-2010.

[41] WOJCIK C C. High-temperature niobium alloys[J]. Advanced Materials & Processes, 1998, 12:27-30.

[42] STECHMAN R. Development history of the 25 LBf(110 Newton) space shuttle vernier thruster[C]//26th
Joint Propulsion Conference,1990:1837.

[43] WOICIK C C. Processing, properties and applications of high-temperature niobium alloys[J]. Materials
Research Society Symposium Proceeding, 1993, 322:519-530.

[44] LEONARD K J, BUSBY J T, ZINKLE S J. Influence of thermal and radiation effects on microstructural and
mechanical properties of Nb-1Zr[J]. Journal of Nuclear Materials, 2011, 414(2):286-302.

[45] JE/NZE X I, FE RIS — o 1) R R 4 S s ML AR B B 8 ) 5 < 1) 4% S Lt IR 2 T[] A8 AL R o
#,2016,36(1):99-105.
ZHOU Xiao-jun, ZHAO Gang, TIAN lJin-peng. Designed of a new type of Nb-W alloy and its
high-temperature oxidation resistance coating used in the field of spacecraft engine[J]. Journal of Space
Science, 2016, 36(1):99-105.

[46] Bl 5t B, J /N R WL A5 TR R Sh AL 98 89 5 < iR T AL TR B R L8R B 2 B (018 B &
J&,2016,40(4): 322-327.
ZHONG lJing-ming, ZHOU Xiao-jun, ZHAO Gang, et al. Defect analysis of high temperature oxidation
resistance coating for Nb-W alloy used in aerospace engine[J]. Chinese Journal of Rare Metals,
2016,40(4):322-327.

[47] PANWAR S S, PRASAD K, PATRO T U, et al. On the occurrence of dynamic strain aging in C-103 Nb
based alloy[J]. Materials Science & Engineering A, 2015, 620:286-292.

[48] SANKAR M, BALIGIDAD R G, SATYANARAYANA D, et al. Effect of internal oxidation on the
microstructure and mechanical properties of C-103 alloy[J]. Materials Science & Engineering A, 2013,

574:104-112.



55 3x B4 00 1) RER, 5 PURH miEIE G ek 27

[49] DHOLE A, BHATTACHARYA A, GUPTA R K, et al. The role of the metal-oxide interface's terminating
layer on the selective cold cracking of a commercial Niobium-Hafnium-Titanium (C-103) alloy[J]. Journal of
Alloys and Compounds, 2020, 856(9):157427.

[50] ALAM M Z, RAO A S, DAS D K. Microstructure and high temperature oxidation performance of silicide
coating on Nb-based alloy C-103[J]. Oxidation of Metals, 2010, 73(s5-6):513-530.

[51] SANKAR M, PRASAD V, BALIGIDAD R G, et al. Microstructure, oxidation resistance and tensile
properties of silicide coated Nb-alloy C-103[J]. Materials Science and Engineering A, 2015, 645:339-346.

[52] HEBDA J. Niobium alloys and high temperature applications[J]. In: Proceedings of the International
Symposium Niobium, 2001.

[53] TITRAN R H. Creep strength of niobium alloys, Nb-1Zr and PWC-11[C]//7th Symposium on Space Nuclear
Power Systems,1990:1-6.

[54] TITRAN R H, GROBSTEIN T L, ELLIS D L. Advanced materials for space nuclear power systems[C]//
Conference on Advanced Space Exploration Initiative Technologies,1991:1-17.

[55] DICKERSON S L, GIBELING J C. Low cycle fatigue of niobium-zirconium and niobium-zirconium-carbon
alloys[J].Materials Science and Engineering A, 2000, 278(1-2):121-134

[56] DUTTA A, SARKAR A, MUKHERIJEE P, et al. Influence of proton irradiation on the microstructure and
mechanical properties of Nb-1Zr-0.1C alloy[J]. Journal of Nuclear Materials, 2021, 557:153221..

[571 FARKAS D M, GROZA J R, MUKHERJEE A K. Thermodynamic analysis of carbide precipitates in a
niobium-zirconium-carbon alloy[J]. Scripta Materialia, 1996, 34( 1):103-110.

