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Fig. 1. Mesoscopic spatial heterogeneity can be used as a microstructure to correlate the atomic short- and medium-range orders

with macroscopic properties of metallic glasses(!522,
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Fig. 2. Crystal-like medium-range ordered structure in

metallic glass!*7.
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Fig. 3. Microstructure of ultraquenched Zr-Cu-Al metallic glass prepared under different conditions and measured by different meth-

ods'®: (a) High-resolution transmission electron micrograph; (b), (c) scanning transmission electron micrographs of samples with

ion milling (b) and twin-jet polishing (c) preparation conditions in high-angle annular dark-field imaging modes; (d) phase-shift im-

age of amplitude-modulation dynamic AFM and the corresponding enlarged images, the characteristic correlation lengths of spatial

heterogeneity in (b)—(d) are all about 6 nm.
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PRECIL A5 (b) N HAADF-STEM EUZ b ic i) X B4 B o BE I 285 (o) AR I L R ek 400 2R 3 451 K U (EELS zero-loss peak) 4%
AR, bR 7R ¢/ LB, Horh ¢ SRR IR EE, DOy AR SRR 1 B H AR (d) DAJSEJE 1) v ki 7 DX Jal i By i it 2%

Fig. 4. Density and thickness analysis of a hyper-quenched Zr-Cu-Al metallic glass prepared by ion milling!"”: (a) The intensity dis-
tribution of HAADF-STEM images which can be well fitted by the Guassian function; (b) the intensity profile taken from the re-
gions marked in the HAADF-STEM image; (c) a thickness mapping derived from the EELS zero-loss peak with a color scale show-
ing the values of ¢/l where t is the thickness of sample and [ is the inelastic mean free path; (d) the intensity profile taken from the

corresponding regions in the thickness mapping.

(a)

2 nm

5 (a)—(d) TN ZrogCuggPty JE i 4 5 h 1 X B 28 IR ST (e) o3 5 o 85T IHS (R v 94 23 (] 24 A 1)

Fig. 5. (a)-(d) Thin region in a milling-free Zr;CuyyPt; metallic glass ribbon showing spatial heterogeneity; (e) spatial heterogen-

eity in sample after ion milling for 5 hl'.

AR f B g 9 2 IR 2 S iy PR 2 K JUEE (1Y DX ek B, (B AL T AR B2 R R R X BT AR A
P, s BE A e 1 DX R B S AT R AR T TG P 445 ) 5 3 A [ ) e o 7R 4
T A S5 HE), 57y — 0 25 JEE R AR A IX S 45 40 B DAy PRI FIARSE.
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(a) FTF LR

(b)  HHFEIEE: 2 A

2.29 Al

3.04 A-1
X 4

6 (a) AR R T B TS 07R ZIE; (b) 34 ABED M7 516K 5 4667 B A5 B — B A 7R AR R R 2, e a
SE DRI X AR ABED FIRE; (c) 58 XA (f) 5 XERIAG B4~ ABED fEKE; (d), (g) fiT8F R 2 M B A BERR I ; () SE R TR

R (h) 3 AL IRE F 1 28 X AT 5T (SAED) PR 1)

Fig. 6. (a) Schematic illustration of scanning Angstrom-beam electron diffraction; (b) the scanning ABED patterns are stored with

the two-dimensional positioning information as a 4D database, representative ABED patterns from bright and dark regions of the

hyper-quenched metallic glasses; individual ABED patterns taken from (c) bright regions and (f) dark regions; (d), (g) the angles

between diffraction vectors are marked; SAED patterns taken from (e) the as-prepared hyper-quenched metallic glass; and (h) the

partially devitrified metallic glass!'.

3 =PBAEH A ML &M R K B
3.1 ZTEIAEHAMESMRIT ARKE

3 Y WA AR T 22 v B e Y ROR X ] B, A
il TR AT RSN o 5 B g o4,
il BE AR LE I B AL AT (T,) LT, o 58
FEER IS4, T 8 (Johari-Goldstein) B34 B 7E,
IR R AR S 3h J122 0 EEORIE. B i AT R k&
BIRR BN 1244T 2B —. 1976 4F Johari
AR WISy F B s P i R R T i 4, Rt
BB PR Z & Johari-Goldstein 5% . HFFT %
B, B iR AT e LA s g PO insEts i Ak 196 1
SRR AR P18 SR SC i R b R EEAE A, fn
T HAEYEHE 5 S S ) SRR 2= 0 (5 T AR R
PV 7. 9K, 6T B bR e I — e,

K

WL b T E AR P T IZ A B S 3
ARy (JEF), bt i R B X 737 (J5i )
11z 3 2. BT RORE I E B, %5
— H BRI 232964 Johari® FEHH AYRIEHEL
fe i, USSR R UHRARRS G E) i 8
ST T HAHCHEAR DI 57 RS A2 3. Wang
S 1051 S i AR S S o SR DL K B iR
AN TRI BE T B2 9 DX b i R AR k. AR
HY B bR Z BRI AMESCHRAT = RS

