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Research Progress on Some Basic Problems of

Bulk Metallic Glass under Microgravity
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Abstract: Glass is one of the oldest and the most widely used materials in modern times. It belongs to the amorphous
material. The disordered arrangement of the components makes its physical essence, physical properties and performance
optimization still remain the hot topics and difficulties in materials science, physics and chemistry. As a new type of alloy
material and glass, metallic glass, especially bulk metallic glass, although its appearance is late, has received extensive
attention due to its important potential application value and basic theoretical research significance. Microgravity research of
bulk metallic glass not only promotes the clarification of fundamental issues, such as liquid thermodynamic characteristics,
liquid dynamics and nucleation and growth in supercooled liquid etc. , but also improves the application of this kind of
materials. Based on the review of the research progress of bulk metallic glass under microgravity in the past thirty years, this

paper prospected domestic research in the future.
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Fig. 1 Temperature dependence of a melting’ s volume V or
enthalpy H at constant pressure. T, is the melting
temperature; A slow cooling rate produces a glass
transition at T,, ; a faster cooling rate leads to a glass
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Table 1 Some excellent or unique functions and properties of

metallic glasses

Function or Function or performance

L. References
performance name description
Itis up to 1 ~2 orders of magni-
tude higher than that of metal crys-
Electrical resistivit 7108
cetnieal resisvity tals, and changes little with tem- [7118]
perature.
Saturation ~2.0 T saturation magnetization (9]
magnetization of high near silicon steel
High initial magnetic permeability
Magnetic permeability and better high frequency magnetic ~ [8][9]
permeability
Coercive force Very low [8][9]
Better than crystalline metals. Co
Fracture strength and Fe based BMG are superior to  [10][11]
5 GPa and 4 GPa, respectively.
Modulus of elasticity ~ Very low [8]
10 times or higher than crys-
Elastic strain |meb.or even higher than crys (1210131
tal material
Corrosion resistance ~ Very good [14]
Catalytic performance Excellent and unique [15]
Excellent  biomechanical — and
. - chemical ( biological inertness) [16][17]
Biocompatibility L :
compatibility, biodegradable ab- [18]
sorbability
Wear resistance Very good [197[20]
S lastic  deformati d mi-
Deformation and Hperpras 1(‘1 rormation alr; m.l [21][22]
forming ability cro-nanoscale precision molding in [23](24]

supercooled liquid phase region
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Fig. 6  Specific heat capacity of Nisy sNby, s alloy by TEMPUS

device in IML-2 Spacelab mission ( A) and by ESL
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Fig. 7 Viscosity as a function of the temperature of Cog,Pd,,

alloy measured in the MSL-1 spacelab mission % 6]
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Table 2 Parameters of surface tension variations with temperature

of different alloys measured during the MSL-1 mission

. y (T.) dy/dT
Sample 0 O
(mN-+m™) (mN+m™ - K™")
Zr,, Tiy, Cuy, Nig 1400 ~0.19
Cogy Pdy 1675 -0.17
Pdg, Sijq 1740 -0. 191
Pd;¢ Cug Siyg 1399 +0. 26
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&R BIY R A SR AL AL i Ja AR VB Y
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mission %
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for Zrgs Al; 5Cuy; 5Nij, alloy. Squares: melt, circles:

solid, each data point represents the mean value of 10
evaluated pictures, error bars are given by the standard

deviation %’
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Table 3 Thermal expansion data in the liquid state of alloys meas-

ured during MSL-1 spacelab mission

«a T T, AV(T))

Sample (10°K™")  range(K) (X) (%)

Mass(g)

Zrs; Cuys 4 Nipy ¢

-Aly Nb, 1.823 5.9+1.8 1093 ~1493 1112 not eval.
Zrgs Al; 5
. 1.9  6.8x1.3 1070 ~1320 1180 1.2
-Cuyy, 5Nijg
Ti3yZry,
. 1.836  7.7+0.5 1148 ~1443 1160 2.1x0.4
-Cuyy Nig
Zrgo Al
. .9  5.5+0.7 1093 ~1463 1123 1.0+0.4
-Cu;g NigCos
Pdg Cug Sijg 2.3 7.9+0.3 1190 ~1460 1020  not eval.
Pdg, Sijq 3.06  7.7+0.1 1241 ~1611 1082  not eval.
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FEFCIER ¢ (T) ML ARE R HL B ¢ (T) B3 2 ] I
(10) ik

AGH(T) = AH"(T) - TAS"(T)

