b ERZE: FARRE 2025 4% #55% 5 12 H3: 2088 ~ 2100 OPEREE ) Zeb it

SCIENTIA SINICA Technologica techcn.scichina.com SCIENCE CHINAPRESS
~ Y Al T A Y = C M k
i X TEMRRER AT D

ek, H4k, A, TEM, AR

VAL Tk R PRl 5 HOR 2B, PE% 710072
* E-mail: bbwei@nwpu.edu.cn

WA H39: 2025-09-22; 4332 H: 2025-11-17; B4R &% H#: 2025-12-15
K B AR AL S ALt AL 2 O I H (S 52088101) HEEAMIR LS EMH RSAHH (% 5: KIZ-YY-NCL02, KJZ-YY-
NCLO0501). 5K S A THRI( 5 2021 YFA0716301)FIBETE 4 H SR FH=ELAMATF 78 71K 5 2001 H (45 2024]C-ZDXM-24) %

WE HEoRBESGETFEMEANEZENTHHMAFERAREICNAZXEE, FESEL ﬁ:@iy“ﬁf%
BEALBRERBEHTIRE TR UL ERAE, RELT WD AETENZ L4 AFTRIEFES
R BRAEAATENEEZR, M T HSRBES HRELLEENTHTH, £HT X ﬂ%%ﬁ?ﬁ%?—?ﬁ?

FE W E e, RIUAM R A U KRB R, B T FAT AR T E A, 9 T R 50 B o AL, 7'7
WERMEZW T ERRET B, BT ZRENEFE 77304 BN iLE, KI5 753
SHEEBNEGRE AL E R AR RE, WAA A ERFEEGRE T KE, B TRARHR %J%ﬂ»f?uﬂméﬁ
R, MR B ERA A& S EINE %, P E S B 3k E T Nbgy Siise Zrs;Vas, TigsNigsVs = &
44 1 1860~2385, 1407~1788, 1326~1800 KWK &5 EHHE. KA R AR ABRLS b2 RIZHE T £ BRI R4
B, BAZEMBRF LR BT EFERARET HEE.

KR WEN, BB AL, BA T2 e, o [E 2 (A ok

1 5|5 B HRRCS & e T A AR T E (B R0E I E R
B), BEREEE D SRS S AR, T FE
HEARAMS SRR R EER, ORI BTSSR A, FA RN R PR AR I DS &
SERMRRFAIERO T S TRMA R R REENE SRR, I RGBSR SE. Fi,
X WA G SN EAERR B TR R T U T I IN RE U7 R R v IR S A, 0T
HERRROCR . FREA P4k s e ietk, IERITRIS Bk
BRI B RRIE T DU RHBE T R OB XS B B BE AT R RS P TC 25 4l 5 (1 S B A
A AR OB LT IL . HEBOESHE  ERIE AR R B R AR RO Tk
FEHLIE RS R L, TR & @ mil, mAesmrEr R K IEBGEIRA, F B AR T H HAA
R LR I+ A R, FRERARRIOEA T B TR AR HLE M B AL A, 7 AT

SISk, F, TEW, % b EE R RS A SN E T .t ERSE SRR, 2025, 55 2088-2100
MaD Z, ChangJ, Wang Y B, et al. Density measurement strategy for liquid alloys at ultrahigh temperatures aboard China Space Station (in Chinese).
Sci Sin Tech, 2025, 55: 2088-2100, doi: 10.1360/SST-2025-0277

©2025 (PERE) FKEHL www.scichina.com


https://doi.org/10.1360/SST-2025-0277
http://www.scichina.com
http://techcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SST-2025-0277&amp;domain=pdf&amp;date_stamp=2025-12-05

I ERE: FARE 202544 55 E OHE12M

TSR B P G TR M 453 1 91
51; R A AR R EL SR BT RE, B
WA A7 T B R, MU LR = 4
AR, TR S Y PG AR M .
AR, U BRIESR YA REIER 5 00— 4 IE0
GRS = 68, AR M, (s
SERERW. TSN, LTI, (SE
SRR, DR A O i 5 S (R
SR, EARBIF T BRI AN, R
A ERATWERIGHRE, (R0 BRI
LRI GO, SR, BRIBE S
R,

fESE LB RLRRZ U, RN 52 ELIF e
TP OWHLRE. PRI, )RR BV
AR, SRR REA AN RO T AR,
LT WA A R AE RIS F SRR
Yorh L RE O B AR C ), SRR T
W, R 227 SR T o o R 7
B AURSER LR R, I L BRI
o FL AR AR, BT
IR TR, R B AP S R B
BRI RAE, T & T B
FR BIERER O, AT, MO SRR
IR R A LA SEIRE A I, (6T DA T2
%, EAR AR, BOS RE EK
SR, AT ERE TR AT G L, 25 R
IR PR RHEAT SE3, IRES A RO — T

