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Properties inheritance in metallic glasses

Wei Hua Wang (Y T1£)®
Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China

(Received 9 April 2012; accepted 21 May 2012; published online 25 June 2012)

It is widely accepted that the structural features of a metallic glass inherits from its liquid state. The
survey of the elastic, plastic, mechanical and physical properties, and glass transition of various
metallic glasses indicates that metallic glasses can inherit their properties from their solvent
components (or base components). It is found that the elastic properties are mainly determined by
the weakest solvent-solvent bonds in metallic glasses, and the plastic events and glass transition
prefer to be initiated in the regions with high density of weak solvent-solvent bonds and propagate
toward the regions with less density of solvent-solvent bonds in metallic glasses. Some physical
properties of the metallic glasses are found to be determined by the electronic structure of the
solvent components. The properties inheritance allows new understanding of the glassy structure as
well as the properties and structure relationship in metallic glasses, and also indicates the
hierarchical atomic bands and inhomogeneous microstructure in metallic glasses which is helpful
for understanding the mechanisms of plastic and elastic deformations and glass transition in

metallic glasses. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4730441]

. INTRODUCTION

In contrast to conventional alloys, glassy alloys have
liquid-like disordered structure which is regarded to inherit
from their liquid state.'™ To understand and ultimately con-
trol the unique mechanical and physical properties of metal-
lic glasses (MGs), it is vital to characterize their structure
and their structure and properties relationship. Macroscopi-
cally, metallic glass is isotropic and homogeneous, however,
it has atomic-scale short-range orders (SRO) and nanoscale
medium-range orders (MRO), and the SRO of metallic
glasses is a structural heredity of liquids.'™ The short-range
orders in MGs are modeled by a cluster of solute atoms sur-
rounded by a majority of solvent atoms, and the nanoscale
MRO is described by highly structured superclusters consist-
ing of interconnected clusters.*'” Both of the two types of
orders of SRO and MRO affect the features and properties
of MGs, but are extremely hard to distinguish. The way of
atoms pack inside metallic glass and the role of the local
atomic orders in physical and mechanical properties remain
a mystery.''® The current understanding of glassy structure
relies to large extent on models and simulations.

The metallic glasses not only inherit disordered structure
and SRO from the liquid state. It is recently found that Pois-
son’s ratio of a glass is determined by the viscous character
of its liquid, which demonstrates that the properties of a glass
could be inherited from their liquid state.''™"* The subtle
structure and proprieties inheritance from liquids in metallic
glass could help for understanding the nature and some fun-
damental issues in metallic glasses.

The elastic moduli as readily measurable parameters are
the key physical parameter for controlling the main thermo-
dynamic and kinetic, mechanical, and physical properties of
metallic supercooled liquids and metallic glasses. The elastic
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moduli also offer a realistic and simple picture for understand-
ing the glass transition and deformation, and the natures in
MGs and MG-forming liquids."** It is found that the elastic
moduli of a MG show a correlation with a weighted average
of the elastic constants for the constituent elements.'’ 2%
That is, the moduli (M) of a MG can be approximated by a
type of “rule of mixtures,”"’

1 Viofi 1
1‘_4_2<7ZV,- fﬁ> (1)

Assuming all elements have the same atomic volume, the
equation can be simplified to'”

M =Z(ﬁ-ﬁ), @

where M; is the modulus of constituent element, f; is the
atomic percent of element 7, and V,,; is the atomic volume.
The theoretically derived elastic moduli data for various
MGs show rough consistency with their corresponding ex-
perimental ones.'” 2> However, very recently, it is found
that some metallic glasses can inherit their moduli from their
solvent components.'’?®?” The elastic moduli inheritance
suggests a hierarchy of atomic bonding structure in MGs,*®
and helps for revealing the structural secret of MGs, and
allows a new understanding of complex metallic glassy
structure and its relations with deformation and mechanical
properties. The finding would promise fertile ground for
deep studies in metallic glass field.

In this paper, we systematically investigate the elastic,
mechanical, and physical properties of various MGs avail-
able and compare the properties of the MGs and their base
elements. We find that not only the elastic properties but also
the plasticity, some physical properties, glass transition, and
even electronic structure in some metallic glasses can inherit

© 2012 American Institute of Physics
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from their solvent components. The properties inheritance
helps judge different structural features of MGs, and allows
a new understanding of the relations between the glassy
structure and properties, as well as the structural origins of
plastic deformation and relaxations.

