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The role of atomic-scale structural heterogeneity (ASSH) in the elastic modulus for metallic glasses (MGs) is
investigated. A strategy for estimating the strength of ASSH in MGs is proposed and then the fraction of ASSH
is obtained. It is found that the fraction of ASSH could be the basic entities responsible for the change of elastic
modulus during the change of composition and structure relaxation in MGs.
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1. Introduction

As promising functional and structural materials, metallic glasses
(MGs) possess excellent mechanical, magnetic, and chemical proper-
ties; and these unique properties are believed to be closely related to
their disordered atomic structures [1–3]. It is, therefore, essential to
study this disordered structure for better understanding and then tailor-
ing these materials with desired properties [4]. Although MGs are iso-
tropic and homogeneous on macroscale, recent studies have found the
existence of the loose or weakly bound atoms in the oversized cages,
voids, or similar defects, named as atomic-scale structural heterogeneity
(ASSH) [5] besides short- and medium-range order clusters [6]. Such
microstructure may affect the elastic deformation of MGs as well [7].
Some of the studies also suggest that the elastic deformation in MGs
mainly occurs at solvent–solvent junctions among solute-centered clus-
ters; and the elastic modulus is essentially determined by solvent–sol-
vent bonding [8,9]. However, extensive experiments illustrate that the
elastic modulus is very sensitive to the minor change of composition
which may lead to the appearance of ASSH in MGs [10]. This induces
the following interesting question: how does the ASSH affect the elastic
modulus of MGs? It has been proven that the excess low frequency
hool of Mechanics and Civil
ics and Deep Underground
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vibrational contribution appears as a bump in Cp,Latt/T3–T curves
(Cp,Latt is the lattice specific heat and T is the temperature), which is sig-
nificantly affected by structural heterogeneity inMGs [11–13]. Thus, the
study of the excess low frequency vibrations may help understand the
role of ASSH in elastic modulus for MGs. In this paper, we study
(Fe1 − xCox)72B20Si4Nb4 (x = 0.1, 0.3, 0.5, and 0.7) to investigate the
role of ASSH in elastic modulus for MGs. It will provide guidance for
the substitution of an element for varying mechanical properties in
MGs.

2. Experimental

(Fe1 − xCox)72B20Si4Nb4 (x = 0.1, 0.3, 0.5 and 0.7) and
(Fe0.5Co0.5)72B20Si4Nb4 MGs are prepared by arc melting the mixture of
Fe (99.99%), Co (99.99%), Nb (99.99%) metals and B (99.50%), Si
(99.99%) crystals in an argon atmosphere, (Fe0.5Co0.5)72B20Si4Nb4 MG is
annealed at 823, 873, and 923 K for 0.5 h in vacuum. Cylindrical alloy
rods are produced by copper mold casting method [14]. The glassy na-
ture is ascertained by X-ray diffraction (XRD), differential scanning calo-
rimeter (DSC) and transmission electronmicroscopy (TEM). The isobaric
low temperature specific heat Cp of as-cast (Fe1 − xCox)72B20Si4Nb4 (x=
0.1, 0.3, 0.5, and 0.7) MGs and annealed (Fe0.5Co0.5)72B20Si4Nb4 metallic
glass (MG) are measured by the Physical Property Measurement System
(PPMS6000) with disk shape (∼0.5 mm in thickness). The relative error
for the specific heat measurements is less than 2%. Elastic modulus is
measured using ultrasonic method. The rods (~3.0 mm) are cut to 6.0–
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Fig. 1. Standard plotting of (Cp − γT) / T3 versus T for (Fe1 − xCox)72B20Si4Nb4 (x=0.1, 0.3,
0.5 and 0.7) MGs. The fitting lines from experimental data with Eq. (3) are also shown.
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Fig. 2. The average ratio of θD for various MGs and their solvent.
Data are taken from Ref. [18,23].
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8.0 mm in length and their ends are carefully polished flat and parallel.
The acoustic longitudinal and transverse velocities are measured using
pulse echo overlap method by a MATEC 6600 model ultrasonic system
[9]. The final data were obtained by averaging 3 experimental results.
The relative error for the ultrasonic measurements is less than 5%. The
densities of the specimens are measured using Archimedes's method
with an accuracy of about 2%.

3. Results and discussion

Fig. 1 exhibits (Cp−γT) / T3 vs T for (Fe1− xCox)72B20Si4Nb4 (x=0.1,
0.3, 0.5, and 0.7) MGs, where, Cp is the low temperature specific heat,
and γ is the electronic specific heat coefficient with values 6.96, 6.26,
5.92, and 5.72 mJ/mol K2 for (Fe1 − xCox)72B20Si4Nb4 (x = 0.1, 0.3, 0.5,
and 0.7) MGs, respectively, depending linearly on the temperature
[15]. From Fig. 1, it can be seen that there exists excess peaks of
specific heat in 10–50 K temperature regions in the metallic glassy
systems.

