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Research Progress on Niobium Alloys Prepared via Powder Metallurgy
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Abstract. Powder metallurgy niobium alloys, which are characterized by their homogeneous microstructure, fine-grained
structure, and superior mechanical properties, serve as critical high-temperature structural materials in the aerospace,
defense, and nuclear industries. This paper systematically reviews recent advances in the preparation of niobium alloy
powders, forming and sintering densification processes, additive manufacturing techniques, and microstructure-property
optimization. Special emphasis is placed on state-of-the-art powder preparation technologies, including the
hydrogenation-dehydrogenation process, plasma rotating electrode process, electrode induction gas atomization, electron
beam atomization, and near-spherical powder modification techniques. Furthermore, an in-depth analysis of current
developments in forming and densification methods such as metal injection molding, hot isostatic pressing, field-assisted
sintering technology, and additive manufacturing is provided. By comparing the mechanical properties of powder
metallurgy niobium alloys under diverse alloy systems and processing routes, this study elucidates the intrinsic relationships
among processing parameters, microstructure evolution, and performance outcomes. Finally, future research directions are
proposed, encompassing cost-effective high-efficiency powder synthesis, novel strategies for strength-toughness synergy,
optimization of binder-assisted 3D printing processes, and breakthroughs in manufacturing technologies for
high-performance complex components.
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Tab.1 Composition and physical properties of typical niobium alloys

Coefficient of

Alloy Nominal Density Melting point . . Recrystallization Annealing
designation composition/wt.% /(g-cm?) /C linear expansion temperature/ 'C temperature/ 'C
H(x10°K™)
Cb-752 Nb-10W-2.5Zr 8.83 4.50 1023~1 371 982~1 093
Fs-85 Nb-10W-28Ta-1Zr 10.61 2592 5.00 1093~1371 1010
SCb-291 Nb-10W-10Ta 9.61 2599 7.80 1316~1399 1093
D-43 Nb-10W-1Zr-0.1C 9.03 2593 4.50 1316 1203
C103 Nb-10Hf-1Ti-0.7Zr 8.86 2349 4.50 1038~1316 871
C-129Y Nb-10W-10Hf-0.1Y 9.50 2399 4.73 1 038~1 093 982
B-66 Nb-5Mo-5V-1Zr 8.45 2300 491 1203~1 371 1093
Cb-1Zr Nb-1Zr 8.66 2400 3.74 982~1 203 899~982
Nb-521 Nb-5W-2Mo-1Zr 8.85 2485 7.40 1350~1 500 1200~1 300
Nb-Ti-Al Nb-40Ti-7Al <7 - 880~1 000
Nb-Si Nb-5.5Si 1916 1500
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Fig.1 Morphology of niobium alloy powders prepared via different processes: (a) HDH; (b) PREP; (c) EIGA; (d) fluidization
modification treatment; (e) JM?202225261
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Fig.2 Microstructural morphology of different niobium alloys
formed by HIP: (a) Nb; (b) C103; (¢) WC-30091"
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Tab.2 Tensile mechanical properties of P/M niobium alloys at room temperature

Alloy Densification process Powder Yield strength /MPa Ultimate tensile strength/MPa Elongation/% Ref.
Nb HIP HDH 143 288 48 [7]

HDH 282
HIP [40]

PREP 285

C103

HIP HDH 430 530 26 [39]
HIP PREP 378 3.2 [6]
WC-3009 HP EBA 830 15 [5]
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Fig.3 Microstructures of the Nb-Si alloys formed via different field assisted sintering techniques: (a) HP; (b) SPS¥**"
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Fig.4 Microstructures of the Nb alloys formed via different
additive manufacturing techniques: (a) EBM Nb; (b) L-PBF
Nb521; (¢) L-DED Nb-17Si-23Ti* ™
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fusion, EB-PBF) 7 AR 5 SO Ky AR R il 5 AR 2 AT A
LA T2 i FE ,EB-PBF 1] 78 & B 25 B85 1 fifi FH 5
REHLFHAE M RERIR . & 4 A R[E 3G M il T2
A G AL ZH 27 55 L-PBF AH [t ,EB-PBF
A BUE 0% & 44 A & IR RE i i A% B
3 AR PR IR BE 5 | U R R IR (10°~10° K/m) (72 4D
8 (10°~10° K/m) %5 45 45, [H 1k, EB-PBF il %
RUHRE A AN S /N E Ak % B . Terrazas 45K
EB-PBF i Jy il # H J1 24 Pk RE G T 4% 40 4% 5 8 )
— ARG B AR T A A, v AR R A
1o R A R T (A A AR B A, R
EB-PBF 845 4 ik 51 KT L-PBF G 4:(I 4a), M1
BhoiR FEARAR, 4 EE % E ] EB-PBF W Nb-521
B4, AR (200) f T BRI AR K B BUL R HIR 5
FEAEAT PR Nb,C \ZrC kAR i, 3O T8 24T
Epad FE v & 4 2 BIPE IR I IAb B, (2 ka4 P T T