BT TRV RRY R ORI, L8 PR L
LT R EL T 1 R 5%
o BN LA 2 G IO R T 01 L 0
HORT T ERUEAT I R L, e
T LARERSIBBI0T7 9 2 —, L 7
KU, T (R RE TR RO, 5 1
PRV 107 misRGE, T35 T AR S
TR, SR E ARG 55 FEE
B T AAE o R L B 0P TR
FRETR LT S AT o P, R
S BRSO G P % S S S A
Sy TR & T R R0 T P57
SsF £

R SCTIE, AS 2 BESE (0K AL 5

TARRR, NIEA SCEEHSFI A Je LU R [ (1) 32
O IR R A EE R B, B AR I R e
BERASIN 7 vE v A M, X e T AR RRURN B R 2 SR T
SEME; (2) PRICLI R R MW I AE SR R 5 T
RIS Gt B SR R s ), X 2 S 80
st 45 5 R R RGO PR 0 A FE o P UM = A A Ak, 84S
S R BEUG BRI P A 22, 5 4 4 SR O R
(3) 34 FH i AsG FE 1 008 A 38 Ty vk o A 2 ) ol TR A
S0 B ST B R PR A . I e Sk )
A, S G [ 2 R VRS A e I e SRR, T
BTUURREF: Bk, Bl @S FAT I e e i
S FUH AR, B AT TR LE AT R IR T )
PRGN, [ T R G I X ) G
TR F I RALE], I0AUE T D GA SRR A
W, B MR AR T VR A AT T AR PSR R
LB I e B B R KRR B AR . FR R
3BT R R U 5 A P T B AR R B, 45 A is FH s )
Sl SO0 R 5 v R P T SN v, AR R A 1) A
IR R IE T Nb-Si, Zr-V, Ti-Ni-VEEXEE &4
AR, SLI S R P ERE . Ak, Bt
FLah R EA MU 70 vk B IR EANME, A A
BLHPRFET TR TRER SR 1 s KT 1 Sk 2.

2 W
2.1 op [E S RS A A A N R S U VA
AHIF ST AE H ] 2 ()3l JE 25 2 A RL R 27 S B0 A 58 R,
%S B RG0S I 1Ok % T B 0.3~20 g/em’.
FEECASFE 107 PafFRsEh, S = 4 T 1 A R
W= A 10 A 718 BAR 208 2.7 mm Ay HURE 52 A7
TE S A A O R ST 1887 AT B, 6T AR S B A e
PRI, 2452 o0 e ShptoRE e . AR sl 70 P18 AL )
VY B 43 A5 75 LAAZ P47 2 AR 14 << X D T4 T 550 o7
B DR AR Ao R AR S, T
5. mRGhnAE 1 (a), BRI N915 nm, FRLEREL
HUN R = IR 75 W, BTN (R 4 @ 2> i
5 2 1) AR SR O R, LU R v A i e P K,
BT DAEE [ E OB Th 2R, B gt m 2lin s
FE S AH AT R R e IR RS, IR S IO D 2R TR A
5%, B RIEOETIR, AR R SRR A
SLEGIFR A R G ARGk AN TSR

2089



Ly A v 2 TR sl e R VRS o e R T R T

(illllliFJ

N
s2== ) IR(®) —R?
0

R
NbS-’lAISilS.Q ‘ ‘

Zrs;Vys

Ti47.5Ni47,5V5

10 mm?

2

o

25

(d) Bl 5

(T<1538K) §

20 F

15}
©— Nbyg, ;Sis

o Zr5;Vy
®—Tiyy sNiy7 5V |

1.0 |

0S5 o
WA (1=1538K)

0.0 |

0 100 200 300 400 500 600
f,s

B 1 EAE R TS LI W E S G e MR T () SRR PSSR, (b)) X ERG RIS,
(c) ERTEBEVHSETTE; (d) B 2 A 3 T 75 4 S B AR 45 B PRI N gy, 1 S5 9, Zrs7 Vs, Tign sNigy s Vs T S AN B AR B it

