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Table 1 Information on space experiment samples of Nb-Si alloy
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Microgravity conditions and thermophysical property determination of Nb-Si and Nb-Si-Zr alloys in space experiments. (a) Schematic
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diagram of the containerless experimental device on China Space Station. (b;)—(b;) Variations in microgravity level during space experiment, overview
of the space containerless experiment and projection of the molten alloy. (c) Liquid density. (d) Liquid thermal expansion coefficient.
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Figure 2 Heat transfer and flow during the cooling process of liquid Nbg,;Si;73 eutectic alloy under microgravity. (a) Internal and external
temperature distribution at approximately 100 K overheating. (b) Internal and external temperature distribution at approximately 90 K undercooling.
(c) Temperature gradient inside the droplet at approximately 90 K undercooling. (d) Internal and external flow velocity at approximately 100 K
overheating. (e) Internal and external flow velocity at approximately 15 K overheating. (f) Internal and external flow velocity at approximately 90 K
undercooling. (g) Cross-sectional profile along the red dashed line in (d). (h) Cross-sectional profile along the red dashed line in (e). (i) Cross-sectional

profile along the red dashed line in (f).
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Figure 3 Surface shrinkage characteristics of Nb-Si and Nb-Si-Zr alloys solidified under microgravity. (a)—(c) Shrinkage cavity morphology on the
surface of three compositions of Nb-Si alloys after space containerless experiments. (d), (¢) CT X-ray images corresponding to the samples in (a) and
(b), respectively. (f) Typical temperature curves of space containerless experiments for three compositions of Nb-Si alloys.
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Figure 5 (Color online) Surface Nb-Si dendrite of solidified Nb-Si and Nb-Si-Zr alloys under microgravity. (a) Nb-Si dendrites on the surface of
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e PRI T AR IR AR T A XU
o U T U ] IS 1 3 ¥4 B WY LA T Nb-Si-Zrid 36
fRI2 THIND-Sift & M2 ZVRHE.

3.6 JLELZHSURHE

Nb-Si# 4 4t S 21 2L REAE AN 52 R A5, 38
U I A BEAR DG, KT NDb-SIE L i A 4, /g
VT R S AR S e, SR SRSV N A A
O REESPIRANE K BZE AR, TR FENE AR
AFARAR S 218 6(a)); Radve e R I
i HUR 1) 2 R R AN TR S 5 16 A, A S A iy
HURSE S, 105 AR R 0 5 R B AR A 12
RENFHEPRAE R (Ee(b)Fi(c)). *FFNb-Sitkdi & 4,
INIE VA T vl T S AL DA A 55 R RO SR IR )
SR, RIUNE FORIE A SUEE(Eo(d)); Kid
VAR T ] S R AZ A BT 1 3 A 4 2SR B 0 IR
(El6(e)), F s S ab e FL IR T 1) 3 S 2H 2N R B
FR A4 2 R IR A LSV AE (B 6(F)). X T Nb-Si-
Zrid A4, KA TR I 3L R R N £ b

FHE, GRFAERN/NFIER(E6(g)) s JERUNIZEZE Rk
(FE6(h) LA KB Z FrR(E6()). Nb-Si-Zrid 2 & 4
FS 53 5 i UL, E R A T HAT AR AH N, Siff
Fodw, LA AR, fERILMALTIFHEK
B, DR A B ORI B R/ME, R T WKl 6(g)
FT 7 I (ND)/Nb, SiZINF PR 3L i ZH ZURFAE, 1% B 5 Nb-
Sif & O BIF 7 A Ik ¥4 BB 50 /N I A /I <P TR R 2 ot 11
i —3Y, El6(h) TR O 4 2R 2 A PR (NB)/Nb, Si
FL 5 N, STAH & A= AT e 3 f5 O BE 1 (Nb)/NbsSis 3
- ST R A TSR AL T 6G) T s oM 2 2 4742 N,
SiAH & A= L AT OB S5 (A - SR AT R A L SVRFAE. R
AL, ZegG R AR INATND-Sifr 4 3t S 4L VR 1E BoAT =R
B, S FNb-SiP L&At E &4, /D
T B S R SRR, KO R HIUR I AR Rk
0% HURIE 5, (BRI AE A & IS AR e /N TR I 5
M2, RIS U0 2K HIND;SiAH AR A T (Nb)AH, IX
IR T R4 Xt 3 S A URFAE AT E . Nb-Si-Zrid
I i A AN (R B A B[] 1 3 SR A SRR IE R K =
S, BAEFRGEWA T b vA FEXT 4 S URFAE (1 52 B VR 25