T,
(A, ~ ["Ac(1)dT")
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10" ~1 K/sZJi], Gibbs [1HiBEZE AG™ 5 45 (L FRAE B 35 5%
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Table 4 Calorimetric properties of the bulk metallic glass forming

alloys investigated in the y-g experiments!3*-°]

AT,

AS

Allo T, T, o S
Y # ~ (K)  (J/mol - K)
71y, Cuyy Tigy Nig 0.60 0.48 44 10. 1
Zrgs Al 5Cuyy 5Nijg 0.58  0.54 93 1.1
Zrgy Cuyg Al Niy Cos 0.59 0.55 98 10. 1
Zrs; Cuys ¢ Nijy Nbs Al 0.63 0.59 60 8.4
Zry 5 Tij3 gCupy sNigyBey s 0.68 0. 60 72 9.4
4s00 | 2 ThotenCugi -
1 3: ZrgsCuyz.5Al7.sNijo
4: ZrgCuygAl oNigCos
o~ 5. ZrsiCuys aNiza NbsAly
iy 35001 2 6 ZenaTidCun NiuBezs
o 3
3 4
£ 2500} 1
) 5
_g’ 6
4 1500 b
500 1

1 1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Reduced Temperature 7/T,,

K12 6 R e G VoM 5 B IR B B i RE2EREZY
PR (T/T,, ) AZEAE i ZR, X BLAG T, A f it E
S>> )

Fig. 12 Gibbs free energy difference, AG™ , between undercooled liquid

and crystalline phase mixture as function of reduced temperature ,

T/T,, with T, the melting or eutectic temperature>:
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Fig. 13 One thermal cycle of CogPd,, indicating hypercooling.
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Fig. 15 DSC curve for PdNij,Cusy P,y bulk metallic glass sample
from SZ-3 spacecraft, the inset is surface morphologies of
Pd,Ni; Cusy Py bulk metallic glass samples fabricated on
earth and under microgravity (from prof QIN Zhicheng,
Institute of Physics, CAS)

B3 TR B 04 T 5 A M A — B 2 ) fol o g 3R
B N O IR TS IRCR Z — o 7R T AT 0 25 18] A 17 B
R4 R B BT A LA |, Johnson %5 2004 4F7E 1SS |-3R
JETRT LA AR R Sk R AT 17 25 M) 7l A 38 7S S B —— B Ak
P Niy, Py 5 J8 BRI IARB R o X FADRHE AT A
1R L AE L VR, RERS AT AL BTN Bt A0 AN T8 A
Jri b, FEWAS TR BRFD K R A TS
TS P o X2 ) R 3 A ) 19 3K ol < i B 38 0 K 19
HARLEIE I IEEN], N 50 i3 Jm B i 5
KR BA BRI L, (75 58 B IR A 2 W] B %2
FATHIREIR , DT AT LASRAT L PR A 3 20 (9 31X Ff R ok 245
bR (B 16) ™

5 % iF

F 20 {iE40 80 AFAXK 90 ARAUHI M LA Bt La, Mg
I Zr FEDRIKR G BB LK, WFFEHE X 42 8 RS O BF 58 %
BRZEAANTE 2 ) (ol E ) BRI O < TR B 9 F 5 5
FIIF B2t TR i 25 P ANBL 25, A8 4 R B LY
IS E 5 1V S5 AR T AR A I E RS
TR BT . RV BT 5 B R S TS T TN
SRR AN ZE SR, o D A 3 SRS [ )T iz
FITR A5 PR A S B AL A | )R B R I e
BB RIS Bt TR P S5 R O 1 E B 2 (] fit
THEEREAEH. TR SRS MR 2 A




5512 1) I

A T AT SR B 1 TR A ) AU 5 891

Ampoule

16 Ak (22D 25 (F a AT b &) eI (£ c
1 d ) TF 360°C {345 5 min J5 A HIH 4 H 1 Pd,gNig Py 4
JRBEESUDIR G2 B . B P B Sk S 7 o 5 R
o I () 23 7 1 1