Il. EXPERIMENTS

The bulk MGs samples were prepared by a copper mold
suction casting method and the amorphous ribbons were
obtained by melt spinning technique.'>'” The glassy nature
was identified by x-ray diffraction, and differential scanning
calorimetry and transmission electron microscope. The MGs
listed in Table I had a wide range of glass transition tempera-
ture, T, and significantly different in physical and mechanical
properties. Uniaxial compression tests at room temperature
were performed on an Instron 5500R1186 machine. Tests
were carried out in a constant-crosshead-displacement-rate
controlled manner. The samples with gauge aspect ratio
(height/diameter) of 2:1 were cut out of the as-cast rods, and
the two ends were polished to make them parallel to each
other prior to the compression test. For each sample, sets of
five measurements are repeated in compression tests.

Elastic moduli of these MGs were monitored using ul-
trasonic method. The glassy alloy rod (¢ = 3-8 mm) was cut
to a length of about 8 mm and its ends were carefully pol-
ished flat and parallel. The acoustic longitudinal and trans-
verse velocities (v; and v,) were measured using a pulse echo
overlap method by a MATEC 6600 model ultrasonic system
with a measuring sensitivity of 0.5ns.'” The excitation and
detection of the ultrasonic pulses were provided by X- or
Y-cut (for longitudinal and transverse waves, respectively)
quartz transducers. The frequency of the ultrasonic is
10 MHz. The density was determined by the Archimedean
technique with the accuracy of about 0.1%. The velocity
measurements were repeated for each sample for several
times to guarantee the minimize error. The elastic constants
(the Yong’s modulus E, the shear modulus G, and the bulk
modulus K and Poisson’s ratio ) were derived from the den-
sity and acoustic velocities as follow: G=pvy; K=p
V=413 v v=p? — 200 — v, E=2G(1 +v)."

lll. RESULTS AND DISCUSSIONS

The elastic properties including the elastic moduli of
more than 200 various MGs have been systematically
studied.'? 719202745 The data are collected in Table I of
Ref. 17. We plot the comparison between the calculated
Young’s modulus (E.,;) by Egs. (1) and (2) and the experi-
mental data, and the results are presented in Fig. 1. Even
though the experimental E,,;, data are from different groups
measured by different methods which bring errors and some
composition-dependent discrepancies may exist, it is clear
form Fig. 1 that the results calculated by Eq. (1) or (2) are
accord with the line E;6, = E.,; well, indicating the suitabil-
ity of the “rule of mixture” for calculation of the elastic mod-
uli of the metallic glasses. The derived elastic moduli data
using the rule of mixtures for almost all MGs available show
rough consistency with their corresponding experimental
ones. However, there remains significant scatter with the
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data in Fig. 1, and the elastic moduli of some MG systems
are obviously deviate from the rule of mixture.

By comparison of both Young’s modulus £ and shear
modulus G of some MGs with their base components as
shown in Fig. 2, it is found that both of the G and E of these
MGs are almost equal to those of their base elements.'”¢
Figure 3 shows the comparison of Poisson’s ratio v between
some MGs and their base metals. The v also shows nearly a
one-to-one correspondence between MGs and their base met-
als that extend over a broad range.'” This indicates that the
elastic properties of MGs are primarily determined by their
base components or solvent components and only base com-
ponents are responsible for the overall stiffness and rigidity
of these MGs. In other words, metallic glasses essentially
inherit the elastic moduli from their base components or sol-
vents even though the base element normally makes up only
half of such metallic glasses.

It is experimentally demonstrated that one can decom-
pose a metallic glass into the strain-sensitive part of medium-
range order (the superclusters), and the strain-insensitive part
of short-range order (the solute-centered cluste:rs).26’46 The
subtle elastic moduli inheritance implies that the MGs have a
rubber-like structure which can be viewed as stiff solute-
centered clusters like molecular units in rubber and much
weaker solvent-solvent bonds linking the clusters.”® The
rubber-like structure of MGs can be simply modeled as stiff
springs (represents the solute-solvent bonded cluster) connect
in series with a much less stiff springs (represents the solvent-
solvent bonding)*’ as shown in Fig. 4. The solvent-solvent
bonds are simply modeled as the less stiff spring. The elastic
and plastic deformation in MGs mainly occurs at the solvent-
solvent junctions among the solute-centered clusters and/or
superclusters, and the elastic moduli and mechanical proper-
ties are essentially determined by the weakest solvent-solvent
bonding in MGs (Refs. 26, 27, and 46) as simply modeled in
Fig. 5. Only less stiff spring accommodates strain in both me-
tallic glasses and solvent metals, which shows the similar
elastic moduli (moduli inheritance). The moduli inheritance
confirms the hierarchical atomic banding structure and inho-
mogeneous atomic microstructure of MGs.

