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DOES STRUCTURE DETERMINE PROPERTY IN AMORPHOUS SOLIDS?
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Abstract The mechanical properties and plastic deformation mechanisms of crystalline solids are mainly determined
by their structural defects, e.g., the motion of the versatile dislocations. However, how structures determine properties in
non-crystalline solids remains as a major unsolved issue in both solid mechanics, materials sciences, as well as condensed
matter physics. Structure determines property is the traditional paradigm of materials science. Following this rule, there
are vast experimental characterizations, theoretical studies, and computer simulations appeared in the literature, trying to
establish a one-to-one correspondence between a specific structural feature with a unique dynamic property in the general

amorphous solids. However, up to date, people gain very little understanding of the structure-property relationships in
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amorphous solids, not to mention whether there exists any hidden rule behind the structure-property relationships. For this
purpose, we focus on the unique features of deformations mechanisms in amorphous solids as well as their microstructure
characteristics. Thorough proper samplings of the activation energies of the excitation of these structural parameters
by an advanced molecular dynamics technique, we are trying to quantitatively assess the validity of simple short-range
structures and medium- to long-range structures in determination of their properties. This is done by examination of the
possible correlation between parameters of structures with their activation energies, which implies the level of difficulty
in activation of the events. By this we find that the hidden governing rule of structure-property relationship in amorphous
solids involves a critical role of spatial autocorrelation length of the specific structural parameter. Constraint is more
relevant than geometry itself. If only one structural descriptor presents spatial autocorrelation length up to sub nanometer
level, it might effectively predict the mechanical property of amorphous solids; otherwise, the short-range local structures
lacking such correlation length fails to predict property. Furthermore, we present a general metric to assess the utilities

of structures in determining functions of the amorphous solids, which can be served as a screening rule to seeking for

effective structures in amorphous solids.

Key words amorphous solids, structure-property relationship, activation energy, glassy structure

51 5

T 5 PR AR 5 ) e L T IR AP = A Rk
YIER A2 IR )55 U EE 2 — AN LR 5
o WL zdu A B AR R o I R e
HIfe. BN, AR 1) 2 W ah A0 2 2 T s AR R MY, 4%
8 — 5 B A8 AN e e i R, 78 = 18] B R A ARSI N
B AH R, T TR R AL 2 iy X RR A S R LA
T B R S5, BU T R R T AR AR A T DA K W
MBS LRI R 4k, it DAZE 4 U e 1 R
W& FH T d A, BRI, FLSCAAAE I e AR M T 2
th 2 Ak e T A A2 | 23 UE 1. Tk A B Bl
se Mg, Feom S bR R Ar BN PR AR SRS A B
s, Fr DA ARG <ah v PR et g —
AU, G EX T ER I, F A R A B AL A
3 T FAE TR AT LTI, TSR A R A
mn AR 2 AR fm A, BT RA, BiEAE K222 # S Nix 2
FEMATTE 5 I € A [ AR BREE ) — s i, SRR
SR T SO DA IR A <& il I TARARL, IF
S s S A H R AR 2 e

i 2 — AN DR, NN T Gt 2 ] A4 o
FEE AN BE VAR T (R R BUAS T BOK gk g 51, 7E 47
H AL I R, BB O LB — B2 IR PR R 7
SN E R 2 — . BH AN E RN AR
) S b 5 i 3 5 (K T Frenkel L AE 5 P8 250N E50 &2 DA
N, AR A i T AR HE A R T L) 19
2d 30 44X, Orowan 25 W3 A RF2E R H T IR

HDIVRZ LN PN L ST NE SR i 7p S T N e
IR, AT AEIT 1 B4R J7 52 00—kl 2 Ja 28
Ve 2R R, LT RIS AR R 21 S AR ST
PEAEAR AR ] S35 . LKA AR 5 AN TR RUBE it A
BEIAR AR T, el [ A 7y 2 5 22 i P 2
HARAHGS &, BB RTIZ 3 5 T IR R 1, %
BV HE 2L SO S B AL o 5 X FR B« LTI
FE AR OB PR 28 S W B R A R
HEZE TR AR AL TE () Orowan A3 & = pvb (FL
& NEBTERIAZ AR, p FALHEE L, v N TR EEAR 5%
IR A IZZIREE, b NAAR T R E KN, 52 [ R 1
A58 B ) AR 1) 22 AR