[58] VISHWANADH B, VAIBHAV K, JHA S K, et al. Development of Nb-1%Zr-0.1%C alloy as structural
components for high temperature reactors[J]. Journal of Nuclear Materials, 2012, 427(1-3):350-358.

[59] VISHWANADH B, KRISHNA K V M, UPADHYAY A, et al. Formation mechanism of the Nb2C phase in
the Nb-1Zr-0.1C (wt.%) alloy and interrelation between vy, B and a-Nb2C carbide phases[J]. Acta Materialia,
2016, 108:186-196.

[60] VISHWANADH B, ARYA A, TEWARI R, et al. Formation mechanism of stable NbC carbide phase in
Nb-1Zr-0.1C (wt.%) alloy[J]. Acta Materialia, 2018, 144:470-483.

[61] SARKAR A, KAPOOR R, VERMA A, et al. Hot deformation behavior of Nb-1Zr-0.1C alloy in the
temperature range 700-1700°C[J]. Journal of Nuclear Materials, 2012,422:1-7.

[62] BEHERA A N, KAPOOR R, PAUL B, et al. Effect of strain on evolution of dynamic recrystallization in

Nb-1wt%Zr-0.1 wt%C alloy at 1500 and 1600°C[J]. Materials Characterization, 2017, 126:135-143.



28 W E A 4R R 202x 4F 00

[63] ALI M, VADALI S K. Development of electron beam welding procedure for Nb-1Zr-0.1C alloy[J].Materials
Today:proceedings,2016,3: 2913-2919.

[64] BADGUJAR B P, KUMAR S, JHA M N, et al. An investigation of electron beam welding of Nb-1Zr-0.1C
alloy: Process parameters and microstructural analysis[J]. Journal of Manufacturing Processes, 2017,
28:326-335.

[65] GUPTA S K, JAYPURIA S, PRATIHAR D K, et al. Study on mechanical and metallurgical properties of
fiber laser welded Nb-1%Zr-0.1% C alloy[J]. Optics & Laser Technology, 2020, 127:106153.

[66] VISHWANADH B, NAINA R H, MAJUMDAR S, et al. A study on the oxidation behavior of Nb alloy (Nb-1
pct Zr-0.1 pct C) and silicide-coated Nb alloys[J]. Metallurgical & Materials Transactions A, 2013,
44:2258-2269.

[67] MAJUMDAR S, KISHOR J, PAUL B, et al. Isothermal oxidation behavior and growth kinetics of silicide
coatings formed on Nb-1Zr-0.1C alloy[J]. Corrosion Science, 2015, 95:100-109.

[68] MAJUMDAR S, MISHRA S C, PAUL B, et al. Development of MoSi, coating on Nb-1Zr-0.1C alloy[J].
Materials Today Proceedings, 2016, 3(9):3172-317.

[69] 2=, B0Fe, WhBME. T AU T2 Nb-W & &M K1 EREIIREma[)]. 7B K54 AR
REJR, 2012, 33(2):179-181.

LI Mai-hai, WU Yu, YAO Xiu-nan. Effect of electron-beam melting process on composition and mechanical
property of Nb-W alloy[J]. Journal of Ningxia University(Natural Science Edition) ,2012, 33(2):179-181.

[(70] EWAE, MK, =%, F. KAKRES S eBEMEE T2 R & T2, 2011,
40(17):112-113+117.

XIA Ming-xing, ZHENG Xin, LI Zhong-kui, et al. Study on forging process of large sized niobium tungsten
alloy bars[J].Hot Working Technology,2011, 40(17):112-113+117.

[71] SEEE, B, 255005 WHRBn X Nb521 A& B S S Eae e m]. #a6 &8
5ifdi i &4, 2018, 46(4):37-42.

XIN Meng-min, LV Yi-ge, LI Shou-ping, et al. Effect of cold rotary forging on microstructure and
mechanical properties of Nb521 alloy bars[J].Rare Metals and Cemented carbides,2018, 46(4):37-42.