2016 4, Zhu 45 1 F I R Sh A 55 77 6%
B RGO 1 HE B 4 19 [ R A e A [ R
JCREE T B A A A R (] 7). A A A
KT, w] LA 2 23 (8] 2 5 1P B R i SIS L
TEBATIR KPS ARG ah, SRR SRR
FRIE B E R LR 6.1 nm. Z4d 5 min 1B k5,
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FRIE I 290 /N 2] 5.05 nm. 76 1R KCE K R
[i] 30 min, 180 min Al 720 min /&, FFfE B K
2108 /E 4.28 nm, 3.67 nm A1 2.59 nm, VB3 [H]
L5 SR K RIAR DG, 8 A AR IR DI B
SR KB TR ) S FR, AT RAARAS X R A8 R A 5t 74 B
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Fig. 7. Amplitude-modulation dynamic AFM of ultraquenched Zr-Cu-Al metallic glasses (a) before annealing and after annealing at

553 K for (b) 5 min and (c) 720 min; (d) phase-shift correlation function curves for samples annealed at 553 K for different times;

(e) the evolution activation energy derived from the dependence of characteristic relaxation time of spatial heterogeneity volumes on

the reciprocal annealing temperature (1%,
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Fig. 8. (a) High-resolution TEM (HRTEM) image of the hyper-quenched Zr-Cu-Al metallic glass, the inset is the corresponding se-
lected area electron diffraction pattern; (b) high-angle annular dark-field scanning TEM (HAADF-STEM) images of the hyper-
quenched, the intermediate and the highly relaxed samples; (¢) nanoindentation hardness and modulus plotted with the character-
istic length of spatial heterogeneity, the solid curve is a linear fitting for the points; (d) micro-pillar compression testing, engineer-
ing stress-stain curves of the hyper-quenched and the highly relaxed samples subjected to the uniaxial micro-pillar compression/2.
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Fig. 9. Strain relaxation measurements: (a) Indenter displacement h as a function of the holding time #, at a constant loading of
50 mN; (b) the stretching exponent § plotted with the characteristic length £, the experimental values of 8 measured by the strain
relaxation are well consistent with the predictions of the mixture model, the top left inset is a representative ABED pattern for the

bright regions, and the bottom right inset for the dark regions/2’l.
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Fig. 10. Spatial heterogeneity in (a) normal and (b) ultra-
stable metallic glasses!2!.
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Fig. 11. (a) TEM image of a CuysZr 5Ag;( metallic glass, inset is the selected area electron diffraction; (b) high-resolution TEM im-

age and (¢) HAADF-STEM image of CuysZr 5Ag; metallic glass; (d) ADF image and corresponds EDS mappings for mixed, Zr, Cu

and Ag elements; (e) plot of potential energy per atom as a function of cooling rate; (f) chemical distributions of Zr atoms (red), Cu

atoms (purple) and Ag atoms (yellow) in model glasses of different cooling rates®?.
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Fig. 12. (a)—(c) Chemical distributions of Zr atoms (red), Cu atoms (purple) and Ag atoms (yellow) in (a) CusyZrs, (b)
CuysZrysAg1g, and (¢) CuygZrypAgyy with a cooling rate of ~10% K/s. (d)—(f) Icosahedral-like clusters (cyan polyhedron) and Ag (yel-
low particle) distributions; (g) mass distribution of atoms in Ag-rich regions as a function of radial distance for MCMD models; (h)
the fractions of icosahedral-like clusters of MCMD and MD models as a function of Ag content, the dimensionality of Ag distribu-
tion is also plotted with the Ag content. The error bars indicate standard deviation?2.
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SPECIAL TOPIC—Order tuning in disordered alloys

Microstructure of metallic glasses on a mesoscopic scale:
spatial heterogeneity in correlating atomic configurations
with macroscopic properties”
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Abstract

The atomic arrangement of metallic glasses lacks long-range periodicity, and exhibits structural
characteristics of an amorphous state. Their unique structural features lead to research methods that differ from
traditional metallic crystalline materials, focusing mainly on two scales: one is a macroscopic scale, on which
glass-forming ability and mechanical behavior are investigated through alloy design, thermodynamic
parameters, and other means; the other is an atomic scale, on which short- to medium-range orders of metallic
glass are studied through computational simulations and diffraction techniques. There is a difference of over
seven-orders of magnitude between the two scales, which makes it difficult to establish a direct quantitative
relationship between them. Therefore, a structural feature is needed that can connect atomic configurations
with macroscopic properties on a mesoscopic scale. With the development of amorphous structure
characterization technique, it has been found that metallic glasses exhibit spatial heterogeneity at the
nanometer and micrometer levels above a short-to-medium range, with their scales ranging between macroscopic
and atomic scales. This article introduces experimental characterization methods for spatial heterogeneity,
focuses on the electron microscopic characterization methods of spatial heterogeneity and local atomic orders,
and discusses their intrinsic correlations with macroscopic properties such as (-relaxation behavior, mechanical
behavior, thermodynamic stability, and glass-forming capability. Spatial heterogeneity, as a structural
characteristic of metallic glasses on a mesoscopic scale, can serve as a link between short/medium-range orders

and macroscopic properties of atoms.
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