The elastic moduli inheritance has many interesting con-
sequences. One immediate consequence is that the elastic
moduli inheritance indicates possible other physical and me-
chanical properties inheritance in MGs. The elastic moduli
have striking correlations with the mechanical properties of
MGs.'*!*17 1t is therefore anticipated that MGs have physi-
cal and mechanical properties inheritances. It has long been
known that in polycrystalline metals the ratio of G to K,
alternatively the Poisson’s ratio v, correlates with their me-
chanical behaviors. That is, low K/G favours brittleness and
vice versa.*’*® The data of some polycrystalline pure metals
provide a qualitative ranking from ductile (e.g., Ag, Au, Cd,
Cu) to brittle behavior as K/G decreases.*’” On the other
hand, the Poisson’s ratio v and plasticity correlation found in
MGs suggest that plasticity and/or toughness is favored by
high v,"*'*'” and the v of MGs is also primarily determined
by the solvent metals. The Zr-, Cu-, Au-, Pt-, Pd-based MGs
as shown in Fig. 3 indeed have very similar high v values
and large plasticity to that of their base elements. The results
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TABLE L. Dataof E, G, oy, 0p, and T, collected on representative metallic glasses (all compositions in at. %) and the E, and G of the base metals of these me-
tallic glasses. (Refs. 17 and 28-45.)