[72] ARERE, ZRUE, R, 5 MG SHEM I T TZP]. FE: CN 1019791714, 2011.

ZHU Bao-hui, LI Ji-xian, WU Meng-hai, et al. A processing technology of niobium alloy bar[P]. China: CN
101979171A, 2011.

[73] ERZ, &aiz, %, & —MESESRMEIn L LTZP]. #E: CN 102011076A, 2011.



55 3x B4 00 1) RER, 5 PURH miEIE G ek 29

WANG Pei-jun, ZHAO Hong-yun, LI Ji-xian, et al. The invention relates to the processing technology of
niobium alloy plate[P]. China: CN 102011076A, 2011.

[74] FKFE, SHE IR Nb521 Bess A S H Ak RE LIS B[], FHiM LT 2, 2012, 42(1):105-107.
ZHANG Chun-ji, HU Guo-lin. Structure, properties and application of Nb521 alloys [J]. Aerospace Materials
& Technology, 2012, 42(1):105-107.

[75] ZWIE, B ik, x| ¥, 55 Nb2C Rk RF A Ex e & 414U RE R mar]. AanT.TZ, 2016,
45(20):115-117.

XIA Ming-xing, ZHENG Xin, LIU Hui, Bai R, Cai X M, Wang F. Effect of Nb2C particle size and content
on microstructure and properties of niobium alloy[J]. Hot Working Technology, 2016,45(20):115-117.

[76] ZHANG D Z, QIN M L, Rafi-ud-din, et al. Fabrication and characterization of nanocrystalline Nb-W-Mo-Zr
alloy powder by ball milling[J]. International Journal of Refractory Metals & Hard Materials, 2012,
32:45-50.

[77] XSRS, Nb521 55 Tk KR4 R 21 145 ) 5 7 2P R [D]. W AR VR Tk K %,2019.

LIU Bao-kun. Electron beam selective melting of Nb521 alloy and its microstructure and mechanical
properties[D]. Harbin Institute of Technology, 2019.

[78] YANG J X, HUANG Y J, LIU B K, et al. Precipitation behavior in a Nb-5W-2Mo-1Zr niobium alloy
fabricated by electron beam selective melting[J]. Materials Characterization, 2021, 174:111019.

[79] SUN J, FU Q G, HUO C X, et al. Oxidation response determined by multiphase-dependent melting degree of
plasma sprayed MoSi2 on Nb-based alloy[J]. Journal of Alloys & Compounds, 2018, 762: 922-932.

[80] SUN L, FU Q G, SUN J. Effect of SiO2 barrier scale prepared by pre-oxidation on hot corrosion behavior of
MoSi2-based coating on Nb alloy[J]. Corrosion Science, 2020, 176:109051.

[81] XTAO L R, ZHOU X J, WANG Y F, et al. Formation and oxidation behavior of Ce-modified MoSi2-NbSi2
coating on niobium alloy[J]. Corrosion Science, 2020, 173:108751.

[82] ZHANG G P, SUN J, FU Q G Effect of mullite on the microstructure and oxidation behavior of
thermal-sprayed MoSi2 coating at 1500°C[J]. Ceramics International, 2020, 46( 8):10058-10066.

[831 ZHANG G P, SUN J, FU Q G Microstructure and oxidation behavior of plasma sprayed
WSi2-mullite-MoSi2 coating on niobium alloy at 1500°C[J]. Surface and Coatings Technology, 2020
400:126210.

[84] ZHANG Y F, LIU S N, ZHOU X J, et al. Ultra-high temperature oxidation behavior of ZrB2/YSZ modified

Si-Mo-W coating with a diffusion barrier on niobium alloy[J]. Corrosion Science, 2022, 195:109977.



30 W E A 4R R 202x 4F 00
[85] Z&/INME, B Ik, M, 5. KBRS REE & &N J1- N AR #28 AOAHRAL[)). Wi &R S5 A

4, 2018, 46(6):77-80.