Brith . Yang %58 T EB-PBF BUJE Nb-521 & ##
ALY VTTENT AT, R FEIR Nb,C Al ik
(Nb, Zr)C Nb,C fik fb ¥ 75 & LA i N 1 5] 73 A1, B
HATEIIEAT FERIEIRE R, S Ak P B 25 th
B SR Ry AR i AR A AL P R 3, SRR
XI5 510

# 3 FEELE T L-PBF fl EB-PBF il %425 4
[ 712 PERE XS L, B LU Y L-PBF S84 4 1Y 8 i 45
T B SRR AR T EB-PBF 484 4 1Y 5 1 5 A 1M
WImERE, XORA A AR SR ER, — T
AT, T 25 1 45 R B R VA 1 AN L-PBF B A
e Yk FEE B R D g 4 0 R RS I R A T S T R A
L A NI VAL 1= R £ = S 7 = e e O - A 1]
EB-PBF 1 J& 5 B RV H) OB AAIS, FE RO
R R, 55— 5 1, L-PBF X 4% 5 A 5 Sk,
ST R IME 5 B0 R ) 8 M 4 2% I EB-PBF
AAE B8 R AT, AR T 4800 AR 98 M 1
eAEH
33 HAEEMEERNR

WO E 1) BE T (laser directed energy deposi-
tion, L-DED) & T /=5 BB AUH Rl R[] /400 [ 3% 43
Wt % E TR RS = g SRR & A T 2 MR
Nb-SH) P AL A Y . 306 2 502 52 Wi iU 24 5T
R T 2280, WOt RS S B RIE A
54, i OB 1R U A6 AS 58 4 | 3 THMLRE B2 fh Rz
FL A ;1 o R 2 B BOEk 1k o R B, 5
B IE D 7E L-DED il % Nb-Si & & 2+,
F L-DED A PR3t - i 558 [ 55 1, 2390 I NbsSi—
Nb+NbsSis [ 17, fifi % i 41 21 32 22 i Nbg 1 Nb,Si
PIAHZH B Si 7 i B i 23 07t /D i NbsSis A1, X

RIWMHERSG ST BRI ML

Tab.3 Tensile properties of AM niobium alloys at room temperature

Alloy Powder Forming process Yield strength/MPa Ultimate tensile strength/MPa  Elongation/% Ref.
HDH L-PBF 553 639 26 [9]
Nb EIGA L-PBF 525 324 16 [71]
PREP EB-PBF 141 225 34.25 [74]
L-PBF+HIP 529.6 678.7 591 [26]
HDH+IM
L-PBF 395 628.7 17.8 [27]
531.8 622.8 9.1
Nb-521
PREP L-PBF 546.3 623.4 7.4 [73]
541.5 624.6 8.4
PREP E-PBF 307 384 16.5 [19]
L-PBF 560.43 16.67
RFPS® L-PBF 410.5 20.79 [69]
C103
L-PBF+HIP 452.46 18.88
EIGA L-PBF 540 595 19 [72]

Note: (1) RFPS: radio frequency plasma spherification
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SEEURESY T Si gL & & Xt L-DED il % Nb-Si & 4
A B AR ) e B ST A N 7% (R T4
B, T IR 2 12%, A4 H Nby, F1 Nb,Si 748 )4
Nb,, 1 Nby/Nb,Si Ht i 20415 24 Si & ik 5] 18%0,
SIS ST B E 25%0, WE 5 B-NbsSis
FI Nby/Nb;Si FL 4141, anl&l 4¢ frsx ,L-DED W JE
i) Nb-17Si-23Ti(Jit it 43 %1, %) & 4 = I B I 1
FEOIUHLE  Nbg 55 (Nb, Ti);Si #1435 EA <100> Al
<110> ZUFY A% 4R 0] B 29 4 1~2 um, 358 5 (1) ¢ [
AN T AR B, BRI 2440 M A 51 20.3 MPa-m,
AL R NI L-DED WJEND-Si & 4 HA B %
52, Li SFRIBEY T4 400 4 L-DED il #5 Nb-Si
HEWLERER I ALEE , & AN Zr JCE ARSI
Nb,Si 1] y-NbsSis B 5% 48 | $2 5 6 4 19 % I W 24 )
PE; B Mo JC R BEASFR T B-NbsSi; M, I m A &
gk 5 B 11
3.4 FHEEFIBE AL

Z 45 57 W5 55 BE (binder jetting, BJ) & — Ff 3
o3 2R R B4 100 422 1 b ) 3 R, 3 Ao 2 485 70 1 il Ak —
A6 58 UBTE | 98 o 3l B R | 78 235 30 Ak 58 il & 56
P & HpE TAREJRFRAnIE 5 Br R, 4 T 200
T AL 58 090 2 il J — 280 85 R Al o ) — % 2 S - 4
H A R - B B 4 . b Al R I RO 5 OB/