Fig. 16 Close-up optical micrographs of Pd,oNi,Pybulk metallic glass
foams that were processed at 360°C for 5 minutes under

microgravity (a and b) and under gravity (¢ and d) %%

KR, BIBERCN IEAEZS AT T LR L3 w25 11
SC, SEEGI G AR R BRI B AR A R, B A
WK, —BEd RS, EPRZSE, (1SS) FE&id
V16 P T 7 I PR U G 7 A A T LU T 4 U
FISERBTE , eS8 T IR AL TAEES, £HE . B
PHFIERZ (R RL 2 208 I 2018 4FFF 45 647 X 36 ZrCu-
NiAINb, CuZr, NiNb £ 4 %15 4 1 2301 23 i) 92 36
TE [ b3S (6] 3 (1SS) b F) PR Rk 17 P VP TE A e
TESCIG IS FEPE ] . o e fh e £ I o 5 K 45 O T kL )
Y IML-2 1 MSL-1 "®ATAE45 BRI A KRR, H L
BB B3, Hit, IR R NILAEN,
T 4 SRS 25 (VIR 5 05 TDKE 23 BT 9 2% B 28
FARAEZS (B I AT & m P S e iy 32 2
D7 S . OFEE 1) SRS B IR R R i wr ot , o H:
AT B EE AL AR IR B A v IR R LA L RS A
k7. B PP BRI RS QRIS
AN BR R g M ath e, A3 X R B 35 0 i BE 1 1 A 4 Ak
RIS | Pk R m s, OB IRET
EengEMdRE, FEAEARBEBYREINE ST
5 IR AR K B 3000 s @R E 1 BRI IR 11 245
M, XTSRS B 5T A8 LI B R SRR A B
h EHA B AR O APk, E AT 3 A K AR E
T E S8 R AT, 92 PR b X T4 4 f I 5 A o A )
XTI 2 T 3647 5 SFE 25 [A] il 4 4 I B 38 KA DG b1

B, XA AR AT H N, A B R

T [ 11-3) 2018 AFIEAEFRE [ O H i ) 25 (] ol - 2%
— BB ILAGM RN TR E, HERIDFRUES
JEBAE NI 2407 [ BB TSR G 1 B 2 5 M R AL
M, eSS R — AL LI B H , A28
JRBEANRITL, A 2 LM 4 M RERE R G 2
o Pk, AL B R 5 REAE A 2 W] B
BT S B R AT 5B IOTS ] P S8 P A T 225
Wi Y BSAR DA 4 7 B T A e A ML B AT T 3 < i B )
PSS H 25T

SECHE  References

[1] Carusi A, Cavarretta G, Cinotti F, et al. Geol Romana[J], 1972, 11
137-151.

2] Delano ] W, Lindsey D H. J Geophy Res[J], 1983, 88(S01): B3
-Bl6.

[3] Staudigel H, Fumes H, McLoughlin N, et al. Earth-Science Reviews
[J], 2008, 89: 156-176.

[4] Macfarlane M, Martin G. Science[J], 2004, 305(5689) : 1407-1408.

[5] Klement W, Willens R H, Duwez P O L. Nature[J], 1960, 187 . 869

-870.

[6] Tnoue A, Zhang T, Masumoto T. Mater Trans JIM[]], 1991, 31; 425
—-428.

[7] Peker A, Johnson W L. Appl Phys Lew[]], 1993, 63 (17): 2342
—2344.

(8] Duwez P. Annu Rev Mater Sci[ 1], 1976, 6(1) ; 83-117.

[9] TInoue A, Takeuchi A. Mater Trans[J], 2002, 43 . 1892-1906.

(107 Wang F, Inoue A, Han Y, et al. J Alloys Compd[J], 2017, 723; 376
-384.

[11] Tnoue A, Shen B L., Koshiba H., et al. Acta Mater[]], 2004, 52(6) ;
1631-1637.

[12] Inoue A, Shen B L, Chang C T. Acta Mater[J], 2004, 52, 4093
—4099.

[13] Johnson W L, Samwer K. Phy Rev Lett[J], 2005, 95 195501.

[14] Tian L, Cheng Y Q, Shan Z W, et al. Nat Commun[]], 2012,
3: 609.

[15] Pang S J, Zhang T, Asami K, et al. Acta Mater[J], 2002, 50(3):
489-497.

[16] HuY C, Wang Y Z, Su R, et al. Adv Mater[]], 2016, 28(46) :
10293-10297.

[17] Qiu C L, Chen Q, Liu L, et al. Scripta Mater[J], 2006, 55(7) ; 605
-608.

[18] Zhou K, Liu Y, Pang S J, et al. J Alloys Compd[J], 2016, 656 389
-394,

[19] Meagher P, O’ Cearbhaill E D, Byme J H, et al. Adv Mater[]],
2016, 28 5755-5762.

[20] Ma M Z, Liu R P, Xiao Y, et al. Mater Sci Eng A[]], 2004, 386
(1) : 326-330.