According to the solid state theory, the low temperature specific
heat Cp can be assumed to be consisted of three terms

Cp ¼ Ce þ CM þ CL ð1Þ

where Ce = γT represents the electronic contribution to Cp, CM = δT3/2

the magnetic contribution [16], and CL the lattice specific heat, which
originates from the Debye oscillator and Einstein oscillators. Here
Einstein oscillators are mainly responsible for ASSH in MGs, such as
the loose orweakly boundatoms in the oversized cages, voids, or similar
defects in the case of complex materials [17]. It seems that the experi-
mental curves presented in Fig. 1 have two minimums, which mean
that two distinct Einstein-type vibration modes exist in the MGs [15].
However, the second Einstein-type vibration mode is relatively small
Table 1
Terms from fits to Eq. (3) for the low temperature specific heat of (Fe1− xCox)72B20Si4Nb4 (x=

Metallic glasses Base metal θDa

(Fe0.9Co0.1)72B20Si4Nb4 Fe 470
(Fe0.7Co0.3)72B20Si4Nb4 Fe 470
(Fe0.5Co0.5)72B20Si4Nb4 Fe/Co 470/445
(Fe0.3Co0.7)72B20Si4Nb4 Co 445

a Reference [18].
[19], and then it can be ignored in this work. Then, the lattice specific
heat CL can be expressed as

CL ¼ 1− fð ÞCD þ f CE ð2Þ

where f is the fraction of ASSH in the glassy state; CD ¼ 3Rð TθDÞ
3

∫
θD=T

0

ξ4eξ

ðeξ−1Þ2
dξ , the contribution of Debye term, with θD the Debye

temperature; and CE ¼ RðθET Þ
2 eθE=T

ðeθE=T−1Þ2
, the contribution of Einstein

mode, with θE the Einstein temperature, and R the gas constant.
Then the relationship between (Cp − γT) / T3 and T can be drawn as

Cp−γT
T3 ≈

234R 1− fð Þ
θ3D

þ f Rθ2E
T5

eθE=T

eθE=T−1ð Þ2
þ δT−3=2: ð3Þ

The comparisons of theoretical values and experimental data of
(Cp − γT) / T3 vs T for (Fe1 − xCox)72B20Si4Nb4 (x = 0.1, 0.3, 0.5, and
0.7) MGs are also shown in Fig. 1. It can be seen that the theoretical
lines are consistent with the experiments. The values of Debye temper-
ature θD, Einstein temperature θE and magnetic specific heat coefficient
δ obtained from the least-squares fit of the present data to Eq. (3)
are summarized in Table 1. The presence of the relatively large δ
coefficient means a substantial deviation of magnetic ions from the
lattice specific heat CL, occurring at relatively low temperatures for
(Fe1 − xCox)72B20Si4Nb4 MGs. It can be also seen from Table 1 that the
ratio of θD to θE is around 5. These results are in good agreement with
Ref. [19]. The expression of θD and θE can be unified as

θi ¼
ℏωi

kB
ð4Þ
0.1, 0.3, 0.5 and 0.7) MGs. The Debye temperatures of solvent components are also listed.

θD
(K)

θE
(K)

δ
(mJ/mol K5/2)

480 ± 10 90 ± 5 0.103
475 ± 5 93 ± 3 0.116
460 ± 10 95 ± 5 0.147
450 ± 15 100 ± 5 0.165



Table 2
Elastic moduli of MGs from experiments and the prediction in the present work. Also listed are the elastic moduli of solvents and the fraction of ASSH in the glassy state for several MGs.

Metallic glasses f (%) ESol
a (GPa) ECal

(GPa)
EExp
(GPa)

GSol
a (GPa) GCal

(GPa)
GExp

(GPa)
Ref

(Fe0.9Co0.1)72B20Si4Nb4 2.6 211 204 – 82 79 – This work
(Fe0.7Co0.3)72B20Si4Nb4 3.9 211 201 192 ± 9 82 78 68 ± 3 This work
(Fe0.5Co0.5)72B20Si4Nb4 4.3 211 200 195 ± 9 82 78 70 ± 4 This work
(Fe0.3Co0.7)72B20Si4Nb4 3.5 209 200 200 ± 10 – – 80 ± 4 This work
Cu50Zr50 8.4 98 88 85 35 32 31 [23,24]
Pd41.25Cu41.25P17.5 6.0 121 112 105 44 41 37 [23,25]
Pd40Cu30Ni10P20 2.3 121 117 102 44 43 36 [26,27]
Zr46.75Ti8.25Cu7.5Ni10Be27.5 5.0 98 93 100 35 33 37 [11,17]
Zr52.5Ti5Cu17.9Ni14.6Al10 4.3 98 93 89 35 33 32 [13,27]

a Reference [18].
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where ℏ is the reduced Planck constant, ωi (i = D, E) the vibration
frequency of Debye oscillator and Einstein oscillator respectively, and
kB the Boltzmann constant.