5 Fhas R ST ROR R R B (a) B

Zh

=Rl

AR R R Al AR A A ORUERCR &, B
FUBLALA: P21 01 s @M B R R, R 2 MR 2 R
FE S5 R AR 1 @ IR Y | Tow = A Rl 68
1%, 38 o b L SR AL B R L B0 0] f; @ BT A T AR
H i, O 8 R m B m s et R
GHEA 5 MIM HUBLAE  be 2 80m fad 7 w7
8 [ 202U 4% 1) S PR )@, Lin ™0 B BoR
il 25 PR R MEA 42 T8 Z L4 F 1. Goncharov 45
fii F BY WJE Nb-Si & 4, WUBHFZ 1460 CHESS,
R TE A 3B St Ab = A AR R 25 e il o 4k, B
2H 2L BUAAME G Rs A R A i 10 S5 5l R 454
UL, 45 R0 W 5 i BE A Akt B0 4% 48 3D 4T Ep A 1
PN A [ S ) R e e A 4 il
SUSA AL TR B, S H8E 4 1k il 1 40 38k 1)
BRBEINZ—,

4 BHES5RE
BRI G A Gt — 2 LA B A A 6

S MR S AR, R T A AR I LA
FHRAMEE R, T — LSRR SRS Sk
JE ATy DA o i SRS A v 2k < A e ke
Ze il L OB ROE T AR A i 25 B AR S5 D T T
JEE R SR AR, T

I B 5 (b) AL 5 (c) iR Ak 451

Fig.5 Process diagram for binder jetting: (a) binder jet printing; (b) curing; (¢) debinding and sintering®!

https://www.cnki.net



SRl ES PRI

(EEEF AR N03/2025

EFiR,EMREERAEHARER

«211-

(WTF R A A& T BRTE By (A i v 3R [k} Hy
PR S AR BLAS 0 i R AR T 5 B H R R B Ak
i) 2o R A R S s ) R s R ik

Q)M # I & R RE M KR SR A & i
BRER, TR — LT AL B A F R A
BV KRR R ST 7 I R AWFSE, HE SR
KIGEHRA LM TN .

QVIFEMAKIGERA S W RPILIERE  HER
5 AR AR B G A v ) A e Re O AR
X F et A B MEE 1Y Nb-Si Nb-Al F4 4, Hlkr
TP I TV T A A SRR R R IR AR

(DFF R A G SR A LT LN IE AR B
S50 5 Bh 3D 4T B 4L AR 38 2 6 45 70 9 ml Ak - [ 16 58
BRI |, R J5 8 3 50k A TR S RO FSAL I A be b
T AR T T IR, RAFLEAY T T4
T BGE [ 2L 200 ) 45 1) S e 1) R, L RO 80 8 3 e s
EMARBEREGELENEE TN,

SE WK

[1] TSAKIROPOULOS P. Alloys for application at ultra-high temper-
atures: Nb-silicide in situ composites: Challenges, breakthroughs
and opportunities[J]. Progress in Materials Science, 2022, 123:
100714.

[2] LIU W, HUANG S, YE CT, JIAL, KANG Y W, SHA ] B, CHEN
B Q, WU Y, XIONG H P. Progress in Nb-Si ultra-high temperature
structural materials: A review [J]. Journal of Materials Science &
Technology, 2023, 149: 127-153.

[3] LORIA E A. Fatigue crack growth behavior and plane-strain
fracture toughness of a multicomponent Nb-Ti-Al alloy[J]. Materi-
als Science and Engineering: A, 1998, 254(1-2): 63-66.

[4] ALLAMEH S M, HAYES R W, LI M, LORIA E A, SROLOVITZ
D J, SOBOYEJO W O. Microstructure and mechanical properties
of'a 3 Nb-Ti based alloy[J]. Materials Science and Engineering: A,
2002, 328(1-2): 122-132.

[S] HEBSUR M G, TITRAN R H. Tensile and creep rupture behavior
of P/M processed Nb-base alloy, WC-3009[A]. Proceedings of the
TMS-AIME Fall Meeting. Chicago[C]. Cleveland: National Aero-
nautics and Space Administration, 1988.

[6] MIKLER C V. Hot isostatic pressing of niobium-based refractory
alloys[D]. Ohio: The Ohio State University, 2021.

[71 SERGIA,KHANRHU, GEORGILAS K, MEISNAR M, MAKAYA
A, ATTALLAH M M. Powder HIP of pure Nb and C-103 alloy:
The influence of powder characteristics on mechanical properties
[J]. International Journal of Refractory Metals and Hard Materials,
2022, 104: 105803.

[8] LIAOJH,FEIT,LIY, YUY X, SHA J. A comparison study on
microstructures and fracture behaviours of a single Nbgs solid solu-
tion alloy and a two-phase Nbsy/NbsSi; alloy prepared by spark
plasma sintering and arc melting [J]. Materials Characterization,
2021, 178: 111259.

https://www.cnki.net

[91 LIU M, ZHANG J Q, CHEN C, GENG Z W, WU Y E, LI D,
ZHANG T M, GUO Y. Additive manufacturing of pure niobium
by laser powder bed fusion: Microstructure, mechanical behav-
ior and oxygen assisted embrittlement[J]. Materials Science and
Engineering: A, 2023, 866: 144691.