892 Hh AR %536 &

[21] Ishida M, Takeda H, Nishiyama N, et al. Mater Sci Eng A[J], 2007, 033909.
449, 149-154. (477 Fan G I, Freels M, Choo H. Appl Phys Lett [J], 2006, 89
[22] Saotome Y, Hatori T, Zhang T, et al. Mater Sci Eng A[J], 2001, 304 (24) . 241917.
-306: 716-720. [48] Li JJZ, Rhim W K, Kim C P, et al. Acta Mater[J], 2011, 59. 2166
[23] Zhang B, Zhao D Q, Pan M X, et al. Phys Rev Leu[J], 2005, 94 2171
(20) ; 205502. (497 Snyder R S. Second International Microgravity Laboratory (IML-2)
[24] Duan G, Wiest A, Lind M L, et al. Adv Mater[J], 2007, 19(23) ; NASA RP-1405 [R]. 1997.
4272-4275. [50] Robinson M B. Microgravity Science Laboratory ( MSL—1), NASA
[25] Kumar G, Tang H X, Schroers J. Nature[J], 2009, 457(7231) : 868— STI/Recon Technical Report N [R]. 1998.
872. [51] Seidel A, Soellner W, Stenzel C. J Phys: Conf Series[1], 2011, 327
[26] Pan Mingsiang (FEWI#E), Wang Weihua(7E TU4E). Physics (4F8) 012057.
[J], 2002, 31 453-460. [52] Paradis P F, Ishikawa T, Yoda S. Advances in Space Research[]],
[27] Wen Ping([HF), Pan Mingxiang (i BH4f), Wang Weihua (V£ T2 2008, 41 2118-2125.
1E). Physics(WFE) [J], 2004, 33 587-592. [53] Fecht HJ, Johnson W L. Rev Sci Instrum[]], 1991, 62 1299-1303.
[28] Chang K. The Nature of Glass Remains Anything but Clear[ N/OL]. [54] Wunderlich R K, Lee D S, Johnson W L, et al. Phys Rev B[J],
The New York Times, 2008, 29. 1997, 55. 26-29.
[29] Eery I, Diefenbach A, Dreier W, et al. Int J Thermophys[1], 2001,  [55] Wunderlich R K, Pecht H J. Materials Transactions[J], 2001, 42.
22 569-578. 565-578.
[30] Paradis P F, Ishikawa T, Yoda S. Advances in Space Research[]], [56] Fecht HJ. Phil Mag B[], 1997, 76 495-503.
2008, 41, 2118-2125. [57] Sommer F. Mat Sci Eng A[J], 1997, 226-228. 757-762.
[31] Matson D M, Fair D J, Hyers R W, et al. Ann NY Acad Sci[]], [58] Glade S C, Lee D S, Wunderlicht R, et al. Mat Res Soc Symp Proc
2004, 1027(1) ; 435-446. (77,1999, 551 219-225.
[32] Wang W H, Dong C, Shek C H. Mater Sci Eng R[J], 2004, 44; 45— [59] Leonhardt M, Tiser W, Lindenkreuz H G. Acta Mater[J], 1999, 47.
89. 2691-2968.
[33] Drehman A J, Greer A L, Tumbull D. Appl Phys Let[J], 1982, 41;  [60] Mukherjee S, Zhou Z H, Johnson W L, et al. J Non-Cryst Solids[J],
716-717. 2004, 337 21-28.
[34] LuZ P, Liu CT. Phys Rev Let[J], 2003, 91: 115505 [61] Kubaschewski O, Alcock C B, Spencer P J. Materials Thermochemistry
[35] Cao Q P, Li J F, Zhou Y H. Chin Phys Lett[J], 2008, 25. 3459 [M]. New York: Pergamon, 1993. 167.
-3462. [62] Turnbull D. Contemp Phys[J], 1969, 10: 473-488.
[36] Committee on CMMP 2010. Condensed—Matter and Materials Physics - [63] Fery T, Lohifer G, Seyhan T, et al. Appl Phys Let[ 1], 1998, 73; 462
The Science of the World Around US[M]. Washington, D. C.: The —463.
National Academies Press, 2007; 109-110. [64] Egry 1, Lohofer G, Seyhan 1, et al. Int J Thermophys[ 1], 1999, 20
[37] Novikov V N, Sokolov A P. Nature[ J], 2004, 431 961-963. 1005-1015.
[38] Johnson W L, Samwer K. Phys Rev Lett[J], 2005, 95. 195501. [65] Wunderlich R K, Fecht H J. J Jpn Soc Microgravity Appl[J], 2003,
[39] Wang Q, Liu C T, Yang Y, et al. Phys Rev Leu [J], 2011, 20 192-205.
106 215505. [66] Damaschke B, Samwer K. Appl Phys Lett[J], 1999, 75 2220-2222.
[40] Johnson W L, Kaltenboeck G, Demetriou M D. Science[J], 2011, [67] Wilde G, Gorler G P, Willnecker R. J Appl Phys[J], 2000, 87 1141
332, 828-833. -1152..
[41] Mukherjee S, Schroers ], Johnson W L. Phys Rev Lett[J],2005, %;  [68] Cohen M H, Grest G S. Phys Rev B[J], 1979, 20; 1077-1098. .
245501. [69] Platzek D, Notthoff C, Herlach D M, et al. Appl Phys Let[ ], 1995,
[42] Tamura T, Amiya K, Rachmat R S, et al. Nature Mater[J], 2005, 4; 65 1723-1724.
289-292. [70] Fecht H J, Wunderlich R K, Glade S C, et al. MRS Proceedings[ 1],
[43] Inoue A, Nishiyama N, Kimura H. Mater Trans JIM[J], 1997, 38. 2001, 644 14. 5. 1-14. 5. 6.
179-183. [71] Martinez L. M, Angell C A. Nature[J], 2001, 410: 663-667.
[44] Schiilli T U, Daudin R, Renaud G, et al. Nature[J], 2010, 464 [72] Tang C G, Harrowell P. Nature Mater[J], 2013, 12 507-511.
174-1177. [73] Galenko P K, Hanke R, Paul P, et al. IOP Conf Ser: Mater Sci Eng
[45] Hays C C, Johnson W L. J Non Cryst Solids[J]], 1999, 250: 596 (71,2017, 192(1) ; 012028_ 1-11.
—~600. [74] Tang Meibo(%253) , Zhao Deqian(B{AEH;) , Pan Mingxiang (75

