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Research status on composition design and forming process of Nb-Si based

lightweight ultra-high temperature alloys
Chen Wei, *Ji Xiao-yuan, Tu Xian-meng, Zhou Sheng-zhi, Yu Peng, Yin Ya-jun
and Zhou Jian-xin
(State Key Laboratory of Materials Processing and Die & Mould Technology, School of Materials Science and Engineering,
Huazhong University of Science and Technology, Wuhan, 430074, China)
Abstract: The rapid development of modern aerospace technology has placed higher demands on engine
performance indicators, with the performance of hot-end components becoming a key factor limiting the overall
performance improvement. Nb-Si-based ultra-high-temperature alloys, with advantages such as high melting point,
low density, and excellent high-temperature strength, are promising candidate materials for hot-end components of
aerospace engines with high thrust-to-weight ratios and high flight Mach numbers. This paper reviews the research
progress of Nb-Si-based alloys in alloy composition design and forming processes, while delving into the
characteristics and development trends of related technologies. It also explores the future potential of combining
data-driven approaches with additive manufacturing technologies, aiming to break through the bottleneck of

composition-process-performance synergistic optimization.

Keywords: Nb-Si based alloy; lightweight; high-temperature alloy; alloy design; forming process; data-driven;
additive manufacturing
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Fig. 2 The influence of alloying elements on the microstructure of

Nb-Si alloy™®!. (a) Nb-18.7Si; (b) Nb-18.7Si-5Ti; (c) Nb-18.7Si-5Zr
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Fig. 3 The influence of Zr and Hf element additions on the
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Fig. 4 High-temperature oxidation resistance behavior of Nb-16Si-20Ti-1.5Zr-1C-1B-xScl?l. (a) Increase in mass per unit area after 24

hours of oxidation at 1200°C; (b) Increase in mass over time during oxidation at 1200°C; (c) Macroscopic morphology after 4 hours of

oxidation at 1200°C
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Fig. 5 High-throughput experiment of binary niobium-based alloys[?®l. (a) Experimental setup; (b) Oxidation weight gain comparison;
(c) Macroscopic morphology after oxidation
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Fig. 6 Component design of Nb-Si-X ternary alloy based on phase diagram guidancel®. (a~c) Alloy phase diagram; (d~f) SEM images of
the alloy after homogenization for 96 hours
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Fig. 7 Component design of multi-component Nb-Si alloys based on first-principles theory!®'!
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Fig. 8 Flowchart for data-driven prediction and optimization of Nb-Si based alloy composition - fracture toughness

4 Nb-Si HEEWRTITE

) % T2 AN Nb-Si & 4 I H 8 5K
oM, MR A & LE G ERE. BT S AL K
PrEEE DL R s W) i AR R R SR, Nb-Si G
SHIRIEEER R, HilEBWRIEHER: BF
R IRTE . MIBERNE . 0 oRia 4k DL A 38 M il
&%,

4.1 Bz rilMEk

HARIUS PR RS IE T, @i BkS
IOH A2 B3 B B0 5 458 A A 4 ke e 7= A2 P P ok HL
ST, ERBIERT, BEENSMES TR
B mn, @ A I A AR HR R
T EHE T IS R A S k25, B HIE
PREAR AT 43 B2 AR FRIUE A 312 4 E FE L
& ¥ o

KA ED AU Nb-Si B G5 &0, &4
A BN SRR N, [R5 ) Nb-Si 34 44
TCRBONBSI HAL S, (BfEN TR 72K
HIF, DI ANRFEmAEE T RS, K dEERE
FLUE G N ms s AR e (CAndg . S8
M%) KINFA Nb-Si A4, AR EE HIE
MR, DRI 9 AR R, IR T 2 IR RS 4
BT R, R R O ML T E 4, 1K
TCRAI A o FF HR A 7 05 1K F /K v i 4t
WONIERR, AR, 5 IR AT AN R L.

Hr, HadEaEEIUEHRE Z AT
Nb-Si & BHERRIE, HT&emr it i
A UL R SR A PEREIT 9T 2022 4F, MG /RIE Tk
K5 1 B Bt 1 4 N B4R B 3 B AR F TR kil % 1
A Se i (0. 0.01. 0.02. 0.05. 0.5at.%) [
Nb-16Si-20Ti-3ZrC-xSc &4 (41l 9 i) , RAE
AR R S B G AL, FF I oK IR =
Al e Re, BEFT ORI, TN 0.05 at.% Sc
A {5 Nb-16Si-20Ti-3ZrC & 4 1) = i Wr 24 B)) P $2 T+
% 16.4 MPa-m'/?, HALHIUET Sc 484t v -(Nb,X)sSis
FHIEF#AR Nbss AL, R3] 5 5 A Mok -