Figure 1 Method for measuring liquid alloy density and sphericity in containerless experiments conducted on the China Space Station: (a) alloy
droplet during the in-orbit experiment; (b) contour fitting of the projection image; (c) sphericity calculation method; (d) liquid and solid sphericity data
of Nbg, Sijs, Zrs5;Vy3, and Tiy;sNiys5Vs alloys obtained from the containerless experiment cabinet aboard the China Space Station.
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Figure 2 Schematic diagram of parallel light geometric projection simulation: (a) simulated scene diagram; (b) simulated sphere parameters; (c) light
direction setting; (d) single light projection diagram; (e,) 4 light projection; (e,) 8 light projection.
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Figure 4 Impact of space station observation window lens contamination on density measurements: (a) projected images of experimental samples
from the space station; (b) gray values near the rightmost edge of the sample projection in (a,) and (a,); (c) gray gradients near the rightmost edge of the
sample projection in (a;) and (a,); (d) background images without samples from the space station experiment; (e,) gray values of pixels on the yellow
line segment in (d;) and (d,); (e,) gray gradients of pixels on the yellow line segment in (d;) and (d,); (f;) ratio of contaminated pixel gray value to
original pixel gray value; (f,) difference between contaminated pixel gray gradient and original pixel gray gradient.
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Figure 5 Liquid density of refractory alloys measured by the containerless experimental facility on the China Space Station: (a) cooling curves
corresponding to the density data of three alloys; (b) liquid density of Nbg, ;Si;so; (c) liquid density of Zrs;Vys; (d) liquid density of Tiy; sNig75Vs.

H%, i B 5 H PR PR AR A 22, LR I 122K 4R
ZEHR SR IE SR AL 7K.

(3) I v ] 2 )k G 5 s S0 2 B ) SR A
SE T Nbgy Siys, Zrs;VysMTiys sNigy Vs = RIRERE &6
FE 98 il RE G VRS S A, SRIR I R 32 2 A1
WG, A R IUHE T R ERTE, IR H

Ho

i B AT I 25 PF N IAABIRRSEE, I HL S REfE S ekt
BHAIE LB, BA RS S0 .

AW FEANIRAK T 2 FhEAS 5 S ks A RGS
BRI A A, WO R AR A SR ) M Ak
B OREEGI SRR T 2%, NARKITEE
Z BTN R LR FUBLE T J5 ¥R,

EEERRBFEET FERFREENA TR SRR PO A SR, B IUR R I X287 T e K

S, RAFHERLT, AREELTUREE, X TH. FETFELT AR TR, £IHELAHNT.

2097



EJ

TG AR o ] 2 ) il e TRV S < B B S D T AL

S 30

16

17

20

21

22

23

24

Crawley A F. Densities of liquid metals and alloys. Int Mat Rev, 1974, 19: 3248

Cao S, Xia M, Jakse N, et al. Influence of Zr element on the atomic structure of Al-Cu alloy liquid. Scripta Mater, 2024, 248: 116143

Zhang L, Yang L, Zhao J, et al. Selection of a micro-alloying interface active component to stabilize the interface between droplets and liquid
matrix in monotectic alloys. Acta Mater, 2023, 250: 118823

Hu L, Xie W J, Wan Z X, et al. Space station based experimental research on thermophysical properties and solidification mechanisms of Fe-19%
Si alloy. Rev Mater Res, 2025, 1: 100005

Zhao J F, Wang H P. Twin interface structures and formation mechanisms of the topologically close-packed phase within refractory Nb-Ni binary
alloy. Trans Mater Res, 2025, 1: 100070

Egry I, Brillo J. Surface tension and density of liquid metallic alloys measured by electromagnetic levitation. ] Chem Eng Data, 2009, 54: 2347—
2352

Gardner R J, McMullen P. On hammer’s X-ray problem. J London Math Soc, 1980, s2-21: 171-175

Hu L, Wang H P, Xie W J, et al. Electrostatic levitation under the single-axis feedback control condition (in Chinese). Sci Sin-Phys Mech Astron,
2010, 40: 722-728 [W15%, EHREMG, MEOCHE, 55 FARBHEHIZIE T M LU HE B MBS J)5r ROCE, 2010, 40: 722-728]
Xie W J, Cao C D, Lii Y J, et al. Acoustic method for levitation of small living animals. Appl Phys Lett, 2006, 89: 214102

Wang H P, Chang J, Wei B. Measurement and calculation of surface tension for undercooled liquid nickel and its alloy. J Appl Phys, 2009, 106:
033506