LR R FRINT, R S0 T A A 1 A T IR ()]. =R
1642 ,2024, 53(1): 118-123.

LIANG HY, CHENG Y W, GUO S, CAO P. Study on preparation

[10

=

of niobium powder for target materials [J]. Yunnan Metallurgy,
2024, 53(1): 118-123.

R BH . L T SO R 118 S A I 2 A 200 R A% 09 B B9 BT 52 D).
I < FBH K, 2018.

CHENG Y. Research on preparation of fine particles low-oxygen

[11

—

niobium powders by electron beam smelting niobium with hydro-
genation-dehydrogenation processing[D]. Zhengzhou: Zhengzhou
University, 2018.
[12] BRPRIT, BA4E VOV . AU AR B 00 i 45 Nb-Si 56 /il 4 4
AR BB IE[I]. K % A TR, 2022, 14(11): 153-162.
WEI Z H, LIAO J H, SHA J B. Study on preparation of Nb-Si
based ultra-high temperature alloy powder by hydrogenation-dehy-
drogenation method[J]. Journal of Netshape Forming Engineering,
2022, 14(11): 153-162.
GABRIEL S B, BRUM M C, CANDIOTO K C G, SANDIM H R
Z, SUZUKI P A, NUNES C A. Kinetics of thermal decomposition

[13

—

of niobium hydride [J]. International Journal of Refractory Metals
and Hard Materials, 2012, 30(1): 38-41.
g SR E AR, R4 3N el g by A T A BT SE[I].
WrE A 48,2020, 36(3): 46-47, 80.
MA HY, GUO X M, WANG X D. Study on producing low-oxy-

[14

[y

gen and 3N-purity niobium powder[J]. Hunan Nonferrous Metals,
2020, 36(3): 46-47, 80.

[15] PARK K B, CHOI J, LEE S Y, PARK J Y, NA T W, CHOI J I,
KANGJ W, PARK H K. Sintering behaviour of Nb-16Si-25Ti-8Hf-
2Cr-2Al alloy powder fabricated by a hydrogenation-dehydrogena-
tion method[J]. Materials Science and Technology, 2020, 36(12):
1372-1380.

[16] Z°J 245, woph R dndn WA, Hhvt v, S0 1k B %0k 1 % Nb-Ti
FEB SRR W AT & )8 MRS TR 2020, 49(1): 93-100.
LIQJ, ZHANG L, LI B B, WEI D B, QU X H. Nb-Ti based alloy
powder prepared by hydride-dehydride method[J]. Rare Metal Ma-
terials and Engineering, 2020, 49(1): 93-100.

[17] CANDIOTO K C G, NUNES C A. Nb-20%Ta alloy powder by
the hydriding-dehydriding technique [J]. International Journal of
Refractory Metals and Hard Materials, 2006, 24(6): 413-417.

[18] CUIY Q,ZHAO Y F, NUMATA H, YAMANAKA K, BIAN H K,
AOYAGI K, CHIBA A. Effects of process parameters and cooling
gas on powder formation during the plasma rotating electrode pro-
cess [J]. Powder Technology, 2021, 393: 301-311.

[19] Zoi R, AT a B E  B/hU, B, XU, i 7 i X
#5 AL Y Nb521 & 4 O 2H 20 5 P 58 43 7 (], Bk Tkt e
2020, 37(4): 35-40.

LIHX,ZHUJL, CHE QY, ZHAO P, ZHAO X H, Y1 Y, LIU B.
Microstructure and properties analysis of Nb521 alloy prepared by

selective electron beam melting [J]. Titanium Industary Progress,



<212

FOUNDRY TECHNOLOGY

Vol.46 No.03
Mar. 2025

[20

=

[21

—

[22]

[23]

[24

=

[25

[}

[26]

[27]

[28

[t

[29

—

[30

[t}

[31]

[32]

SRl ES PRI

2020, 37(4): 35-40.

LI Q J, ZHANG L, CHEN X W, WEI D B, ZHANG P, CHEN Y,
QU X H. Characterization of plasma rotating electrode atomized
Nb-Ti based alloy powder[J]. Metal Powder Report, 2020, 75(2):
82-91.

e B, TN 5 B Al A R R TR R
A G B 2 SR R B T R B BT T £ R (0] BRI
2023,37(21): 185-192.

WU JL, XIAM, WANG J F, GE C C. Raw metal powders produc-
tion for powder metallurgy additive manufacturing by electrode
induction melting gas atomization method: A review[J]. Materials
Reports, 2023, 37(21): 185-192.

GERLING R, HOHMANN M, SCHIMANSKY F P. Gas atom-
ization of high melting reactive metals by a crucible-and ceram-
ic-free technique[J]. Materials Science Forum, 2007, 539-543:2693-
2698.

