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AR & SR TR ABHAR N, 21T 237 B R AN
P4 S ABCBE S ST AR 5% A TR AT R R
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1.2 E2FIERRTER

XoF R A P 5 H 3 R B AR RN TR AR R AT e e A
o NIRRT — Be B A AL SRR TR s (1) 9 AR B
BILEIR, CEH — LA s ) BRBAY v] DL
BT R RE FE SR A A IS A AR AE — iR X A
AN EFAF T SELLAT . BRI LR,

1) H AT L (free volume theory). Cohen
A Turnbull O $2 H ) B B AARFEL 18 (14 B R 52
BB, HIn AR, R DUE M T E I AR
Z PRI AL TR A G I 25 B R YR
AR M| it A0 AR i v e T B B S R B )2
PIBLAL. PR A N AR S B 45 0 HE A 52
FE TR R AFAERL AR R A AR, oA
1 E AR BUE SCR ve = Vi/V (Ve A THATR, VN
R AARRR). AR RS SRS REARIRRIR
NG, IR HAFTARLT TR, R R IE
AR BENL AT, IE0T DAEEA R R G RE R 15
OLUNIESAE D). AE WA B E A LR, B
I R B ARFR LA R E ER AR AR 2 B 2 98, (H 2 H B
RN T — AN FHE IS, R R A BT AN RE
FH B, X KA. EREAT, B
EH AR BRI B2 AN PR U B2 P R B, T o EH B3R T B
26 A RN ARTT 52 PR g IR, — R U, ¥4 033 5 el sy
BRSO AR . 0K 2 1) Spaepen [
¥ B AR TR AR A e IR AR AT .
At S 35 (1 9 B A AR O — RVIAE R B AR R
RO AN R R ER, SRLT R I, IR
B BARRR R 24 R TC PR, N fEish i
EAR S AR E B R R 12 RE Al
PR B BT MR TV 22 3 R e AR R AR ) S
IR, RS AT AE A — S0y v IR AR AR 4 ) R
B, BHERES b ok N E, £ E
Toikgs B TR E X, SRR LS4 R AR A

SRR ELFERT L L, XA BRI VAR DL R B
AP EN ) AAT R AR A TE ¥, R TOVE R
TR I V8 VAR R AN 253 S AR 5t BR ) 23 B A AT A K
DUR) SR
2) BY Ui AR X 5 (shear tranformation zone,
STZ). 3% E pR4& H T2 B 1) Argon ') 57 B 2 15
SER R K, RS S i R B R R R 2
5, MEHERAE TR B BARBUK T T HIERIE. 124
TR AR B IR T BIR 2 TR AL R HE A T, £E4h
HAE R, X8 5 A0S 7 AR AR T B A
fth Rz sl, BB U122 X STZ. STZ HIHE
MDA, A REEUCAPIRE, 7%
A —E Wl FHH0E BEATEOE AR, STZ Wof il A RE
AT RAR A ok, T PR S i ik, Bk
RN — RSBk, B STZ & e i it
SEJEFR 1 T ) Eshelby 8820 2%, W] LIS 25 f (1
STZ ik REHIFRIE
AF = ((v)G592, (1)