Egry I, Lohofer G, Sauerland S. Measurements of thermophysical properties of liquid metals by noncontact techniques. Int J Thermophys, 1993,
14: 573-584

Ruan Y, Hu L, Yan N, et al. Recent advances and future perspectives of space materials science (in Chinese). Sci Sin Tech, 2020, 50: 603-649 [Pt
=, WIS, E, S A ADR R E R S R S AR S R R BORELE, 2020, 50: 603-649]

Racz L M, Egry I. Advances in the measurement of density and thermal expansion of undercooled liquid metals. Rev Sci Instrum, 1995, 66:
42544258

Rhim W K, Chung S K, Barber D, et al. An electrostatic levitator for high-temperature containerless materials processing in 1-g. Rev Sci Instrum,
1993, 64: 2961-2970

Jacobs G, Egry I, Gorges E, et al. Measurement of density and structural short-range order of levitated liquid metals. Int J] Thermophysics, 1998,
19: 895-903

Hu L, Wang L, Lin M J, et al. Single crystal growth and chemical disorder trapping of refractory MoNbReTaW high-entropy alloy solidified
under electrostatic levitation state. Metall Mater Trans A, 2021, 52: 167-180

Ishikawa T, Oda H, Koyama C, et al. Density of a molten stainless steel-B,C alloy measured in the electrostatic levitation furnace onboard the
International Space Station. Int J Microgravity Sci Appl, 2025, 42: 420202

Oda H, Koyama C, Ohshio M, et al. Density of molten zirconium-oxygen system measured with an electrostatic levitation furnace in the
International Space Station. Int J Microgravity Sci Appl, 2020, 37: 370302

Champdoizeau Q, Valloton J, Henein H. Thermophysical properties measurement of Al-22.5 wt pctCu in reduced gravity using the ISS-EML.
Metall Mater Trans A, 2023, 54: 4151-4158

Luo Y, Damaschke B, Lohédfer G, et al. Thermophysical properties of a SisgGes, melt measured on board the International Space Station. npj
Microgravity, 2020, 6: 10

Seimiya Y, Kobatake H, Tono-oka K, et al. Thermophysical properties of molten Fe-Cu alloy measured using the electrostatic levitation furnace
aboard the International Space Station (ISS-ELF) under microgravity conditions. ISIJ Int, 2024, 64: 2253-2261

Nawer J, Ishikawa T, Oda H, et al. Uncertainty analysis and performance evaluation of thermophysical property measurement of liquid Au in
microgravity. npj Microgravity, 2023, 9: 38

Mohr M, Dong Y, Bracker G P, et al. Electromagnetic levitation containerless processing of metallic materials in microgravity: Thermophysical
properties. npj Microgravity, 2023, 9: 34

Gu Y, Gao M, Zhao G, et al. Recent progress in space science and applications on Chinese Space Station in 2022-2024. Chin J Spac Sci, 2024,

2098


https://doi.org/10.1179/095066074790137015
https://doi.org/10.1016/j.scriptamat.2024.116143
https://doi.org/10.1016/j.actamat.2023.118823
https://doi.org/10.1016/j.revmat.2025.100005
https://doi.org/10.1016/j.tramat.2025.100070
https://doi.org/10.1021/je900119n
https://doi.org/10.1112/jlms/s2-21.1.171
https://doi.org/10.1360/2010-40-6-722
https://doi.org/10.1063/1.2396893
https://doi.org/10.1063/1.3187793
https://doi.org/10.1007/BF00566054
https://doi.org/10.1360/SST-2020-0019
https://doi.org/10.1063/1.1145378
https://doi.org/10.1063/1.1144475
https://doi.org/10.1023/A:1022603325504
https://doi.org/10.1007/s11661-020-06050-2
https://doi.org/10.1007/s11661-023-07190-x
https://doi.org/10.1038/s41526-020-0100-5
https://doi.org/10.1038/s41526-020-0100-5
https://doi.org/10.2355/isijinternational.ISIJINT-2024-277
https://doi.org/10.1038/s41526-023-00277-0
https://doi.org/10.1038/s41526-023-00281-4
https://doi.org/10.11728/cjss2024.04.2024-yg09

I ERE: FARE 202544 55 E OHE12M

25
26

27

28

29

30

31

32

33

34

35

36

44: 607-621

Yu J, Zhang W, Yang S, et al. Recent advances and future prospects of Space Materials Science. Rev Mater Res, 2025, 1: 100065

Wang H, Li H, Zheng C, et al. Eutectic growth kinetics and microscopic mechanical property of refractory Zrs,V,; alloy under space and ground
conditions. Acta Mater, 2025, 295: 121213