Sample ii

B 9 3k B FEERIIE SRS & Nb-Si &S
Fig. 9 Preparation of Nb-Si based alloy by non-self-consuming

arc melting method[34

2024 4, RIEKZFEMREENBSIE TR
HLS R i 25 & 4, BEE T IR INAN R & & (0-1.0
at.%) ] B4C X Nb-16Si-20Ti 2 4 o0 45 ki A2 |
J15PERe Kt i sgma, AR FER B, 0.5 at. %[
BsC AmMEBINE, ERFFEBRIME (115
MPa-m'2) FIE4E58F (2111.4 MPa) R, 3
Joit R B (B A A 1
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4.2 EELEE

S [ 5[] 5 A ORI FH 4t [543 AR k1] 0 A
HHRESE 5 ) PR FE RS E RS B EL Bk S 1R Y s ] i
R o 7 I T VO B A P D AR A K A S, R
R B g RN E [l B A ) — P B B £ T2,
Fode g SR 10 Fros. 7€ [ Bk [ 152 R BE H B
KEB AR S, SRAF RUFBE REEE 2HEL, nT Ll
P B 4 1) 2 R I R B R el R P A 25 A PR RE A
PR TE Nb-Si & S0 704 ) 12 B A

2020 =, FEAL Tk K 2= 1 56 =725 AR A
5E [A] [ VA & T AN RER S /= (0, 10,20 AT 25
at%) ML LK Nb-Si A&, L XN
Nb-xTi-15Si-5Cr-1.5Hf-1.5Zr, &4 @it E2 R #E
PE R BRI 2%, BE S 7E B ] AR e ) B ] o v
HEAT 58 A1 [ 5258, INFIELE R 2050° C,  fillEDE
29100 pm/s, WFFLEERF, RIS IO 5E [m] 5 [
Nb-Si G 4 O 5 H6) 0 i A B I ) S 35 52l 49
A AH Mo-(Nb, X)sSis 7 48 Hy-(Nb, X)sSiz, Fhdib&hiiy
Hhngni, HILEA LTI

B 10 Rt B AL KR

Fig. 10 Equipment and Principles of Directional Solidification

Technology!®!

2016 4, A6 B 25 M R K 2 1 BN R 4 A B7)
K B2 AR UG R & BEA &%, TR
UREE I LAR R R 0 380 51 5 B i 33047 2 [ ] S 566
DLBFFCA NV, Ta, W Al Zr & 1Y 52 [ 5t [
Nb-16Si-22Ti-3Cr-3Al-2Hf (at%) & 4 £ =i~ 1
FAAT N, T RERM, N Zr LR B ER S
H4AE 1250°C FPLEMME, 11V W LR IR
T BAR T BrEAetE, Ta CRMBINEHAHE.
2020 4, b 5L A MR K 2% 1Y BTN 0 A N B8
Bridgman ' E47 5E a1 5[ SE56, BETE T 0 d R R
e AT Y Ay W U SR g K O [
E 71V AN S S A B U S

Nb-xSi-24Ti-4Cr-2A1-2Hf (x=16; 17, at.%) & 4 7 [f]
HERE TR SR e, BIEFLR A, I e T B
AR AR A, T DRI R [ U] R SR AR AL
TEAS, AT H MR AN AR, i
JE [) B Nb-Si & I PERETR AL 18 (1 W] RedE
4.3 MRBEE

MARIGB S HARWLE D &R REE R RS
4B AR IR G0 N ERE, 48R Rl e 4 1o 75 il
EEJEMEN AWML Z FhAS [F SRR & 1) T
2. Hd, TSR T4 (Spark Plasma
Sintering, SPS) MONE LA A4 H (1) R ik S Ak
BEE Kk e I S U g RIS A 20 AR 8
B P A5 B A A T A RS AR A AR
TEAE R, (RA8H) R ks se Il bk 2 ik, HE &4
BAEYSRMALR, RiA MGG 6485
N, 2024 4, F5E TR0 BN & AL
NEFEE N A 44 (64 12, 18, 24h) F1SPS
Fo R % 7 Nb-16Si & & 1 A5 35 it 2 4R 45 14
(HLS), @i 11 frow, i@t 5 7] 6k 1125 i C(SENB)
AR 40, 2> AR TS T HLS X = i A s i T
TR, TR, FE T4 E . Ay
FAMBhA A m L REER, 7RG ML =R
NI O S P R R R IR

B 11 & [aBEE #] & Nb-Si A& S RE
Fig.11 Schematic diagram of Nb-Si based alloy preparation by

directional solidification[*']

2023 4, B EMUE K KRR S0 N2
SPS kil £ A1 S 47 1Y 5 Nb/NbsSis A8, il %
HRRORFASEREL WARRES GREERRE)
weat, iEhil & 7 B SR TR PITERPTS 5
RS ML, B H & R 1450°C T = £
1550°C, HAA I RIS F AR 3 2] o A i)
B2 T