o, (v) RFNARA LA RIR, GRBTYIRR, 12
& STZ HIFRFERIAR, 272 STZ PIRFEARFR. -3 B
AT AR A S, — AN AR &4 STZ R4
5 50—500 MR T, M TS ILEOE REAE 15 eV,
KEERL (20—120)kpTy. B STZ LA AATH]
DA EE 3 46 i B3R A (IR T R TR AR A0 Ty BT 1 A
474 Falk fll Langer "] ¥ STZ 574 it — 35 & i ik
REEVERAZ B, AT DO o EA SR B
%2 STZ KJiz3)). Johnson Fl Samwer !9 % &7 STZ
Lyt B A 2 TA) A BLAE , AE STZ BEA (1) FEfil
|, ¥ STZ Wois B 75 1 g S A) AL R BGE K, $R
THYMEBIUIBLAL (cooperative shear model). £t
Schall 5 [16] & 75 fi f b B 3 W82 31 73X B STZ
A AR, SR, STZ M\ — iRk e Loy —
BNAS PRI, 45 AR J7 ( H H T o AT, (3
HGK T 5 G I ORI, AR MELEROUL &5 Ry b4 2 1]
O B X . el iR 2 TAE /eSS ) SR AE
ANEY ) EERIFN STZ 2 TR N REOC R, AN i It 75 42
X STZ ()5€ kAT — e R E B . i H., BETH
SV I STZ BB b & S AE 335 3
WEERN b, WA IS IT B A BAEH, ZEA R
TSR T, WRAFE XA A BAE R, 1H 5152
(A5 JE AT e S BRI ™ A R IR 22 50 .
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TR BR 22 R SEIGAIE S R W, 500 B3 ST AN &
1 [7 P 1 I ot 25 0 o F) AR 6 A A )y g 24T
S AR ST, XM BB AR & o e IR AL AR
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WHEN T —DNEIRW K. [\, W £ 2
HR AR 2 2 7 PRk, AR RGOS A 5100 A
AR s T R — LB T b L R A ) S50 T B e oy
#t. Wagner 25 B R H IR 7 88 75 B BT (atomic
force acoustic microscopy) X PdCuSi JF &t % i 3F
A7 JRy el P AR U B, R I < R R E  E AN [
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i, RILTLE R R AEBUER I B4k o i A &
— IR RUBE 1 B AL IX I, 1) HIX R e A LS
VoL R THDALRE B T0 0%, & — Fh AR AIE 1) 45 4 <Ok b ™.
41, Tchitsubo 25 1716 Pd 5 4 & B B84 T, (i
JEELLR SR B A A B AR K, R AR rh i [X 3 o
A oy ik, A RR A A M S b O AL T
I REERAS, I L HEIRT 4B B R v AR R B
A ST AR G5 4. X S s BE i # R B, 7E9E
A TR B R A M IR Sk, IF BAR W]
RE AT L X 4 T HH S NS AABRAA FR E BT, BE 25 2
SRR FH TS, 3h 0% b, Bk R PR R
HIX iz 31 (mobility) FAEEZE7, WA 2 s, 41
X IR 7N I8 Bl LR K X 45 (mobile), T # X
R85 1) X 45 (immobile) 5],

(TR .0-10
ENNEEEEEEN N
EENEEEEEEN '
E=-nl-l=lll 002
IANNEEEEEEN =
s pEEEEEnEEn @ . =
“"HEEEEEEEEDR <
EEnEnnmnnn B
BENEEEEEER
EEnEEEnsans B

Bl (a) JEdbAR (b) Ak PACuSi Bk Al R o A (R H ) (]

Fig. 1. Map of contact-resonance frequencies on (a) amorphous and (b) crystalline PdCuSi [31.

R —

Increasing mobility

B2 ORI oS B 2 51 18]
Fig. 2. Granular fluid with a colour scale showing the

mobility 18],

T ARGMRITE, B AT SR T BUEAE A fE
REFIFE S WG E R, X eeE B AR
WL B I R, EERWE RS 1A

SIE, AUREE — RIIEF K G55 B, i [a]
LA BN A R 77 2 L 2 I, X 2R S50 T BLRE
FUA AR v (RO 18] 3 9 TR Bk SR A S8 (e
AN E &, XA XTI I BOR Pkl BLE,
LT RIS T B, S m] DRI LA 73
PrEIL s N B I AN Sk, BAESER & &
B F 25 v ) LA SR I 475 AR = B — 2B R
UFAE B 15 AN B SOk 2 S WA Jee 9 (14 A 45 205t
BAT 9, W 3 pros, B ANFEE 3T R XA
AAF R RS, 2K AN, SR
AR b TR U0, S b B AR A R
WA LA RIZh S22 AR SRS B IR A ot
FAR SN E AP A SR M T ARG I P B 7 2o M
(KR LR AN BN J7 5 AN Sk 2 TB) 5 15 EAE A R, H
AR Gl — Ok, SIS S8 1
FAI SN, A — 5 AL IRFKL.