E (GPa) G (GPa)
Glasses Solvent or base metal T, (K) Solvent MG Solvent MG oy (GPa) 0p (K)
Zr41Tij4Cuys sNijgBess s Zr 620 98 101 35 37.4 1.8 327
Zr46.75Tig 25Cu7 sNijoBey7 s Zr 623 98 100 35 37.2 1.83 327
ZrsAl1oNijoCuys Zr 652 98 83 35 30.3 1.45 267
Zr5525Cusg sNig 75Alg 5Tas Zr 705 98 90 35 e 1.909 -
Zr61Cuy73Nijs gAl; oSn; Zr 665 98 77.4 35 28.2 1.77 256.7
Zrs57TisCuyoNigAl ;g Zr 657 98 82 35 30.1 1.77 270.1
Zrs7NbsCuys 4Nijs Al Zr 687 98 87.3 35 31.9 1.8 274
Zr35Tiz30Cug2sBess 75 Zr 578 98 86.9 35 31.8
ZrsoCuysBess Zr 633 98 96.8 35 358
Ti50Cu,3NisgSn, Ti 681 116 85.3 44 e 1.3
TisoNis4CuyoB;Si>Sn, Ti 726 116 110 44 2.1
TissZry0Bess Ti 597 116 96.8 44 35.7 1.86
TissZr0BesCrs Ti 602 116 105.6 44 39.2 1.72
CusoZrsg Cu 733 130 85 48 32 1.92 231
CusoZrysAls Cu 701 130 102 48 333 1.89 278
CussZr3oTi,oCos Cu 714 130 130 48 2.31
CugoHf30Ti 0 Cu 725 130 124 48 . 2.16 ..
CugoHf o ZryoTi o Cu 754 130 101 48 36.9 1.95 282
Pd4oNi;oCuszoPs0 Pd 560 121 98 44 35.1 1.52 280
Pd;; 5S116.5Cug Pd 630 121 96 44 34.8 1.55 250
Pd4oNigoPr0 Pd 583 121 108 44 38.6 1.7 292
PdgsFe 6Pog Pd 630 121 44 33.1 256
PdgoSisg Pd 607 121 70 44 1.34
PdgoPso Pd 607 121 44 27.1 224
(Feo 75B0.2S10.05)0sNby Fe 835 211 180 82 - 3.16
[(Feo.8C00.2)0.75B0.2S10.05]o6Nba Fe 830 211 205 82 4.17
Feg1Zr3Y,CosMo;AlL B 5 Fe 899 211 222 82
NiysTireZrosAlg Ni 733 200 114 76 2.37
NiyoCusTi7ZragAl 0 Ni 762 200 133.9 76 2.3
CoysFeyoTas sBs 5 Co 910 209 268 . .. 5.185
CossTagBss Co 945 209 240.6 - 91.5 5.80
Mos,Cr4FeyP1,Bg Mo 1135 329
MoyoCor0Fer0Bag Mo 1108 329 . -
Wy4sRus7B 7 \ 1151 411 309 161
W.eRus7B 12Sis 4 1110 411 229 161
W.sRuseB ;Hf, w 1129 411 262 161
MggsCuysThyg Mg 417 45 51.3 17 19.6 0.80 272.9
MggsY 10Cu;sAgsPds Mg 437 45 59 17 0.77
MggsCunY s Mg 420 45 69 17 0.82
SreoLisMgsZnsg Sr 33] 18 19.7 6.1 7.71 0.30 156
AlggNigCe,Fe, Al 520 70 ~70 26 1.35
CagsAgss Ca 400 20 20 7.4
Cas7;Mg 9Cuyy Ca 387 20 38 7.4 0.545
CagsLig gsMgg 54Zn 16 5 Ca 320 20 234 7.4 8.95 0.53 220.7
Ces9Al oNioCuig Ce 359 34 30 14 11.5 0.40 144.1
NdgoAl;oFey0Copo Nd 493 41 51 16 35.1 0.45 189
Gdz6Y20Al4Cox9 Gd 603 55 62.2 22 23.6 221.4
Ho39Al,5C050Y 16 Ho 649 65 69.1 26 26.2 226.5
HossAl,5Cos Ho 649 65 66.64 26 25.42 0.87 210
Tm39Al5C050Y 16 Tm 664 74 75.0 31 29.4 1.98 236
LuysY10Aly5Cosg Lu 689 69 79.1 27 31.1 1.89 231
Ybgr.5Zn;sMgi7.5Cus Yb 381 24 26.5 9.9 10.4 132
LassAly5CuyoNisCos La 466 37 41.9 14 15.6 ~0.5 183
LassAlysCoyg La 477 37 40.9 14 15.42 0.99 181
PrssAl,5Coy0 Pr 509 37 45.90 15 17.35 1.01 190
TbssAl,5Cosg Tb 612 56 59.53 22 22.85 0.83 203
DyssAl,5Cos Dy 635 61 61.36 25 23.52 0.72 205
ErssAlysCoyg Er 667 70 70.72 28 27.08 1.12 215
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TABLE L. (Continued.)

J. Appl. Phys. 111, 123519 (2012)

E (GPa) G (GPa)
Glasses Solvent or base metal T, (K) Solvent MG Solvent MG ar(GPa) 0p (K)
Auy6.0Si9.45Ge13.66 Au 297 78 27 . 240
AuyoAgs sPd;y 3Cuy60Si16.3 Au 401 78 74.4 27 26.5
AuyoCus sAgy 5Siy7 Au 339 78 27
PtgoNi;sPos Pt 485 74 96 29 33.8 205
PtsoCu;6CosP2n Pt 506 74 ~96 29 1.1 206
Pt74_7CU1_5Ag0_3P13B4Si1_5 Pt 479 74 29 32.4 1.20
Pts75Cul4.7Nis 3P 5 Pt 508 74 94.8 29 333 1.4 206

indicate that the MGs have plasticity inheritance, and the
properties inheritance can be guidance for designing new
glasses with desired properties through the appropriate
choice of solvent elements with suitable v.

The properties inheritance is helpful for understanding
some found experimental phenomena and can be used to dis-
tinguish the metallic glasses with different bonding characteris-
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FIG. 1. The comparison the calculated Young’s modulus (E.,;) by Eq. (1)
(a) and Eq. (2) (b) with the experimental moduli data of various MGs.

