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Fig. 1. Diagram of atomic structures: (a) Crystal ma-

terials; (b) amorphous materials.
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Fig. 2. High-plastic Zr-based bulk metallic glass with
6]

inhomogeneous structure [
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Fig. 3. Pds25Niz5CuszpP2o bulk metallic glass with

crystallized and non-crystallized regions [8].
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Fig. 4. Diagram of the formation of amorphous and
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Fig. 5. Angell plots of various glass forming liquids
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Fig. 7. Spatiotemporal fluctuation of local dynamics

in supercooled liquids (18],
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Fig. 9. Diffraction patterns and atomic images of crys-

tal and amorphous materials [19,20]

221 HMARHGMH

Xof 4 o B 3 45 A A5 TR T R 9 e L R R PR ) T
YE 52 Bernal 125241 Sy F 78 ¥ ¢ 45 #4) T 282 57 (1) A BR
To 75 HERE A K AN Bernal 284U 5 7%, Mira-
cle P2l 2 T R HERRL, A [H T Bernal 4 #LJ5
TAENHEBR I IEA BT, Miracle A N H1#% (K10)
SEMERR IR A BT, (RS HEARA A ) T
R AN B AH ELAE F, R 2R R A A T B e
O IR, T AR R A A R A 7 e /2 A
7 A 775 1) iR P 9 711) 1

FF Miracle (B Sheng 25 21 R 7> 13
TR TTEME 7RSS S B R E 7451
B 5] N T Voronio % A (B 11) 1t E, 42
T HER RS MR, X B )ty 5 f
T G g AT TR - R PR R 3 LA A A A Do v 2
G YT A R AR LT

AT, MEGE AR RE (3—5 A&, dEfma4é
JER 435 K6 (R AN 35 5 1 2R L O JFL ) e A A 1 2 S 12
T [7) 48 ] 2 o R A JE K P Ut R B
SEAAH [F R 7, SR A A & AR A B AS 52
) 45 440 1 JR 3 A i 270 (B B B A (M e )
Miracle (1) 38k} /N BR HEFR 2 4 Fi 047 00 oF BAL )

176112-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) 32 % %  Acta Phys. Sin. Vol. 66, No. 17 (2017) 176112

F411& F11 Voronio 2 [ A4 73 4, A AT EAG AH R 0K
PERFAE (RP AR Voronio $8%%) 1 R A %% UH
[ — K HB%, a7 — R85 BARRE
T [ 7%, WA VR S5 M A R e, e i 4k 1200
(K12, Voronio #8%( M (0,0,12,0)) £ XM
) —

e

7

(

0’
Y

Eli12 —timforsE 22
Fig. 12. The sketch of icosahedron [22].

pr v _
Vi .“’-—, “ ; ! Q7r

o Al

.\‘." .

Z12(0,0,12,0)

(b)

Z14(0,0,12,2) Z15(0,0,12,3) Z716(0,0,12,4)

10 DA BT R (1 450 1% 122)

Fig. 10. Solute atoms centered clusters [22],

3D Voronoi tessellation

CU46Z1“54 CU46ZT47A17
(c) (d)
E13  CuZr " AR A K AL TCER A — Hii4
stk B
Fig. 13. The spatial distribution of icosahedron in

CuZr metallic glass and the influence of additional Al

element [31].

Voronoi index

g %
0,3,6,0) E 301 —(0,3,6,0)
2 254 - (0,2,8,0)
(a) = ) - (0,3,6,1)
L1 Voronio £ IS loomn
Fig. 11. The sketch of Voronio polyhedron [22], 3 197 —=+(0,2,8,2)
5 ~—(0,1,10,2)
I P A S AL F L JR T (V5 AT ) g O35 0 35 40 45 60 85 60 65 70 76
I AR R (8 R ) A RUR 7242 TR o Cu content/at.%
fity (2228 =301 IR AEAS [F) (0 AR ff B Stk R b, oAy
AIE A 7% ) S8 B R AN A [, HL 38 O & T 3R 1
hn, AT DA U AR T, A R A = R I 0,1,10.2)  (0281) (0,282  (0,280)
FEAE ST BRI HE B (K 13, B 14), i i 5 BI14 CulZe P65 LT R A R ST el g (21
E‘Jiﬁi’%’ﬁﬁﬁiﬁé jj [31,21] . Fig. 14. The composition dependent polyhedron distribu-

tion in CuZr metallic glasses [21].