PARKJM,NA T W, PARKHK, YANG SM, KANGJ W, LEE T
W. Preparation and characterization of spherical niobium sili-
cide-based powder particles by electrode induction gas atomization
[J]. Materials Letters, 2019, 243: 5-8.

PLEIER S, HOHMANN M, GOY W, SCHAUB B. Powder manu-
facturing and processing: Actual improvements of ceramic-free
metal powder production[A]. European Congress and Exhibition on
Powder Metallurgy[C]. Shrewsbury: The European Powder Metal-
lurgy Association, 2004. 1-8.

WRAESS T RERE , ABLOE, BRI, il 264, 3D F1 B IE Bk Nb521
B A AR AL A [T]. B AR AR 2022, 40(2): 126-130.
CHEN J N, DING W W, ZHU K Y, CHEN G, QU X H. Fluidizing
preparation of near spherical Nb521 alloy powders for 3D printing
[J]. Powder Metallurgy Technology, 2022, 40(2): 126-130.

CHEN J N, DING W W, TAO Q Y, MA C Z, ZHANG C, CHEN
G, QIN M L, QU X H. Laser powder bed fusion of a Nb-based
refractory alloy: Microstructure and tensile properties[J]. Materials
Science and Engineering: A, 2022, 843: 143153.

CHEN N, LIU C, WANG Y E, DING W W, TAO Q Y, CHEN G,
CAI' W, QINM L, QU X H. Strong and ductile niobium-based re-
fractory alloy via deformable zirconia nanoparticles [J]. Interna-
tional Journal of Refractory Metals and Hard Materials, 2024, 118:
106451.

AGGARWAL G, SMID I, GERMAN R M. Exploring powder
injection molding of niobium[J]. Advances in Powder Metallurgy
and Particulate Materials, 2003: 298-306.

AGGARWAL G, SMID I, PARK S J, GERMAN R M. Develop-
ment of niobium powder injection molding. Part II: Debinding
and sintering[J]. International Journal of Refractory Metals and
Hard Materials, 2007, 25(3): 226-236.

SANDIM H R Z, PADILHA A F. On the sinterability of commer-
cial-purity niobium[J]. Key Engineering Materials, 2001, 189-191:
296-301.

SANKAR M, BALIGIDAD R G, KHAPLE S, SATYA PRASAD
V V, BHANU PRASAD V V. Compaction and sintering behav-
ior of niobium powder for making consumable electrodes [J].
Transactions of the Indian Institute of Metals, 2012, 65: 467-472.
MULSER M, HARTWIG T, SEEM ULLER C, HEILMAIER M,

https://www.cnki.net

[33

—

[34

[}

[35]

[36

[}

[37]

(38]

[39

—

[41

—

[44]

[45

=

ADKINS N, WICKINS M. Influence of the processing technique
on the properties of Nb-Si intermetallic composites for high-tem-
perature applications processed by MIM and HIP[A]. Proceedings of
the World Congress on Powder Metallurgy and Particulate Materi-
als[C]. Orlando: The Metal Powder Industries Federation, 2014.
MULSER M, HARTWIG T, SEEMULLER C, HEILMAIER M,
ADKINS N, WICKINS M. MIM for HT turbine parts: Gas-atom-
ized versus mechanically milled Nb-Si alloy powder [A]. Proceed-
ings of the World Powder Metallurgy 2016 Congress and Exhibi-
tion[C]. Hamburg: The European Poweler Metallurgy Association,
2016.

SEEM ULLER C, HEILMAIER M, HARTWIG T, MULSER M,
ADKINS N, WICKINS M. Influence of microstructure and pro-
cessing on mechanical properties of advanced Nb-silicide alloys
[J]. MRS Online Proceedings Library, 2012, 1516: 317-322.
ZHANG D, QIN M, ZHANG L, LU X, QU X. Fabrication of
Nb-based alloy via spark plasma sintering[J]. Advanced Materi-
als Research. 2012, 557-559: 38-41.

ZHANG D Z, QIN M L, RAFI UD D, ZHANG L, QU X H. Fabri-
cation and characterization of nanocrystalline Nb-W-Mo-Zr alloy
powder by ball milling[J]. International Journal of Refractory Met-
als and Hard Materials, 2012, 32: 45-50.
CAOJ,GUOZC,SUNTL,GUOY C, LIANG Y F, LIN J P. Mi-
crostructure evolution and mechanical properties of a high
Nb-TiAl alloy via HIP and heat treatment [J]. Materials Science
and Engineering: A, 2023, 884: 145517.

FIETEK C, BRIZES E, MILNER J. Evaluation of high-vacuum
annealing and hot isostatic pressing on the microstructure and
properties of an additively manufactured niobium alloy[J]. JOM,
2024, 76(3): 1223-1234.

WADSWORTH J, ROBERTS C A, RENNHACK E H. Creep be-
haviour of hot isostatically pressed niobium alloy powder com-
pacts[J]. Journal of Materials Science, 1982, 17(9): 2539-2546.
WOICIK C C, CHANG W. Thermomechanical processing and
properties of niobium alloys[A]. Proceedings of the International
Symposium on Niobium 2001[C]. Orlando: 2001. 163-173.