176103-3


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 17 (2017) 176103

Spectral distribution Spatial distribution

-2 -1 0 1 2 3 4 5
logio(w)

K3 Zha A Sk & Bt g N MR i B0 () 51
(A7) A 77 19)

Fig. 3. Schematic outline of the spectral (left) and spa-
tial (right) distribution of relaxation times in a system

with heterogeneous dynamics (191,

1.4 EEPHHFITHFER

AR 3N 14T R EERYE S B 5 A
PEORRAE. R T 0 A B iR AR T, 0
()26 FE m AOWL R 37 8 3R 20 D IR UF #7575 Stokes-
Einstein % £, X4 & d R AE7E 5 — 15t 384T
. BEAE IR FRAI, Sk AR iR AR T — A
Il SR E T, ~ 1.2T, I, Stokes-Einstein ¢ 5 2L,
B ) it S A RO P R st B AR A —— a5t
BB PO o gt R — R AR T <187 ) it
B, & 9F Arrhenius 6 &, 24l BF 4k 22 [ 01T
T, I It TR [R] 23 TR HE R, FHAE T, Ao AR 45 (5K
56 i 1) RUOBE 2 S B ) Bt T4 M) — ok X B Y
SIS RE, HAT NAFA Arrhenius R R, HHES—H
PREE BB AR, PSP B BRAT N FE 20
20 70 FEAR AT DR AELE = 7 T PR R i 21,
R NARE 3 A 93 P 2 5t T4 2 A IR AT 9 (F
PRt 2 A A LA B GhTg) £ 5 B
e B M BE 2 345 5%, ELF Johari M1 Goldstein ']
TE— LNy TR R T SCEE A L ORI T
B R IIAFEAE, AL 1 B it I R IR A I AR MEAT
. SRES IR A ESHE AR T p IR RAE AR
JRHAELE B . 5 R Ngai 25 221 32 H (48 A 4
A (coupling model), A\ A B it TEZAE N o 5t T AR
IK (precursor) MAZ1E M.

e o AR PSS, BRI RIAE S 2
KA B R, AR S AE TR DO RS
IR %, Ak 1010 Hz BA_E, AT DAFE —ANERE R
IO B o S TR Bt R, T R T H S

WY, 2 K34 7% 73 H (dynamic mechanical
analysis, DMA) 77 BEAT I &, X P A& 77 20
FEJE PR bR A Y, 159 200050 B E AR AL, X 0 S
J 0 e A0 IR 77 NSRS H DMA 177 2,
HAnRJuEEES 2, RA 3 AN ER, (AR
T 5 25U BE T I 26 AE T, AT DK AN R B2 A it
AR 7 UE B — 2% i 2k B DMA 177
EAAE H RIS FE AN JTEOR R AT TR R
i TEME B B SR 0 SSRGS B ARG H
S, SR AP 77 VAR R K 25 29 R A
R R EE. B Ak, AT DL # ) A T SR ARk
HEST B 5t P 1 — L REAE 24 4 sith, P BF ) R B
& XN TAERA S, HpmBalk R 2H LN Mg
SR 5201, 1) 75 7o 5 Cuu M5 o 34588 o £ 3
FE (excess wing); 2) & Pd %5 4 J& 3% 385 1 11 )8 5%
RN D (shoulder); 3) 78 - 4 55 4 8 3 30 v A ¢
FI TR IE (peak). FAT B i IR 14 R0 T3
THERRTS 2 g s B R R A s Re R 2. J )L
T, T E BB BRI — R LIRS R
PGSR T — L B W B st IR AR A <
T Z PT300 (B 4), IXCRIR A TR B 4 3h ) %
IR AEBESE | Befilh,

1.0}

—— Vit4
L LCNA
— LACC
0.8 PNCP
PNP
—o— La;oNijsA15
_0.6f
e
3
:\
S
0.4r
0.2
o= i . .
0.6 0.7 0.8 0.9 1.0
T/T,

B4 4R R IRAT i bt 127)
Fig. 4. Temperature dependent relaxation behaviours

of various metallic glass systems [27].