CAI Xiao-mei, ZHENG Xin, BAI Run, et al. Research of the stress-strain curve and microstructures of the
Nb-based alloy wiht low-density and high-strength[J]. Rare Metals and Cemented Carbides, 2018,
46(6):77-80.

[86] ALLAMEH S M, HAYES R W, LI M, et al. Microstructure and mechanical properties of a B Nb-Ti based
alloy[J]. Materials Science and Engineering A, 2002, 328: 122-132.

[87]1 GRYLLS R J, BANERJEE S, PERUNGULAM 8§, et al. On the discontinuous yielding phenomena observed
in a Nb-Ti-Al alloy[J]. Intermetallics, 1998, 6(7):749-752.

[88] SIKKA V K, LORIA E A. Characteristics of a multicomponent Nb-Ti-Al alloy via industrial-scale practice[J].
Materials Science & Engineering A, 1997, 239-240:745-751.

[89] ROZMUS M, BLICHARSKI M, DYMEK S. Scanning and transmission electron microscopy microstructure
characterization of mechanically alloyed Nb-Ti-Al alloys[J]. Journal of Microscopy, 2006, 224(1):58-61.

[90] BAI R, ZHENG X, LI Z K, et al. Effects of V and Zr additions on microstructures and mechanical properties
of Nb-Ti-Al-base alloys[J]. Rare Metal Materials and Engineering, 2009, 38(A3):5-7.

[91]1 ROZMUS M, BLICHARSKI M, DYMEK S. Effect of titanium on microstructure and mechanical properties
of mechanically alloyed Nb-Ti-Al alloys[J]. Archives of Metallurgy & Materials, 2006, 51(1):87-90.

[92] JACKSON M R. Ductile lower-density alloys based on niobium[C]// In: Proceedings of the 2rid International
Conference, Tungsten and Refractory Metal,1994:657-664.

[93] ¥iA =, M), A0, . AEERMETN CF) M) b5t ATk diAREt, 2009.
HUANG Bo-yun, LI Cheng-gong, SHI Li-kai, et al.Non-ferrous Materials Handbook (II)[M]. Beijing:
Chemical Industrial Press, 2009.

[94] SIKKA V K, VISWANATHAN S, LORIA E A . Processing and properties of Nb-Ti-base alloys[J]. Journal of
Materials Engineering and Performance, 1993, 2(4):505-510.

[95] 25K, FKitT, F .55 Nb-Ti-Al 28wl & e 0Tk R [1]. 4 €)%, 2016, 40(2):10.
SHI Zhi-wu, ZHANG Hong-yu, WEI Hua, et al. Progress in investigation of Nb-Ti-Al based
ultrahigh-temperature alloys[J].Rare Metal Materials and Engineering, 2012,41(6):1094-1096.

[96] TAPPIN D K, SMITH L S, HORSPOOL D N, et al. Microstructures and deformation behavior in
Nb/10-25at.%A1/20-40at.%V alloys[J]. Acta Materialia, 1997, 45(12):4923-4938.

[97] SOBOYEJO W O, YE F, DIPASQUALE J, et al. An investigation of the fatigue and fracture behavior of



5 3x A4 00 ] KEM, % PIRA RIS Sk 31

multicomponent  Nb-11Al-41Ti-1.5Mo-1.5Crintermetallic[J]. Journal of Materials Science,1999,

34(15):3567-3575.
[98] DING R, JONES I P, JIAO H. Effect of carbon on the microstructures and mechanical properties of as cast

Nb-base alloy[J]. Materials Science & Engineering A, 2008, 485(1-2):92-98.
[99] Z&/Hg, B Fik, ZHZE, 55 MELIREXHREE Nb-Ti-Al-V-Zr-C &&MEREImIMA SRS

TF£,2012,41(6):1094-1096.
CAI Xiao-mei, ZHENG Xin, LI Zhong-kui et al. Effect of hot-rolling process on microstructure and

mechanical properties of Nb-Ti-Al-V-Zr-C alloy[J]. Rare Metal Materials and Engineering,

2012,41(6):1094-1096.