Ewemy, EE i gL A0 Nb-16Si MEE 4 4 019 il 5 K H e
S5 —HR3 mA R U [J]. 42 )8 2% 41,2009, 45(9): 1030-1034.
WANG X L, WANG G F, ZHANG K F. Fabrication of
fine-grained Nb-16Si refractory alloy and its sinter-forging with
shortprocess[J]. Acta Metallurgica Sinica, 2009, 45(9): 1030-1034.
WANG X L, WANG G F, ZHANG K F. Effect of mechanical
alloying on microstructure and mechanical properties of hot-
pressed Nb-16Si alloys [J]. Materials Science and Engineering: A,
2010, 527(13-14): 3253-3258.

MENDIRATTA M G, LEWANDOWSKI J J, DIMIDUK D M.
Strength and ductile-phase toughening in the two-phase Nb/NbsSi,
alloys[J]. Metallurgical Transactions A, 1991, 22(7): 1573-1583.
WANG X L, ZHANG K F. Mechanical alloying, microstructure
and properties of Nb-16Si alloy[J]. Journal of Alloys and Com-
pounds, 2010, 490(1): 677-683.

WR¥T, At 2 ™A . O AF B T e 4 Nb/NbsSis 5 52 4 4
A [I]. AR RO E (A AR R , 2005, 33(12): 22-23, 30.
CHEN Z, WANG S X, YAN Y W. Spark plasma sintering of



(EEEF AR N03/2025

EFiR,EMREERAEHARER *213.

Nb/NbsSi; in-situ composites [J]. Journal of Huazhong University
of Science and Technology (Nature Science Edition), 2005, 33(12):
22-23, 30.

[46] BR4E, ™A M. Be4hilh i Xt SPS Nb/NbsSis Ji v & & 44 k4141 45

F 52 [T]. A4 AR B 2417, 2005, 26(6): 45-48.

CHEN Z, YAN Y W. Effect of sintering temperature on the
microstructure of SPS Nb/NbsSi; in-situ composites[J]. Transac-
tions of Materials and Heat Treatment, 2005, 26(6): 45-48.

[47] BR¥T, T4 0. 52 Nb/NbsSiy 4 MRH R 458 T b4 K254

TE UHLEL[D]. 75 A 4 Jm A kLS T/ 2006, 35(3): 484-487.

CHEN Z, YAN Y W. Synthesis and formation mechanism of
Nb/NDbsSi; in-situ composites by spark plasma sintering [J]. Rare
Metal Materials and Engineering, 2006, 35(3): 484-487.

(48] ™A by BRAT  f1E 3. Si 3% bk XD 45 B TR 45 IR Nb/NbsSiy

AR R B M R R (0], 5 AR R, 2005, 22(2): 6-10.
YAN Y W, CHEN Z, FU Z Y. Influence of Si content on the mi-
crostructure of in-situ Nb/NbsSi; composites fabricated by spark
plasma sintering [J]. Acta Materiae Compositae Sinica, 2005, 22
(2): 6-10.

[49] XIONG B W, LONG W Y, CHEN Z, XIA C, WAN H, YAN Y W.

Effects of element proportions on microstructures of Nb/NbsSi; in
situ composites by spark plasma sintering [J]. Journal of Alloys
and Compounds, 2009, 471(1): 404-407.

CHEN Z, YAN Y W. Influence of sintering temperature on mi-
crostructures of Nb/NbsSi; in situ composites synthesized by spark

plasma sintering[J]. Journal of Alloys and Compounds, 2006, 413

—

—

Nb-208Si-24Ti-2Al-2Cr alloy with a Nbsy/NbsSi; microstructure[J].
Materials & Design, 2017, 116: 92-98.

JTT, SETET R AT MR BB, Ti X SPS 5E 45 Nb/NbsSis
SARR AL VR PE BE Y S e [T]. B A 42 Jm A RHS TR 2013, 42
(5): 989-992.

LONG WY, YAO J P, ZHANG L, LIN Z B, ZHAO L. Effects of
Ti addition on microstructure and properties of Nb/NbsSi; in situ
composites by spark plasma sintering[J]. Rare Metal Materials and
Engineering, 2013, 42(5): 989-992.

RETSC e SCoC  BRAT JTAL, A . W ORI W-Mo X 45 B - he 45
Nb/NbsSi; & &4k L 2L 2 [J]. 7 A &8 b kS TR
2009, 38(6): 1112-1115.

XIONG B W, LONG W Y, CHEN Z, WAN H, YAN Y W. Effects
of W and W-Mo additions on microstructures of Nb/NbsSi; in situ
composites by spark plasma sintering[J]. Rare Metal Materials and
Engineering, 2009, 38(6): 1112-1115.

LONG W Y, YAO J P, FU Z Y. Effects of Al addition on the
microstructure and properties of Nb/NbsSijin situ composites
fabricated via spark plasma sintering [J]. Journal of Wuhan Uni-
versity of Technology Materials Science Edition, 2014, 29(5): 1036~
1038.