176112-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176112

O

0.36 nm

Simulation Experiment

STEMA4

Experiment

Simulation

BI15  AEdb A STEGUR oL 7o AT 5 R A i (21

Fig. 15. The diffraction patterns and the related structure origins in metallic glass by nanobeam electron diffraction [21],

B LI AR M R, 12 At gk 1 il
TS BAR, Hirata 25 PR ILBEE NG HE TR ERZ
Ik /N, AE & B S AT S PR IE T B Bk, TR
(1 RBE i SR P A () RO, SR I S A 5 4
FKUATH B (B 15). 5T E R, 5
SERI ST RIAT SN, HEom 7 X SRR AR AT 5 BIRE 2
FH =l i 45 4 (R RRAE R S AR BT sk . R, o
TS S0 RAFIE & TR AR I0IE T IR &
SR T P R SR R AR, BDAAEGR RE 1
BRI S A SRR T 450, FRATILE] T HREAE )
Jrd A 7.

BE A, JR R O BR 2 (LFFS) B2 2 24 i
HRERGSEEWEREFH N AU H
T AR A 4 G5 M RRAE A L U AR P (B AR T RS
PR J2 3 3 A7 76 16, R SR P ) 3 U R
YEN— N 200 2 8ok R JE & 10 45 45 4F 2
HA &= XK. LFFS 8 52 XN Voronoi £ [HI {4
Hh I BT BT 5 R BB, - T A ) Voronoi
8 %00 (0,0,12,0), W LFFS Jy1; 28—k F1#%
(0,2,8,2) I LFFSE N 0.67. iXFE AT LA X FR Pk
REAER R & 2 AR R 45 M B8 — Hh 3R OA H ok,
K16 AR CuZr 55 & 4 1 LFFS 1545 12
WORT LEFS /3 A (RS ELPE. AR, LFFS & M b
SER R AR 5 1 R A R AE: LEFS s 1)
DX 35k, e 455 by (10 L VO R b5, Bl v — -
WAL, [ 2, LFFS @RI X 3%, Ha50 075
X PR PR AR AT R ) T A AR 5 4.

0.25

0.20

Fraction
@
=
38

o
—
(=)

0 0.2 0.4 0.6 0.8 1.0
ds

16 Cub0 Zr50 k& & FLUCHFRE A i e [32]
Fig. 16. The distribution of LFFS in metallic glass
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Fig. 17. The connectivity of characterized local clus-
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Fig. 18. Theconnectivity preference of local clusters in metallic glasses (341,
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Fig. 19. The connectivity preference of LFFS in metallic glasses 3],

176112-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176112

0.257 (a)
0.20 W NisiBig
[ NigyPao
£0.15 B Zrs,Ptig
2
Q
&
&= 0.10
N ‘ ‘ I ‘ ‘ IJ

555 433544 444 666 322 422 655 532 311 421 533

Cluster neighbour pairs

() NigoPao ] "

20 ARdh A AR RIS K h Ry (26]

26]

Fig. 20. Connectivity of local clusters and medium range order in metallic glasses [26].
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Fig. 21. Chemical heterogeneity of Ag in ZrCuAg
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Fig. 22. The hybrid packing method and chemical
heterogeneity in PANiP metallic glasses (371,
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Fig. 23. A wide variety of local chemical environment
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Fig. 26. The sketch of potential energy landscape[
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Fig. 32. The calculatedphonon DOS (a) and the distribution of soft modes of CuZr metallic glass (b).
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Fig. 33. The activation and relaxation processes of the

transition events in metallic glass [72].
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Fig. 34. Difference between the mechanical responses of crystal and metallic glass.
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Fig. 35. The evidence of local temperature increases

due to the shear deformation of metallic glass [73].
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Fig. 36. The counter plot of viscosity as a function of

temperature and stress of metallic glasses (741,
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Fig. 37. Behaviors of cavitation in metallic glasses [70].
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Fig. 38.

cavitation in metallic glass [70].
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Fig. 39. Strain-stress curve and the mechanical response heterogeneity of metallic glass (78],
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heterogeneity on the surface of metallic glass [10].

