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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
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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)

o= eoexp|- 200
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

&= &pexp [— A,;(TT)] sin(gs—g;)
heterogeneous dynamics + contin-

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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Fig. 2 In constrast with crystal, there are abundant short-range structures in amorphous solid, as demonstrated by the plenty Voronoi polyhedra that is

found in the glass model. The upper and bottom panel denote those clusters which are centered at a Cu, or Zr atom, respectively
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Fig. 3 Schematic illustration of the ART technique, which is capable of
sampling activation energies for local structural exitations

from potential energy landscape
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Fig. 4 A specfic short-range Voronoi structure corresponds to wide range of activation energies, i.e. there does not exist a straightforward, one-to-one
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structure-property correlation in amorphous solids. The upper and bottom panel denote those clusters which are centered at a Cu, or Zr atom,

respectively. Only the spectra of activation energies for the most four frequent Voronoi polyhedra are shown
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Fig. 5 Scattered plots of the activation energies as a function of short-range structural indexs. The structural indexs include @ Voronoi Volume,

@ coordination number, 3 bond-oreintational order QOe, @ local five-fold symmetery LSFS, and ® local six-fold symmetry LO6FS,

respectively. (a)~(e) and (f)~(j) are corresponding to the cases of Cu and Zr atoms, respectively
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Fig. 6 Correlation between activation energy and vibrational MSD.
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