LONG W, ZOU X, WANG W, YAO J. Oxidation of Nb/NbsSi; in
situ composites fabricated via spark plasma sintering with Al ad-
dition[J]. Applied Mechanics and Materials, 2013, 376: 49-53.
XIONG B W, CAI C C, WANG Z J. Microstructures and room

temperature fracture toughness of Nb/NbsSi; composites alloyed

(1-2): 73-76. with W, Mo and W-Mo fabricated by spark plasma sintering[J].
[51] WANG S, WANG X L, WANG ZM, SUNZP, YE W C, ZHAO Q Journal of Alloys and Compounds, 2014, 604: 211-216.
H. Fracture behavior and mechanism of Nb-Si-Based alloys with [64] XIONG B W, CAI C C, WANG Z J. Microstructures of Nb/NbsSi;

heterogeneous layered structure[J]. Materials, 2024, 17(11): 2735.
[52] LIU W, SHA J. Effect of Nb and NbsSi; powder size on microstruc-

composites and it alloyed with W, Mo and W-Mo fabricated
by spark plasma sintering[J]. Journal of Alloys and Compounds,
2014, 583: 574-5717.

[65] XIONG B W, WANG Z J, WANG C W, XIONG Y Z Y, CAIC C.

Effects of short carbon fiber content on microstructure and me-

ture and fracture behavior of an Nb-16Si alloy fabricated by spark
plasma sintering [J]. Metallurgical and Materials Transactions A,
2014, 45(10): 4316-4323.

[53] LIU W, SHA J B. Failure mode transition of Nb phase from cleav- chanical property of short carbon fiber reinforced Nb/NbsSi; com-

age to dimple/tear in Nb-16Si-based alloys prepared via spark plas- posites[J]. Intermetallics, 2019, 106: 59-64.

ma sintering[J]. Materials & Design, 2016, 111: 301-311. [66] SHI Z W, WEI H, ZHANG H Y, JIN T, SUN X F, ZHENG Q.

[54] WANG X L, WANG G, ZHANG K F. Microstructure and room Blocky and columnar microstructures and the influence on me-

temperature mechanical properties of hot-pressed Nb-Si-Ti-Fe
alloys [J]. Journal of Alloys and Compounds, 2010, 502(2): 310-

chanical behaviors of a hot-pressed Nb-23Ti-15Al alloy[J]. Mate-
rials & Design, 2015, 87: 1003-1009.

318. [67
[55] mav R KELE, TAN, LW 2 A AER Nb-16Si-2Fe J5 &4
R R S8 (7], 438 2% 4k, 2008, 44(8): 933-936. chanical alloying and high temperature processing[J]. Journal of
YUIJL,ZHANG K F, YU J, WANG G F. Superplasticity of multi- Microscopy, 2010, 237(3): 501-505.
phase refractory Nb-16Si-2Fe in situ composite[J]. Acta Metallur- [68] ROZMUS M, BLICHARSKI M, DYMEK S. Scanning and
gica Sinica, 2008, 44(8): 933-936.
[56] YU J L, ZHANG K F. Tensile properties of multiphase refractory
Nb-16Si-2Fe in situ composite[J]. Scripta Materialia, 2008, 59(7):
714-717. [69
[57] YU J L, ZHANG K F, WANG G F. Superplasticity of multiphase
fine-grained Nb-16Si-2Fe refractory alloy[J]. Intermetallics, 2008,
16(10): 1167-1170.
[58] FEI T, YU Y X, ZHOU C G, SHA J B. The deformation [70] CANDELA S, REBESAN P, DE BORTOLI D, CARMIGNATO S,
ZANINI F, CANDELA V, DIMA R, PEPATO A, WEINMANN

—

ROZMUS M, BLICHARSKI M, DYMEK S. Microstructure and
mechanical properties of Nbl15AII0Ti alloy produced by me-

transmission electron microscopy microstructure characterization
of mechanically alloyed Nb-Ti-Al alloys[J]. Journal of Microscopy,
2006, 224(1): 58-61.

MIRELES O R, RODRIGUEZ O L, GAO Y P, PHILIPS N.

—

Additive manufacture of refractory alloy C103 for propulsion ap
plications[A]. AIAA Propulsion and Energy 2020 Forum[C]. US:

American Institnte of Acronantics and Astronautics, 2020.

and fracture modes of fine and coarsened Nbgs phase in a

hEIM  https://www.cnki.net



<214

FOUNDRY TECHNOLOGY

Vol.46 No.03
Mar. 2025

[71

—

[72

—

(73]

[74

[}

[75]

[76

=

[77]

[78

[}

SRl ES PRI

M, BETTINI P. Pure niobium manufactured by laser-based powder
bed fusion: Influence of process parameters and supports on
as-built surface quality[J]. The International Journal of Advanced
Manufacturing Technology, 2024, 131(9): 4469-4482.
GRIEMSMANN T, ABEL A, HOFF C, HERMSDORF J, WEIN-
MANN M, KAIERLE S. Laser-based powder bed fusion of niobi-
um with different build-up rates [J]. The International Journal of
Advanced Manufacturing Technology, 2021, 114(1): 305-317.
AWASTHI P D, AGRAWAL P, HARIDAS R S, MISHRA R S,
STAWOVY M T, OHM S, IMANDOUST A. Mechanical prop-
erties and microstructural characteristics of additively manufac-
tured C103 niobium alloy[J]. Materials Science and Engineering:
A, 2022, 831: 142183.