tics. For some systems such as Pd-, Cu- and Co-based glasses,
their moduli are markedly different from those of their base
components. For example, the moduli of CuggZryoHf (Tig
glass are not close to that of its base component of Cu.'*?’
Nevertheless, such deviations can help to understand different
microstructural features of MGs. For example, the elastic mod-
uli of CusyZrsq glass are not close to those of its component Cu
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FIG. 2. (a) The average ratio of shear modulus for various metallic glasses
(Gue) and their solvents (Gy,;) and (b) the average ratio of Young’s modulus
for various metallic glasses (Ej;s) and their solvents (E,,;) are both close
to 1, indicating moduli of glasses are primarily determined by base metals.
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FIG. 3. The comparison of the Poisson’s ratios for various metallic glasses
and their solvents. Their ratio is also close to 1, indicating the Poisson’s ratio
of MGs is primarily determined by solvent metals.

but close to those of Zr, indicating that Zr and not Cu is its sol-
vents which has been confirmed by structure study.**>' The
moduli inheritance can help for understanding the structural
change induced by such as minor addition. The alloying of
metalloid elements can induce obvious deviation from the elas-
tic moduli correlations.*> The deviation suggests that the met-
alloid elements form covalent-like bonding in metallic glasses
which changes the atomic structure by strengthening and short-
ening the atomic bonds according to the moduli inheritance.

E,>>E,
E,
E,
|

FIG. 4. Metallic glass is simply modeled as a stiff spring (represents the
solute-solvent bonded cluster, modulus E5) connects in series with a much
less stiff spring (represents the solvent-solvent bonding, modulus E;). The
solvent metal is simply modeled as the less stiff spring (£;). The MG is
regarded as local packing of solvent atoms (the smallest ball), solute-
centered clusters (middle size ball), and superclusters (the largest ball).?®
The darker color in big ball denotes the outmost atomic shell filled with a
majority of solvent atoms.

=)

Metallic glass E.=E.

sesss G..—IGi,
00000
00000
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2530 —
00000
00000
00000
00000
00000
00000000
Solvent meta

J. Appl. Phys. 111, 123519 (2012)

Metallic glass Solvent metal
El
—
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FIG. 5. The simple model shows the elastic deformation in metallic glass.
(a) The MG is modeled as a stiff spring connects in series with a much less
stiff spring. (b) Under the application of a force such as one ton only the less
stiff spring accommodates strain in MG. Therefore, both the MG and the
base metal show the similar elastic moduli (or moduli inheritance). (¢) The
solvent metal is simply modeled as the less stiff spring (£;).

Due to the elastic moduli of MGs mainly depend on the weak
solvent-solvent bonds and correlate with mechanical proper-
ties, the minor changes in atom components (e.g., through
microalloying) may result in significant bonding changes of a
MG and accordingly influence the mechanical properties.’>>?
For example, the moduli of the MggsCuy5Y 90 MG are close to
its solvent component Mg and the MG has moduli inheritance.
It is found that the fracture strength of Mg-based MGs can be
dramatically enhanced from 0.68 to 1.1 GPa, and the Poisson’s
ratio v of the MG also decreases from 0.329 to 0.261 close to
that of brittle oxide glasses when 1 at. % Gd was added (as
shown in Table II and Fig. 6). Such significant change in
strength, dramatically decrease in the Poisson’s ratio, £ and G
according to the moduli inheritance can be attributed to the
bonding changes of the MGs induced by the Gd minor addi-
tion. The Gd minor addition changes the weak solvent-solvent
bonding structure between clusters in the Mg-based MG which
derive in the change of elastic and mechanical properties.”
Therefore, based on the found property inheritances, the strat-
egy for the design of MGs with desired properties can be
obtained. For example, the ductile metallic glasses can be
obtained through minor substitution some exceptional “soft”
atoms which form weaker bonding comparing with solvent-
solvent bonds. The MGs then have some local atomic bonds
with less shear resistant, and such a locally modified structure
results in topological heterogeneity, which appears to be cru-
cial for achieving enhanced the overall plasticity.”*

The properties inheritance is helpful for better under-
standing not only the atomic and bonding structures, the

TABLE II. The Gd addition induced changes in density p, G, bulk modulus
K, E, and Poisson’s ratio v, and fracture strength oy of MgesCuasY 1o_xGdx
x=0,1,2,5,10).