1997



FHFIEES: v [E 23 8] 3k A Nb-SIFINb-Si-Zr-&r 4 1k [8 4 23 % B LR R 5T

‘;{ e

|

W

/ ‘ | /[
sUy

o :’Qq &’ y b47z>SizzZ—"6_‘ o

/ o
r A ¢
o \ -
A

L

B 6 (ML) /7 R %EREIND-SiFIND-Si-Zr & & R M L MA L. (a)~(c) AEIEAFE T Nbgy (Siys ol i & 4 R m
;H\:HEéléﬁgR (d)N(D Z:Iaﬁ\/?\rg—FNbgz781173:/':'\:5%%%%%E;H\:H%2E42R (g)N(l) 7]':EJJ‘i‘//v"\fg—FanSlzzerﬁéj\:aEéﬁéE’ﬂﬁﬁﬁﬂ%

Figure 6 (Color online) Surface eutectic of solidified Nb-Si and Nb-Si-Zr alloys under microgravity. (a)—(c) Surface eutectic of Nbyg,;Sijsg
hypoeutectic alloy solidified at different undercoolings. (d)—(f) Surface eutectic of Nby, ;Si,; eutectic alloy solidified at different undercoolings. (g)—
(i) Surface eutectic of Nb,,Si,,Zr¢ hypereutectic alloy solidified at different undercoolings.
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Figure 7 Temperature and flow velocity evolution during solidification of Nbg, ;1,73 eutectic alloy under microgravity. (a) Computational model
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solidification process.
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Figure 8 Temperature and flow fields during solidification of Nbyg, ;Si;; 3 eutectic alloy under microgravity. (a)—(c) Phase distribution after 0.05, 0.5,
and 1 s of solidification. (d)—(f) Temperature fields after 0.05, 0.5, and 1 s of solidification. (g)—(i) Flow fields after 0.05, 0.5, and 1 s of solidification.
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Solidification mechanism and microstructure evolution of refractory
Nb-Si and Nb-Si-Zr alloys aboard China Space Station

WANG HaiPeng, LIAO Hui, WANG YanBo, HU Liang & WEI BingBo

School of Physical Science and Technology, Northwestern Polytechnical University, Xi'an 710072, China

This study reports successful solidification experiments of Nb-Si and Nb-Si-Zr alloys conducted aboard China Space Station,
investigating the microstructure formation mechanisms under microgravity with suppressed natural convection. The research unveils
the metastable liquid density, solidification surface shrinkage morphology, and microstructural evolution of binary Nbg, Si;se
hypoeutectic, Nby, ;Si,7; eutectic, and ternary Nb,,Si,,Zr¢ hypereutectic alloys. The results indicate that shrinkage cavities in both
hypoeutectic and eutectic alloys form at junctions of multiple solid regions centered on nucleation sites. However, at junctions of
three or more solid regions, the hypoeutectic alloy displays multiple symmetrically distributed independent (Nb) dendrites. The
hypereutectic alloy surface shows uniformly distributed micro-shrinkage cavities. The (Nb) dendrites on hypoeutectic and eutectic
surfaces display both two-dimensional symmetric growth patterns and three-dimensional oriented growth characteristics, while
Nb;Si/NbsSi; dendrites on the hypereutectic surface show columnar and flaky characteristics. A distinctive decoupling growth
phenomenon of (Nb)/Nb;Si eutectic was observed in hypoeutectic and eutectic alloys. Regarding eutectic structures: hypoeutectic
Nbg, Si;so alloys show alternating lamellar and rod-like eutectic morphologies at low undercoolings, transitioning to worm-like,
lamellar, and faceted growth patterns at high undercoolings; eutectic Nby, ;Si,;; alloys exhibit radial growth from nucleation sites at
low undercoolings; hypereutectic Nb;,Si,,Zr¢ alloys display faceted and lamellar eutectic structures at high undercoolings.
Theoretical calculations indicate that the variation of nucleation rate with undercooling is crucial for competitive phase nucleation,
while the higher nucleation rate and ultrafast growth velocity of Nb;Si/NbsSi; dendrites under microgravity lead to unique
microstructures distinct from terrestrial solidification.

China Space Station, Nb-Si alloy, high undercooling, liquid thermophysical property, rapid solidification,
microgravity

doi: 10.1360/SST-2025-0284

2005


https://doi.org/10.1360/SST-2025-0284

	中国空间站难熔 Nb-Si和Nb-Si-Zr合金凝固组织�形成机理研究
	1�� 引言
	2�� 空间科学实验与计算方法
	2.1�� 空间科学实验合金制备
	2.2�� 空间站无容器实验方法
	2.3�� 温度场与流场计算方法

	3�� 结果与讨论
	3.1�� Nb-Si和Nb-Si-Zr合金的液态密度和热膨胀系数
	3.2�� 液态加热与降温阶段计算结果
	3.3�� Nb-Si和Nb-Si-Zr合金空间凝固表面收缩行为
	3.4�� (Nb)枝晶组织特征
	3.5�� Nb3Si和Nb5Si3化合物组织特征
	3.6�� 共晶组织特征
	3.7�� 液-固相变阶段计算结果
	3.8�� 形核与生长动力学分析

	4�� 结论