(B2 A [ A 2 B AR AEAE M IR (1 — /N,
MY DLAE A R, el B AR o W
M. BRI BEW. RSN, R a
K, BEE AT RHE & SRS, B & Sk rHE
AR, AR FE T 1A} o 5 R 12 ) ] 42
B B Ho, ARG & CURE R IE) 1Ev iR
FEE AR, RILH SRS &R A AR e 2 A T
(RIBras 0 AT AN S B L A sA R, I HLiz3k
MBI = 5 I OU 45 AR AR 4 78 70 AR Y
YB3 Bl 7101,

ARG Ve, 5 A A, B RIS
A5 P AR S o B A AR R AR L & P RE Y.
b b, SOk A KR ARIE, Sl e T BLik
AR SRS R IR SE A (5 2. bdn, DA L
B 45 R on W] BEAFAE AR B A R R A, AT



% 2

FAILEE: RSB AR S5 7T DLk g PERE S ? 305

T A RSS2, B AR BBl )y 2 R
LG A 5 L R R 5 K Fr 2 B AT O 18200 (B, )
TR AR S AS T K, PN R SRR UL, JEANEALE
— RPN S AR T DAk E B A o 22 A
B, IR —SeB R W, o & & sl ) s R ot
ANHI AR R G5 H g (2324,

A AR i 25 T AR AN AR SR 25 B 1 A5 K e
ALK DL — A B ) Cuze ot & R BAR R, 1E
I AR af AR R, SR AR R | KRS
PR E i A WA PE BE 7 T AOVE . R TR AR IR
THRIAE BB S AL LAIA T AR S PR RE. Pir
DA, G SR s N5 A 1) FEE AR AR S P R, IR A 7
BHIEUE TR IEAN R T S R 2S5 8, B
GhAE). T H., R B 45 K 1) 72 [ ok s AN SR I A o EL
e RRIRAE “H5HE — PERE” SRR o i B E Y B EE.
(E, XSS 2 Lo H ARG — D FEA )
U —FA R4 BT 8 s S 7 B T e BTN R
TE X AR E R RS A B E Y2

T A A U S 2 AN (R, B R 4 J) 2 A O H R L
] &k 5 SCH, ANITTAT BEZa AR S A FPRHE R 145 1
AR RONE 3 F— 78 B U NN TC P MBI R I 4
WEREAT DLGE PERE. (H2, FIREZNE T — AN EH )
G, RO & 2 AR 4 Jmy 45 0 A BE B AR AT ]
B B AR R NG I ) F 4 AL 2L T 3R AT e A, 3
SETRY Je S 45 4 38 W oy LA AR B R E Y, i AR
LA S BRI, A SCH) T AR <R R B
JRFREE R A R CARRRE A ERPE BT, FEAN 5 ik R
P45 K6 PR ML B R B DI AR 7 I

AR B A B R ) R, 28 ML SR DE
PREE” B FEVE a2 AR S A A 2 R R4S
FE) AN 2 R 65 A T 5 SR BBk AR T S AR PR e B R
Rk BT SR 4. ik, 2T 73 ) A
0L, 38 I ¥ BB T [ A4 4 BRI (potential energy
landscape, PEL) R R R E AR RS R 25280
SE BRI AN R S5 R AEAE P B M RE 7 THI R RUCH.
WA A B AS FAR B FEAR AT AR L A, SR aj iR 5L
R LTI B F AR R S5 A 4R bR DL & 2 T3l 7 5
THERLYHY, 8T B A ] B0 2 1 AR 405 g 4 7= B3 4
T —TERE” O R 2B B, B AR VP4l 5
VA RO AE R ) 1 5 7.

1 AE@RSEA 2 TR A?

T30 R I RE B S8 AR TE AL AE 20 T2 75
BT R EEE, NN T SRR AL AR S
SURNB T JRFZW. e, F 48 M. E Ashby 4%
R LT AFERRE. N MEREETZ
A A RO AR AR 2 (29301 B S5 A E 7K F 1)
& e AR FE I BRAIS, i AR AR TE AL P 8 A 59
B RS ITEY B, F i B as . AT AR
AHAR S BT A7 R LA 31300 AN [ 2 2 it A i Ffa 1)
JUMHFAE, 528 8130 712 5l 11 S BB A 45 4, W] LA
HEBT H S5 A BHE 7725 18 B 5 AN AR BN E R &R,
L an 5| 5 rh 32 2 1 26 T AL P Orowan J5 72, Bt
s — N AR,