MG p(g/em®) G (GPa) E(GPa) K(GPa) v o (GPa)

MgesCuzsY o 3.284 18.9 50.1 48.8 0329  0.68

MgesCursYoGd;  3.336 195 492 343 0261 1.06
MggsCursYsGds 3429 201 517 399 0284 1.03
MegsCuasYsGds  3.650 197 506  39.1 0284 LIl
MgesCupsGdiy 379 193 506 451 0313 0.83
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FIG. 6. Fracture stress ap of MggsCussY o xGdy system versus the concen-
tration (x) of Gd. The maximum o is 1.11 GPa for MgesCussYsGds, which
is about 1.7 times of MgesCuysY o and 1.3 times of MgesCuysGdyg. The
blue line is for guiding the eyes.

origin of elasticity and mechanical properties, but also the
structural origin of irreversible plastic deformation and glass
transitions of metallic glasses. Despite the long research his-
tory of plastic mechanism and glass transition of disordered
metallic glasses, understanding their structural origins cur-
rently remains at the frontier of condensed matter physics and
material science. In the past decade, tremendous efforts were
devoted to revealing the primary flow units in MGs by theo-
retic analysis, experiments, and simulation.”*®* Several types
of flow units, such as the free volume and shear transforma-
tion zones (STZs), which were generally considered as rela-
tively loosely bonded atomic clusters, were postulated.’*>
However, the accurate physical picture describing the plastic
deformation mechanisms and structural origin of the relaxa-
tions of MGs are still absent. Theories proposed that struc-
tural heterogeneity like defects acts as flow units which
accommodate plastic deformation or initiate glass transition
in glasses,'”*19%%* and the activation energy of flow units is
uniquely related to elastic modulus G.'*'"** The potential
energy barrier for an unsheared flow unit can be estimated
as'*: W:(8/n2)GyCZCQ, where G the shear modulus, Q the
average volume of a flow unit, y. ~ 0.027 the average elastic
limit, and {~3 a correction factor arising from the matrix
confinement of a “stressed” flow unit.'* Microscopically, the
elastic moduli reflect the inherent stiffness of atomic bonds.'’
Therefore, the subtle shear modulus inheritance implies that
the activation of flow units in metallic glasses should closely
relate to the softening of the solvent-solvent bonding in the
flow units, and the plastic deformation and glass to super-
cooled liquid transition in MGs mainly initiates at the
solvent-solvent junctions among solute-centered clusters and/
or supetrclustetrs,26’27’46 and the initiation of flow induced both
by stress (deformation) and temperature (glass transition) are
essentially determined by the weakest solvent-solvent bond-
ing as simply modeled in Fig. 5. The moduli inheritance pro-
motes further advances in understanding the long-standing
issues of plastic deformation and glass transition.

A simple picture on the relation between the formation
or evolution of flow units and the atomic bands and inhomo-
geneous microstructure can be proposed based on the hier-
archical atomic bonding structure. The conventional wisdom

J. Appl. Phys. 111, 123519 (2012)

of the flow units in MGs is that it occurs in soft “defects”
which show low elastic moduli and atomic density, and the
bonding information and evolution process about the flow
units are unclear. According to the moduli inheritance and
structural model of MGs (see Fig. 5), the activation or the
spatially heterogeneous irreversible rearrangement of the
atoms in flow units occurs only in the solvent-solvent junc-
tion bonding among the solute-centered clusters. The local
flow events only break the weakest solvent-solvent bonds,
and the irreversible rearrangement of the atoms in flow units
(i.e., the plastic events) prefers to be initiated in the regions
containing high density solvent-solvent bonds due to the
activation energy of flow events are determine by G which is
close to the G of solvent. In other words, the soft regions
where the flow units prefer to be initiated consists more
weakly bonded solvent atoms. The heterogeneity of the local
atomic structure corresponds to the hierarchical atomic
bonding structure and leads to the heterogeneity of the me-
chanical response found in MGs. Due to the heterogeneity of
the local atomic structure and the hierarchical atomic bond-
ing structure, the stiff and soft springs in MGs have an inho-
mogeneous distribution according to the strings model of
MGs. The regions with high density of weak solvent-solvent
bonds (soft springs) can accommodate larger plastic defor-
mation, and the irreversible rearrangement is more difficult
to be induced in the regions with low density of soft springs,
and the plastic events prefer to be initiated in the regions
with high density of solvent-solvent bonds and propagate to-
ward the region with low density of solvent-solvent bonds in
MGs as strain is increasing. The density of solvent-solvent
bonds is the indicator to predict the local plastic deformation.
The hierarchical atomic bonding structure and the heteroge-
neity of the local atomic structure lead to the inhomogeneous
plastic deformation in MGs. The results provide evolution
information on the flow units and clarify the atomic bonding
structure and atom composition of flow units in MGs.