[100] T &, X6 fk, A JH, & REEERES 4SS NbS21 &4 ARSI 05 SE MRS T
£, 2013,42(s2):479-482.
WANG Feng, ZHENG Xin, BAI Run, et al. Welding performance of low-density Nb-base alloy with Nb521

by electron beam[J]. Rare Metal Materials and Engineering, 2013,42(s2):479-482.

=

[101] ZE/hHg, F8 Ok, B 55, HE T 200 RS B mom it & e Mol 4L 2L s i sgma )], #n LTI Z,
2021,50(19):87-89.
CAI Xiao-mei, ZHENG Xin, Bai Run, et al. Effect of forging process on microstructure and properties of
niobium alloy with low density and high strength[J]. Hot Working Technology, 2021,50(19):87-89.
[102] XIJEWI, EMFE, XG4, & BUBKETSHNESUU AN 2T HT I EE O &
J&,2012,28(2):47-50,74.
LIU Zhao-gang, WANG Yan-qing, LIU Chuang-hong, et al. Study on microstructure of as-cast Nb-Ti-Cr-Al
alloy[J]. Hunan Nonferrous Metals, 2012,28(2):47-50,74.
[103] E#ME, XIIERI, PhARI, 5. Nb-40Ti-15A1 & & 0 (¥ A 4 4b 4l fh 1 FH (3001 23 M k) 2%
#,2013,33(4):9-13.
WANG Yan-qing, LIU Zhao-gang, SUN Ben-shuang, et al. Effect of boron on microalloying and grain
refinement in Nb-40Ti-15A1 alloy[J]. Journal of Aeronautical Materials,2013,33(4):9-13.
[104] BXL0iE, REME, XIEE, % (KHE Nb-Ti-Al-Mo-W-Zr 884 & IR TAT R K LI R Rl it K
HtE4,2021,41(12):1488-1493.
ZHAO Hong-yun, ZHU Bao-hui, LIU Yan-chang, et al. Thermal deformation behavior and microstructure of
the low-density Nb-Ti-Al-Mo-W-Zr Alloy[J]. Special Casting & Nonferrous Alloys ,2021,41(12):1488-1493.

=

[105] XIZ B, R, K%M, 2. B KIREN NbTIAIMoWZr & 4Bkt 4123 A A 2 PE B RS2 [ 7] 8500 T



32 W E A 4R R 202x 4F 00

T.2,2022,51(10):152-156.

LIU Yan-chang, HAN Wei-song, ZHU Bao-hui, et al. Influence of annealing temperature on microstructure
and mechanical properties of NbTiIAIMoWZr Alloy Sheet[J]. Hot Working Technology,
2022,51(10):152-156.

[106] ZHAO Z, DENQUIN A, DRAWIN S, et al. Microstructure and mechanical behaviour of NbTiAl based
alloys doped with low additions of silicon[J]. Materials Science Forum, 2013,783-786:1207-1212.

[107] SHI Z W, WEI H, ZHANG H Y, et al. Investigation of a hot-pressed Nb-Ti-Al alloy:Mechanical alloying,
microstructure and mechanical property[J]. Materials Science & Engineering A,2016, 651: 869-877.

[108] SHI Z W, LIU J L, WEI H, et al. Investigation on the microstructure and mechanical behaviors of a laser
formed Nb-Ti-Al alloy[J]. Materials Characterization, 2020, 162:110193.

[109] CHAIA N, CURY P L, RODRIGUES G, et al. Aluminide and silicide diffusion coatings by pack
cementation for Nb-Ti-Al alloy[J]. Surface and Coatings Technology, 2020, 389: 125675.

[110] WEI W Q, SUN J, ZHANG S Z, et al. Phase precipitation behavior and mechanical properties of
multi-phase Nb-Ti-C and Nb-Ti-Al-C alloys[J]. Materials Science & Engineering A, 2021, 815.

[111] BB, HoRE, KRR, 5. Nb-Ti-Al ik & &R TEAT N L #om TE . #0n T T Z,
2016,45(7):1-5.