Wang H, Liao H, Hu L, et al. Freezing shrinkage dynamics and surface dendritic growth of floating refractory alloy droplets in outer space. Adv
Mater, 2024, 36: 2313162

Wang H, Hu L, Xie W, et al. Metastable liquid properties and surface flow patterns of ultrahigh temperature alloys explored in outer space.
Angew Chem Int Ed, 2024, 63: 202400312

Chang J, Wang H P, Liao H, et al. Remarkable undercooling capability and metastable thermophysical properties of liquid Nbg, ;Si 5o alloy
revealed by electrostatic levitation in outer space. Rev Sci Instrum, 2024, 95: 034501

Wang H, Liu D, Zheng C, et al. Spiral eutectic growth dynamics facilitated by space Marangoni convection and liquid surface wave. Phys Fluids,
2024, 36: 047137

Li M X, Wang H P, Wei B. Numerical analysis and experimental verification for heat transfer process of electrostatically levitated alloy droplets.
Int J Heat Mass Transfer, 2019, 138: 109-116

Zhong Q, Yang L, Tao Y, et al. Non-destructive investigation of thermophysical properties on the China’s space station: In-orbit experiment
measurements and analysis. NDT E Int, 2024, 143: 103046

Twogood R E, Sommer F G. Digital image processing. IEEE Trans Nucl Sci, 1982, 29: 1075-1086

Canny J. A computational approach to edge detection. IEEE Trans Pattern Anal Mach Intell, 1986, PAMI-8: 679-698

International Telecommunication Union-Radiocommunication Sector. Studio encoding parameters of digital television for standard 4:3 and wide-
screen 16:9 aspect ratios. ITU-R BT601-7. https://www.itu.int/rec/R-REC-BT.601-7-201103-I/en

Chung S K, Thiessen D B, Rhim W K. A noncontact measurement technique for the density and thermal expansion coefficient of solid and liquid
materials. Rev Sci Instrum, 1996, 67: 3175-3181

2099


https://doi.org/10.1016/j.revmat.2025.100065
https://doi.org/10.1016/j.actamat.2025.121213
https://doi.org/10.1002/adma.202313162
https://doi.org/10.1002/adma.202313162
https://doi.org/10.1002/anie.202400312
https://doi.org/10.1063/5.0191962
https://doi.org/10.1063/5.0203971
https://doi.org/10.1016/j.ijheatmasstransfer.2019.04.034
https://doi.org/10.1016/j.ndteint.2024.103046
https://doi.org/10.1109/TNS.1982.4336327
https://doi.org/10.1109/TPAMI.1986.4767851
https://www.itu.int/rec/R-REC-BT.601-7-201103-I/en
https://doi.org/10.1063/1.1147584

Ly A v 2 TR sl e R VRS o e R T R T

Density measurement strategy for liquid alloys at ultrahigh
temperatures aboard China Space Station

MA DeZhi, CHANG Jian, WANG YanBo, WANG HaiPeng & WEI BingBo

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

Precise determination of ultrahigh-temperature liquid alloy density is crucial for fundamental materials science research and
engineering applications. The microgravity environment of the China Space Station enables alloy droplets to maintain a sphericity
difficult to achieve in ground-based environments, providing unparalleled conditions for intrinsic density measurement. Based on the
containerless liquid alloy density measurement experiment on the China Space Station, this study analyzed the influence of sample
sphericity S? on the density measurement of liquid alloys, which shows that space experiments play a key role in improving the
accuracy of density measurement and reflecting the intrinsic properties of materials and established a parallel light projection
simulation model, elucidating the imaging mechanism of droplet projection profiles and providing theoretical support for the
reliability of edge detection algorithms. It also revealed the impact mechanism of observation window lens contamination on
measurement accuracy, finding that lens contamination leads to systematic deviations in the captured image profile points. This
discovery provides a reference for projection image correction, helping to improve the accuracy of profile recognition and density
measurement. Using high-precision liquid alloy density measurement methods, the liquid densities of three refractory alloys—
Nbyg, 1 Siys9, Z157;V 43, and Tiy; sNig; sVs—were successfully measured in situ via containerless experiments on the China Space Station
at 1860-2385,1407-1788, and 1326—1800 K, respectively. This study not only provides benchmark-level experimental data for liquid
alloy research but also offers new insights for improving the reliability of space materials science experimental data.

microgravity, refractory alloys, liquid density, containerless experiment, China Space Station
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