2 WA ETTHH A
2.1 ffa=RETHART?

FERESLI TAER AL b, JATIIN T “HiAR
F767 (low unit ) AIRER R E SCAR i PRI Eh 775 <Ok
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B, RALAR A h S5 AN B Jy 22 AN SO0k, SL4E
R R BRI G 2R BLA2L AR T R FR AR A 4
HHAE AR IRE 22 [R) G5 A AN Bl 77 22 0 5 T R A L 240
sy VA% PR R AROOE XIS, T K RUBE I S A
RS, A EE AR R A A T ) HoA X, A RUIR
F s R 9 58 ARG 1A 2R i AR O 5 i ) e A X i
TURANE, xR TR HAT B Bk SR R 45 &
B X K. X AL BIT T (1 X IR BN
FRANBAAIVEST, 78 52 1 HB il L BN DO R, B
F R LA I A B RE B AR AR R AN SR AR IS B LT
MEBERIIAEHE, T AR A S, K
AFEAL BT BA SRR A R ER, Wi s i
R RAT I R 22 B, ML ot 2 =4k
TR e i e 1 AR E I B B B2

MBTHASTE

Bl 5 AR BT e 22 Hh 3 B A i R e ir B (32
Fig. 5. Flow units correspond to the peaks in energy

barrier landscape [32].

A i A < T DU AR A0 g i f) B AR B AR
AR TLHIH A

o = BRI £ BN E,  (2)

XA ANIE] 6 R, Herh 2060 1 B £ ) X AR
RIALHTT, HARHR > &SR, 5 PR B i mT A
G R HE [ A5 A, AR BT AT DUE R HE VRS T
[E AR AT A7 AN RE B, WA AL B IO AR T AR AR RE
BLOIXFEAR BT UK L T AL AR B A AR AR
W] UL B R AR 2R A RO R, it
A2 BT ] DAMRRE AR i it AL AR N B I AR A3 AR
ZIMG, ISR B9

FE g R g UV A R AR PR R X K
g KB, BEEiE 2E, T HAE DAL I HRZ M

FER 2 2 SIS I i A i o O B0 B 6 U A
TRALTC e B R & A B Y 5 Ah— B e e R AT B
ZERIIX I (TR B 15 LR Z ), 7 AR A ]
AN [R] Y ASGERE EANCLy 9%, 2 ARk & B B 4
W M, DA SRR R BLAE 2D AR A BT
AR T RO S, AR M I I A 0k g Y
6] (%) ps B2K) FIZs A (1—2 A) morHiae o 2
PR XU 2 AT B F O RE DRAIE 2 0 v R I 1) 23
B, ER IR Ky a5 045 R AR ME Sk AR 7]
s R IR T30 AT . BV T BAEAR C
2] LLIK B B 20 3 18] 70 R e 71, (RN 8] 7 7% g
JIEA R CLARTG R 1 R R A5 3 125 B T
H., BUE BIBOU 73 A = Bt Jo ik g S AR dh S5 /A 3)
JIEE 22 8] PR A6 K 2R, DR O 445 B
He L 0 = 4 S A, AR HMEAE R St 52 2% TE P 1Y
RS A AL, BRI, H TS R gEiE I A 2
T BOR R DN AN R AL F AL B 70 K 5 AR & e
PERER I AR 2 (B R R W AR & S h AR
TG ) BRI AN RAL A2 e B AT PR IR H B2
W FCRT.

AT

SRR

FHERLIE

K6 WARTTA f )RR R

Fig. 6. Schematic diagram of flow unit model.

2.2 REBTHAMKR

R HIh A G0 AR A7 5t 3 5 3l ) 2 il e T B
A LA Rt x AR B T AT B FURAE. B S
TUARE) 5 T2 B A — ol AL REER DN vk, X Bz T4 ¥y v
Ry, SCRT DA ROt BRI A & st B OX R 5l 77 2
M5 8. BRI — AN T R, LBl 75
TA T X AR X IR IX 7 I k. R AR B
TO e FARR S B AR T B 1 B s Y X
Ik, 3K 2 DX 3 ) 3 ath, T N 1] B, B AR B G HE
) 3 2 A b s A TS e s PR X AL R I Bz
1 Lt BRI X, KRS A B IR AR,
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7 HR, EENAS J1EE b AT T, A (ot
TRUE P IT) TN 1 B ot TR U 5L S e 1AL B T X Y
B F7 2 B AR B 0 2 R, R RE 1R
BIAL B ITAE AN R FE T FIRHIEA R, 38 Re 3 2
I LS e, B o it 5 58 B AT 5 — 10X
b, I REAS BIAS A4k 5 80 A BHEAS FRRAS S AL
BTG X3 BT AR b 2= S Bl FRATT R IRLAE
LaroNiysAlys 42 8 35 5 i 428 51 o0 X 31 2% BE bL
CugsZrys Agio & BB T =21 30% 7).