Direct evidence of mechanical response

N T B AR & A < N S e RS, N
3R T AR AR, b P Ah OO R (n P 41
IR) B2 R RE: — & Spaepen [ HEH K DL
JR BRI A B < H AR (free volume) K7
AL 55 2 Argon %5 B0 52 1 LLJR 1 A1 7%
VE BT Y13z 3l 9 B filt 1) “BY U] % A8 [X 7 (shear trans-
formation zone, STZ) 14!, B HHARFRBK AL AL
AR BB < I BRI A R B I R R ST R BR
RSB, REAT TR 8. Mg X
1A (shear transformation zone, STZ) M 7 I E: il
I Hi Johnson 1 Samwer 81 % f& 7 STZ ¥ i fit 75
1 e AN DIAR 2 18] (1 S HK, S i A BY DI A
(cooperative shear model), I\ AFES& 4 BT
B AR & R A B B TR B XL
F A B 50 R P A R T T AN B AL B
HT PR, 3 SR ASE R () L AR BRI AT T R
T2 RIAR OGSOk (55299 AR SCH oG e R A
RrpoE ot —— H AR STZ #y 3tk —3
T RE 22 B G X 38 [ 73 A1 AN 8 S 1

Tl A2 H BAFRIIBOE L /& STZ K, #e
JE7 BR 5 BE S F1 3 A TR A AR AR5 A%

176112-16


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176112

M., MEETE# £ (potential energy landscape, PEL)
BN REESEAE NP REES, TR H
AL, B HARESTZ 8 3) 7 %
— S MBERE, 4T STZiX K2 5 1 W Rz shim
5, BT E R AR ARSI PEL FHRHIE
KE, WOERE K BE 22 70 A0 2 B A, H LR XI5
(23 (B A3 A R AN A S0 1. DA R L A2 v
e A By, BRI G SE TR E
R, H T HEEAEGE TR A Sy
I, AEA5IX LA 2 R AT 0 2 A AH A
YR V0 A TR AN B AR 2 A R B A0 A IR AR AT L IR 2R
17N E e AR AT 8. R T
Bl 35N, AT AU 5L 23R & B0 B T B AH BAE

y=1% v=5%

FI R B L % TR IR (P 42 ) f
4,

T

—
(a)
8 — 2B
——
il
(b)
—
R

K41 HHER (o) SEEZX (b) <& B3]
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Fig. 42. The formation process of shear band in metallic glass based on computational simulations [84].
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Fig. 43. Temperature dependence of loss modulus for

La- and Y- based metallic glasses (861,
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Fig. 45. The strain dependence of strain-relaxation

behaviors of metallic glass [88,89]
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Fig. 48. The coupling between temperature and stress
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Fig. 88. Crystal-based crystal-amorphous composite with super tensile plasticity [154]
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Fig. 89. High-qualityamorphous film with oxygen prepared by magnetron sputtering method [155]
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Fig. 90. High-quality oxide amorphous film with room temperature magnetic semiconductor properties [155]
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Fig. 91. The superlattice-like structure in the metallic

glass surface 1971,
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Fig. 93. Metallic glass as a catalyst of water splitting.
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Abstract

Owing to the superior mechanical and physical properties, metallic glasses (MGs) have attracted tremendous atten-
tion as promising candidates for structural and functional applications. Unfortunately, the ability to form uncontrollable
glasses, the poor stability and the unpredicted catastrophic failure stemming from the disordered structure, as the
Achilles’ heel of MGs, severely restrict their large-scale applications. A number of phenomenological models, such as
free volume model, shear transformation zone model, flow unit model, etc., have been proposed, intending to relate
microstructures to properties of MGs. However, few sophisticated structure-property relationships are established due
to a poor understanding of the microstructure of MGs. Recently, heterogeneity is commonly believed to be intrinsic to
MGs, and it can be used to establish the structure-property relationship of MGs. In this paper, we review the recent
progress of MGs from the angle of “heterogeneity”, including the static heterogeneities and dynamic heterogeneities.

The perspectives of the scientific problems and the challenges of metallic glass researches are also discussed briefly.
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