It is generally known that the T, is dominated by the
bonding forces among the components, and T, of various
MGs shows a clear linear relationship with G or E or Debye
temperature 0p.'>** " Figure 7 shows T, versus E and G of
solvent element of various MGs available. The MGs as listed
in Table I include Zr-, Cu-, Pd-, Fe-, Co-, Mo-, W-, Mg-, Sr-,
Al-, Ca-, Nd-, Gd-, Ho-, Dy-, Tm-, La-, Tb-, Ce-, Er-, Au-,
and Pt-based MGs. One can see that the T, and £ or G of sol-
vent element or base component roughly have a linear rela-
tionship, and is similar to the correlation between T, and E
of MGs. The survey indicates that the T, is also mainly
determined by the solvent-solvent bonds, and the glass tran-
sition relates to the inheritance. The glass state to super-
cooled liquid state transition can be regarded as the broken
of the weakest solvent-solvent bonding in the MGs corre-
sponding to the decrease of G to 0. This has been proven by
the dynamic mechanical analysis of glass transition of
MGs.?! On the other hand, the liquid to glass state transition
can be considered as the bonded process of the solvent
atoms.

The metallic glasses can also inherit the electronic struc-
ture of the solvent atom. Recently, polyamorphic transitions
have been evidenced in Ce-based MGs upon application of
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FIG.7. The T, versus E (a) and G (b) of various MGs listed in Table 1.

pressure in the 2—13.5 GPa range.®>®® Actually, crystalline
Ce exhibits a polymorphic transition originated by the 4f
electrons strong correlation.®””® Experimentally, the fcc o
phase of Ce transforms into a fcc y phase when temperature
is increased and the transformation is linked to a large
change in the volume. When pressure is applied at room tem-
perature, the isostructural phase transition is observed
accompanied with a decrease in volume of 15%. This struc-
tural behavior has been linked to the electronic behavior of
the 4f electrons of Ce and pressure induced delocalization
was observed. This polyamorphic transition of Ce-based
MGs is similar to the behavior observed in the phase trans-
formation in crystalline cerium which is a pressure-driven
change in the localization of 4f Ce electronic states.®”’° The
particular electronic band structure change induced by pres-
sure of Ce would therefore be expected to affect the pressure
behavior of Ce-based amorphous alloys in the same manner
and drive the polyamorphic transition. In other words, the
pressure-driven polyamorphic transition in the Ce-based
MGs inherits from the solvent Ce atoms. Therefore, it is
anticipated that polyamorphic transitions could be found in
other metallic glasses systems if their solvent components
have pressure or temperature driven polymorphic transitions.

The idea of the metallic glasses can inherit the electric
properties of the base components, a strategy based on the
properties inheritance can be used for fabrication of a series
of MGs with various functional physical properties.*> For

J. Appl. Phys. 111, 123519 (2012)

example, due to the good magnetocaloric effect of Gd, Er,
Ho, and Dy, the Gd-, Ho-, Dy- and Er-based bulk metallic
glasses with excellent magnetocaloric effect in helium and
hydrogen liquefaction temperature range have been
fabricated.”'™”* The Nd, Sm, and Pr have hard magnetism,
the Nd(Pr, Sm)-based MGs have been found to have hard
magnetic properties at room temperature.””’’ In Ce- and
Yb-based MGs, remarkable heavy fermions behaviors are
observed which is similar to the heavy fermions behaviors in
Ce and Yb alloys.”®” The superconductivity can be found in
the MGs systems with superconductive solvent elements
such as La, Zr, and Cu. 3280

IV. CONCLUSIONS

The metallic glasses have various hereditary traits. Their
properties such as elastic property, plasticity, and toughness,
glass transition, and even electronic properties are primarily
determined by or inherit from their solvent components or
base metals. The phenomena can be attributed to the hierarchi-
cal atomic bands and inhomogeneous microstructure of metal-
lic glasses. And the hierarchical atomic bands structure of MG
can be simply modeled as stiff springs representing the solute-
solvent bonded cluster connect with a much less stiff springs
representing the solvent-solvent bonding. The found properties
inheritance allows new understanding the bonding and hetero-
geneity structure of metallic glasses, the structure and proper-
ties relationship, and structural origins of elastic and plastic
deformation and glass transition in metallic glasses.
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