TANG Xin-yang, XIAO Lai-rong, YU Chen-xu, et al. Hot deformation behavior and hot processing map of
Nb-Ti-Al superalloy[J]. Hot Working Technology ,2016,45(7):1-5.

[112] AR, HRR, BNE, 5 C TTHRIBMXT Nb-20Ti-16A1 & G 4LGURTERE W[5 58,
2017,41(9): 980-984.

YU Chen-xu, XIAO Lai-rong, ZHAO Xiao-jun, et al. Microstructure and mechanical properties of
Nb-20Ti-16Al alloy with Carbon addition[J]. Chinese Journal Rare Metals, 2017,41(9): 980-984.

[113] R, HRHE, RIRM, 5. Nb-38Ti-12A1 il & @ (A MAT ] TRV B 2,2015,45(5):52-56.
LIU Jian-fei, XIAO Lai-rong, YU Chen-xu, et al. Oxidation behavior of Nb-38Ti-12Al alloy[J]. Aerospace
Materials & Technology,2015,45(5):52-56.

[114] ZHIBH, HRZE, KRR, 5. Nb-Ti-Al 55 NG E K SR A AT A B ARG SRR S
T2, 2013,(1):94-101.

CAI Zhen-yang, XIAO Lai-rong, YU Chen-xu, et al. High temperature oxidation behavior of Nb-Ti-Al alloy

and its silicide coatings[J]. Materials Science and Engineering of Powder Metallurgy, 2013,(1):94-101.

[115] &AM, HKE, & 7, % Nb-Ti-Al i & 8 IS 5 80 1 22 AR RAT N [I] 4R Ak 2 27



55 3x B4 00 1) RER, 5 PURH miEIE G ek 33

1#,2012,33(22):40-45.
YU Chen-xu, XIAO Lai-rong, ZHAO Lei, et al. Dynamics of recrystallization and grain growth behavior of

Nb-Ti-Al superalloy[J]. Transactions of Materials and Heat treatment, 2012,33(z2):40-45.

Progress of high temperature niobium alloy for aerospace applications

Zhu Bao-hui'*? , WU Xiang-dongl, WAN Minl, Zhao Gangz,CAO Yan-fei4, Luo Wenz,
Li Shu-rong’, He Ji-lin®
(1. School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China;
2. State Key Laboratory of Special Rare Metal Materials, Northwest Rare Metal Materials Research
Institute Ningxia Co., Ltd, Shizuishan 753000, China;
3. Ningxia Horizontal Titanium Industry Co., Ltd, Shizuishan 7530003, China;
4.Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy

of Sciences, Shenyang 110016, China)

Abstract: Compared with other kinds of high temperature alloys, high temperature niobium alloy has
the advantages of low density, high temperature (600 ~ 1600°C) specific strength, good cold and hot
forming performance and good welding performance, can be processed into thin wall and complex
shape parts. It is one of the important candidate materials for aerospace structural parts, which can be
used to manufacture the thrust chamber body extension section of attitude control/orbit control engine of
rocket engine, satellite, spacecraft and missile. In order to meet the needs of space engines, China has
developed many kinds of niobium alloy structural materials for rocket engines on the basis of American
and Russian niobium alloys, among which C-103 and Nb521 alloys are the most used. In this paper, the
classification of niobium alloys and the development, application and progress of niobium alloys used in
space were reviewed. The progress of typical C-103, PWC-11, Nb521 niobium alloys and the
low-density niobium alloys under development are introduced emphatically. The existing problems in
the research of niobium alloys for aerospace applications were also discussed. The research direction of
the new niobium alloy with higher strength, higher toughness and lighter, and the high temperature
anti-oxidation protective coating with higher temperature and longer life were prospected.

Key words: Niobium alloy; Aerospace applications; C-103; Nb521; Low-density niobium alloy



34

W E A 4R R 202x 4F 00

Foundation item: Project(SKL2017K002, SKL.2018K002) supported by State Key Laboratory of Rare
Metal Special Materials, China

Corresponding author: WU Xiang-dong; Tel: +86-010-82338613; E-mail: xdwu@buaa.edu.cn