[46] Bossuyt S, Schroers J, Rhim W K, et al. Rev Sci Instr[J], 2005, 76 ), et al. Chin Phys Lett ( R EHIFEHAR) [J], 2004, 21; 901-903.



%12 1) PR GRS AR BB 1A T R ) REURIE 5 893

[75] Wang Q, et al. Phys Rev B[J], 2011, 83. 014202. 38. 135-137.

[76] Kobold R. Thesis for Doctorate[D]. Bochum: Ruhr—University , 2016. [83] Lee M C, Kendall J M, Johnson W L. Appl Phys Leu[J], 1982, 40

[77] Wang H, Herlach D M, Liu R P. Europhysics Letters[J], 2014, 105 382-384.

(3): 36001. [84] Xu Y F, Wang W K. J Mater Sci[J], 191, 36. 1677-1682.

[78] Liu Riping(X|HF), Zhao Jianhua(#X#4E), Zhang Xiangyi ( Kkl [85] Evans C A, Robinson J A, et al. International Space Station Science
), et al. Acta Physica Sinica (Y)BL244%) [T], 1998, 47 1571 Research Accomplishments During the Assembly Years: An Analysis of
—-1578. Results from 2000-2008, NASA TP-2009-213146 Rev. A [R]. 2009.

[79] Liu R P, Sun L L, Zhao J H, et al. Appl Phys Len[J], 1997, 71, 64 [86] Matson D M, Xiao X, Rodriguez J, et al. Int J Microgravity Sci Appl
-65. [J], 2016, 33. 330206_ 1-11.

[80] LiuR P, Zhou Z H, Sun L L, et al. Mater Sci Eng A[1], 1999, 264:  [87] Eery 1, VOSS D. J Jon Soc Microgravity Appl[1], 2010, 27: 178
167-171. -182.

[81] Liu Riping (X|H ) , Zhao Jianhua (B{#E4) | Zhang Xiangyi (3l [88] Hofmann D. Study of Mushy—Zone Development in Dendritic Micro-
X)), et al. Science in China Ser A (FEPI: A) [J], 199, structures with Glass—Forming Eutectic Matrices[ EB/OL ]

42, 7479, [89] Hofmann D C, Roberts S N. npj Microgravity[J], 2015, 1: 15003.

[82] Steinberg I, Lord A E, Lacy L L, et al. J Appl Phys Leu[1], 1981, (%4 & =)