SUNY W, LIU J L, WANG J, ZHANG K, CHEN L, HAO M L. A
Nb521 alloy processed by selective laser melting: Microstructure
and tensile properties[J]. Vacuum, 2024, 219: 112726.
TERRAZAS C A, MIRELES J, GAYTAN S M, MORTON P A,
HINOJOS A, FRIGOLA P, WICKER R B. Fabrication and charac-
terization of high-purity niobium using electron beam melting
additive manufacturing technology[J]. The International Journal of
Advanced Manufacturing Technology, 2016, 84(5): 1115-1126.
LIU W, REN X Y, LI N, GAO C, XIONG H P. Rapid direc-
tionally solidified microstructure characteristic and fracture be-
haviour of laser melting deposited Nb-Si-Ti alloy[J]. Progress in
Natural Science: Materials International, 2021, 31(1): 113-120.
MARTINEZ E, MURR L E, HERNANDEZ J, PAN X, AMATO K,
FRIGOLA P, TERRAZAS C, GAYTAN S, RODRIGUEZ E,
MEDINA F, WICKER R B. Microstructures of niobium compo-
nents fabricated by electron beam melting[J]. Metallography, Mi-
crostructure, and Analysis, 2013, 2: 183-189.

YANG J X, HUANG Y J, LIU B K, GUO C, SUN J F. Precipita-
tion behavior in a Nb-5W-2Mo-1Zr niobium alloy fabricated
by electron beam selective melting[J]. Materials Characterization,
2021, 174: 111019.

XA 4508 AR5, mR, AR AR T OGSl R X JEUAL 2 3 B )
& Nb-16Si —Je 64 WA U2 mI[I]. HLA T 7 %4 , 2020, 56
(8): 69-76.

https://www.cnki.net

LIU W, LIN, REN X Y, GAO C, XIONG H P. Influence of laser
power on microstructure of Nb-16Si binary alloys fabricated by
in-situ additive manufacturing[J]. Journal of Mechanical Engineer-

ing, 2020, 56(8): 69-76.

[79] GONCHAROV I, MASAYLO D V, ORLOV A V, RAZUMOV N,

[80]

OBROSOV A. The effect of laser power on the microstructure of
the Nb-Si based in situ composite, fabricated by laser metal depo-
sition[J]. Key Engineering Materials, 2019, 822: 556-562.

LIU W, XIONG H P, LI N, GUO S Q, QIN R Y. Microstructure
characteristics and mechanical properties of Nb-17Si-23Ti ternary
alloys fabricated by in situ reaction laser melting deposition[J]. Ac-
ta Metallurgica Sinica (English Letters), 2018, 31(4): 362-370.

[81] XA, REHEF-, i KR . Si JC 3R % kX O P U ) 45 Nb-Si

[82]

ZOtA e B S AR Y s2 ) [T]. 4R B 244, 2017, 38(3):
53-56, 61, 131.

LIU W, XIONG H P, TANG S Y. Effect of Si content on mi-
crostructural evolution of Nb-Si binary alloys fabricated by laser
rapid forming [J]. Transaction of the China Welding Institution,
2017, 38(3): 53-56, 61, 131.

LI Y L, LIN X, HU Y L, KANG N, GAO X H, DONG H B,
HUANG W D. Zirconium modified Nb-22Ti-16Si alloys fabricat-
ed by laser additive manufacturing: Microstructure and fracture
toughness[J]. Journal of Alloys and Compounds, 2019, 783: 66-76.

[83] LIYL,LINX,HUY L, YU J, DONG H B, LIU F C, HUANG W

D. The effect of Mo on microstructure and mechanical properties
of Nb-22Ti-16Si alloy additively manufactured via laser directed
energy deposition [J]. Journal of Alloys and Compounds, 2021,
858: 158143.

[84] LIUJM, LI XY, ZHANG L, ZHANG P, GUO C G, MEI E, HUS-

SAINM I, QUE Z 'Y, QU X H. Powder optimization for enhanced
printing and sintering of porous tungsten in binder jet printing
[J]. International Journal of Refractory Metals and Hard Materials,
2025, 128: 107012.

[85] GONCHAROV I, HISAMOVA L, SAUBANOVA L, POLOZOV I,

WANG Q. Synthesis of the in situ Nb-Si composites by binder jet-
ting additive manufacturing technology[J]. Key Engineering Mate-
rials, 2019, 822: 311-319.