B7 =4eshd g B4

Fig. 7. Three-dimensional dynamic mechanical relax-

ation map (341,

it T BRI B R AT B KN RN g i B A A
J7 ABEAT I, REAS 23 AR B ek BT R A
KA. B N I B A BN, NAR 5 N
MU 2k (R0 B 5% 28 38 9 A7 A2 76 1 S FR R A6 i
J&, SEINEL BRI A G 8 g AR it 2k B
(i i [ 2 1],

0.8 ¢ LaNiAl
| — Model
0 CuZrAg
0.6 —— Model

0.2

Measured at 0.7T}
Stress rate = 3 X 10* MPa/min

0 0.2 0.4 0.6 0.8
efey

I8 B/ S IX ] () B 2 [ 2% 95

Fig. 8. Dynamic mechanical hysteresis loop in the ap-

parent elastic regime of MGs [35],

£ Vogit B84 () 5L Al I, i@ 5 AN — D=2
Ky AR AT DUR B M AR SIZEG 15 3 1 B g -
AR I [ 2% 15551 19 31 [l Ak 7 FE T LARIA

de

Ua, (3)
Horb By BBy 73 i AR5 R A0 I A2 B8 70 5T R O %
B, AL BT IOE JE R . A AR T
BLALL N g AR I [R1 4%, AT DAAS B3R A8 B T o e
5 E 0 (E 1.5—4 GPas. XAMEMAER G 4%
AR Z R B, Ul IR AR BT RO R R I 2R
AR IAT J9. HE T LIS SN, AN [F) A & i Az B
T I ERIE B AR KRNI, I HLAs kARt g 27
PEREAIRAT NI ZE R, &l 9 .

)) £y i]jz / Strain
N

R

55 GPa 275 325 375
17 GPa
4.6 GPa-s T/K

d
Eyo + Ud—j = E1Ese + (E1 + E»)

LaNiAl
! Kd

Stress

»

1.5 GPa-s

Strain

N
W
=
Q
&
" Stress

550 650 750
T/K

19 AN[E) A 2 P AR B T PR B R AN ) B o B R R
s (311
Fig. 9. Distinct properties of flow units in different

MGs and its influence on mechanical performance 311,

LAk, MR =SB MGR R & ik R
R 5 U AR BT 6 R R B6ST

R

GI— 1+Oé’ (4)
_ au

GH— ].+O(’ (5)
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Fig. 21. The relationship among plasticity, Poisson’s

ratio and the concentration of flow unit change during

annealing process [61].
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Fig. 23. Schematics of thermal cycling of MG samples
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Abstract

Metallic glass is a promising metallic material with many unique properties, and also considered as a model system
to study the mysteries of amorphous materials. Recently, many experimental and simulation results supported the
existence of “flow unit” in metallic glass. In this paper, we review the background, the theoretical and experimental
evidences of flow unit model. Flow units are considered as those loosely packed regions embedded inside the elastic
matrix and behave like viscous liquid. Compared with the matrix, flow unit regions have low modulus and strength, low
viscosity, high atomic mobility and stand in the saddle points on energy landscape. Therefore, flow units can be treated
as dynamical defects in metallic glass. The feature, activation and evolution process of flow unit region in metallic glass
as well as their correlation with property in metallic glass are also reviewed. Through dynamical mechanical methods like
dynamical mechanical spectra and stress relaxation, flow unit region and its properties can be distinguished and studied.
A three-parameter physical model is proposed to describe the mechanical behaviors of flow units. The activations and
evolutions of flow unit under different temperature and strain conditions are studied. A three-stage evolution process
is found and the relation with mechanical performance and relaxation behavior is established. The characteristics of
flow units are also related to various properties of metallic glass, like plasticity, strength, fracture and boson peaks. By
using the thermal, mechanical and high pressure aging procedues, the properties of metallic glass can be manipulated as
desired through adjusting the density of flow units. We show that the flow unit model not only helps to understand the
mechanism behind many long-standing issues like deformation, glass transition dynamic relaxations, and the connection
between structure and properties and performance of metallic glasses, but also is crucial for tuning and designing the

properties of metallic glasses.

Keywords: metallic glass, flow units, glass transition, deformation
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