4.4 EMHIETE

WG M ) 1E  (laser additive manufacturing,
LAM) £y —H L0 BE B IR A RHZ 2 R
TERIF GG ROAR, T2 N HEMT MR 4
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BT BT DA S AR 4% [ ) IR P kAT
732K, LAM R SR 73 0 LUR A BoARSE m5 O
AR RIERL (laser powder bed fusion, LPBF) FILA
[ 22 3 M 9 R R A IO B Be DT (laser
directed energy deposition, LDED) , HaiErE K
mE 12 frost#, BT IR R L0 E R B
BB J7 I e < B R HEAT O LPBF 80K, AH
BT LDED, HA IR, FIESE 2
RORE 5 B 7 T SE B AR S, BORIRTE T 4R mT 5L
TR, PRIAE AT A IR 55 B 2% — A ) R sk

AR R -
a b
) Scanner Laser ®) Laser
Shielding gas
Scraper i 7 2
Melt pool A
Powder/wire NozH
/ Powder bed feeder D
¥ e
Buildi . l” Melt pool
uilding .
platform ' Porkpiees 01 Work piece
Building %

platform

B 12 BotEMHEBEATREE. () BUKHR
RIERE: (b)) BOLEERERIIH
Fig. 12 Schematic diagram of laser additive manufacturing
technology!®l. (a) Laser powder bed fusion; (b) Laser direct

energy deposition

ARACK SR 5 46 NHER F LDED il % T b5
PRI A Nb-16Si-20Ti-3Al (at.%) FIA[FS B4k
ZrC (0. 2.5 5.0, 10.0 wt.%) FRANEFIHREE S,
2yt 18 Byl R, it SR8 30 mm (LD
*16 mm (W) *8mm (H) [ LDED &, #WFR T
gk ZrC WINXT Nb-16Si-20Ti-3A1 & 4= KM
HEVHAB R 2E R Re e . 25 SR, BEAE YK
ZrC B 0 wt% I nE] 10.0 wt%, =I5 Wik
AP 5 P 1) ARG 0 5 PR A H . L TR
2B bR EE [ A6 i LDED AR % 7 44 SUor N
Nb-40Ti-10Si-5A1-2V (JRFH D) MR EGMEL
HOT KW PE 2y 21.62 MPa-m'2, Nbss #H )
PR R BRI IBVEW R, HARHE R A B
MR . 2AM, #MHE, By 17.10
MPa-m!2, ZEIXAM B, Nbss #H W 2R 2RI
fil BRFNIAPERE A A

IS IRV Tk K 22 1 R be i % N 47R ] LPBF il
7% 1 Nb-18Si-5SHfC-2Mo .18 . HEMPAAE 4,
Xt IR RIS . IR IE . R 4Lge
ShK . RARERE . AR R A IR AT T A,
ANE L 22 % F Nb-18Si-5HfC-2Mo & 4 # /2 H

Nbss. v -Nb5Si3. Nb3Si Al HfC PUAHA &, JZ [a]jiE
Bl 670 W, fELHZ. WAAERE. St BE AR
W EASEL 2 A e 0° A 90° FHLH &2
B, WrPINEEL 36.2MPa  m1/2. LSRR
KA I E %5 NER A LPBF AR e 7
Nb-18Si-24Ti-2Cr-2Al1-2Hf JR T H ) A4, 45
BEW, ERIERINTS%F, LPBF iRFEHIAH
X BN 98.27%, £y 4 3 B Nbss aNbsSiz+
BNbsSis il NbsSi ZHk, T LPBF Rk dEH,
G T BORKEZ N 300nm FIERTE Nbss A . 7E 1300°C
A4k 0.5h J5, AR LPBF AU Nb-Si &4
IR ALY T B CrNDbO4. TiO2. TiNb,O7 Al
NbOs, 5 HIKEERS &AL, LPBF B ARAEE K
MEMEE IS, FLFAE D,
5 Zit5RE

Nb-Si BB FfHmE G EE RS (=
1750 C) K% E (6.8~7.2 g/em® ) ML A =i
SREE, MONERBERESSE. WEH UL
LA EE (1200~1400 CHRPBEFREE) ) 2 AR it
AR KRG TZA SRR E
T &R ERe A T R 7L . AT Nb-Si &5
SAP G E BN . iR A R A A i
DA [ B Al (1 0, 25 M e g S s Tl B FATS
fAE—EZE . RKTRELLF I

(1) BHE RSN 10 B - AR -PERE B R e it &5
AR T 5 2 R G5 SR — PR R D,
FAI % Nb-Si 3 & 4 Bl -1 43 -1 RE B AR, S8l
Z IS ERARE, SCRFULZ MR AL H ARt AT
B EITCR BT R

(2) HMBEERARE J5 BB AR 5T
TR I R SUUR T, TR T 2S84
R 55 e SIS MU I AR 5 HF 90 AR A B T 206 Nb-Si
B o SO H S AR R ok A e Re g A, AR Ak Rk
H L Z LS g8 A T RE SR T

(3) ZEEMERERE R R S5 AR EE 7 & 1
e WA R R v R 2 A A R D B R A X 1
2R, HEOL Nb-Si F A4 R LB R AR A%
REMITE RPN R R A @I - R - TERE 2
BREIT G, LIESF el wt, Mg
25 R AT F) T S HE R
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