T A Al AR A B 2, A eSS
T e SR AS T . JE A A E F A KR LT
FHFEE PSSR AL 2, BIRAAIEE M4,
Ry U737 Fy UM gl B R IR 2 M e e, B Tk
FEA3Z BRI 20 AT A RH 4 o 1) R % AR R R S AR R AN
Gt . VALY B AR s A A, 0 CuZr 4 )8 3
R, 38 O S5 RE 2 5] N URR 3 7
FHAMEE, WE 1 RRIEE R MR R AT
DL i SIS 5 R shBoEse v &, Bl g =
noexp (AQ/kgT), Fert no = 1.0x 107 Pa-s NEFESLFE,
RORHEE B il EFR; AQ NI v B 471 23
TEAE, RV AE N SCR IR ks ABURLR
B, T NI IEEIREE, WOM ke T NHAEE. B 1 BIRZ
PeIAE P AAE AR 23N 1 T i, BDRGFE R
[k 7 P AIE. 7 ML 28 P SIEG = 1) R) RUBE (100 s), AAT]
HHE DL = 1.0 x 10'2 Pa-s VB RS [EAA 115 A5
J£ 25261 8 B /N IX AN BRI W R A, TR 2
A A B 1 7R CuZr 45 )@ 3l 3 b [F) I 4776 29000
A DX 45 5 S ] AR X3, 1 2R DX 3 R R AL R ST S5 7E 4
KEH. BNITFEA LIRSS FE R X ) T 5
i S PR S S R AR, 5 ) A T o A [ AR 1 3R T A T
PR r)2h 125 R U B g DL b B8 RN R RAR X
BB S35, A A AR 0 — € [ ShE
MR E S DRI X 3T 468 . BT A, B BTAELE 1)
EE A R ) 1) A B 2 [ A ) SR PR AR TR Y, BE A 2
FEl S R DX 30X AN B 7 22 R B T e 1.



306 al =2

¥ i

2020 4F 5 52 &

lgn (Pa-s)

JUt 20808 JE 7 B — A Xk R 2R B AR R 5 5
e B ST AR A AR AR T e T B~ B b 4
REL$E F Spaepen HJid FAFIFE A (free volume
model) B FlI Argon HIBT V)45 255 R (shear transfor-
mation model) 401, L J% 2 J5 % J 1 39 i 0 1411

Y/A

10

X/A
1 M Cuzr — e & R IA R
A1, SR B B
AEAE R AR NSO X 4

Fig. 1 Contour plot of viscosity in a typical binary metalllic gass
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Table 1 Summary of the thermodynamic and dynamic features of deformation mechanisms in amorphous solids, in comparison

with conventional coarse-grained polycrystals, and nanocrystals

Phases and property

Polycrystal (coarse-grained)

Nanocrystal

Amorphous solid

structure

thermodynamics

deformation unit

origin of strength

plasticity

instability and fracture modes
constitutive equation

dynamics

activation volume

disorder effect (entropy)

size effect
shear-dilatation effect

order + defects

stable
dislocation, twinning, phase trans-

formation, etc.

interaction between dislocation and
grain boundary, precipitate, solute
atoms, etc.

large plasticity

necking, crack, void growth, etc.
orowan equation & = pvb

homogenous

large
entropy-enthalpy ~ compensation,
variable entropy effect on different
plastic mechanis

no obvious size effect

no obvious shear induced dilatation

order + defects

metastable
diffusion, grain boundary migration
and sliding, dislocation nucleation,
etc.

dislocation

nucleation, grain

boundary plasticity, twinning, etc.
limited plasticity

shear band, crack, etc.

thermally activated process
AG(T.0)

&= soexp[ T ]

homogeneous + discontinuous tran-

sition of dynamic mechanisms
small
entropy-enthalpy ~ compensation,
strong entropic effect on the
nucleation controlled mechanisms
strong size effect

no obvious shear induced dilatation

long-range disordered, short-range
ordered, structural fluctuation

metastable, ageing and rejuvenation
stz, free volume, flow unit, string-

like motion, etc.

activation stress of STZ

negligible tensile plasticity, vis-
coelasticity

shear band, acvitation

activation of STZ

G sin(£7)

heterogeneous dynamics + contin-

& = &y exp [—

uous transition of dynamic mecha-
nisms

unclear, depends strongly on tem-
perature and stress
temperature-stress dependent en-
tropy, unique physical meanings of
glass transition, etc.

unclear

remarkable shear induced dilatation
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