Similarly, the vibration frequency in MGs is expressed based on the
simple harmonic vibration model as [20]

ωi ¼
ffiffiffiffiffiffi
ki
mi

s
ð5Þ

where ki (i = D, E) is the restoring force of interatomic bonds, and mi

(i = D, E) the mass of the oscillator. Considering mD ≈ mE, we obtain
that the kD of MGs is almost equal to their base elements, and the
ratio kE/kD is drawn about 0.2 from Eqs. (4)–(5).

In order to investigate the role of ASSH in elastic modulus, θD of MGs
and those of their solvent components are compared in Fig. 2. Interest-
ingly, the θD values of these MGs are also almost equal to those of their
solvent components. For instance, the θD of (Fe0.9Co0.1)72B20Si4Nb4 MG
is 480 K, which is nearly identical to that of pure polycrystalline Fe
(470 K), and this value differs greatly from those of other components,
i.e., Co (445 K), Cu (343 K), Si (645 K), and Nb (275 K). Therefore, one
can conclude that the θD ofMGs is primarily inherited from their solvent
components.

It is well known that the spherelike clusters are efficiently packed to
fill the space, and the ASSH also exits within the dense packed clusters
in themicrostructure ofMGs. The cluster-formed glass also includes sol-
utes that occupy the Einstein oscillator in the cluster assemblages and
pin down the Debye oscillator vibration. The θD inheritance suggests a
hierarchy of atomic bonding structure in MGs and their microstructure
can be regarded as simple harmonic vibration model [7–9]. Then, the
0 20 40 60 80 100
0.00

0.01

0.02

0.03

0.04

0.05

C
p
-
T

/T
3

As-cast

 823 K

 873 K

 923 K

Temperature (K)

Fig. 3. Standard plotting of (Cp − γT) / T3 vs T of Fe36Co36B20Si4Nb4 MG in the as-cast and
annealed states. For clarity, only experimental data are shown.
equivalent restoring force of interatomic bonds kMG inMGs can bewrit-
ten as

kMG ¼ 1− fð ÞkD−1
5
f kD: ð6Þ

Moreover, the relationship between the restoring force of interac-
tions (k) and Young's modulus (E) is given by E = k / cd, where d is
the statistical average of interatomic distance on the first coordination
shell in MGs and c is a constant [21,22]. Considering kE/kD ≈ 0.2,
Eq. (6) can be rewritten as

EMG ¼ 5 1− fð Þ− f
5

� �
ESol ð7Þ

where EMG and ESol are Young's moduli of MG and solvent elements,
respectively.

Similarly, the relationship between shear moduli GMG and GSol for
MG and solvent elements can be established using Young's modulus E
by E = 2.61G [23] as follows

GMG ¼ 1−
6
5
f

� �
GSol: ð8Þ

It is known that the excess low frequency vibrations in the glass do
not exist in crystalline materials, and it should be considered as a result
of homogeneous structure, sowe expect it should be related to theASSH
in MGs [5,11,12]. Thus, the calculated values and experimental results
for other MG systems are also compared and listed in Table 2. It can
be found that the calculations are very close to the experiments.
The small deviation can be attributed to the variation of the bonding
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characteristics in the intercluster junctions, owing to either the pres-
ence of antisite solute atoms in the clusters leading to slightly tighter
bonding [8], or some structural heterogeneity leading to looser bonding.
Moreover, we can see that the different compositions of MGs have dif-
ferent values of f in Table 2. This is because the different addition of
atoms with markedly different atomic sizes induces the change of the
amount of the solute atoms and vacancies, and then the f is changed.
Eqs. (7)–(8) can help us understand not only the elastic modulus inher-
itance [7–9], but also the elastic modulus sensitivity to the change of
composition.

To further investigate the role of ASSH in the elasticmodulus ofMGs,
the elastic modulus changes upon heat treatment during structure re-
laxation for Fe36Co36B20Si4Nb4MGare studied. Fig. 3 shows the standard
plotting of (Cp − γT) / T3 vs T, it reveals an excess low frequency vibra-
tions for Fe36Co36B20Si4Nb4 MG after annealing. The amplitude of this
peak has not been largely changed due to the structural relaxation at
823 K. Further annealing leads to a partial decrease in the peak, whether
at 873 K or at higher temperatures (923 K). The fraction of ASSH f of
Fe36Co36B20Si4Nb4 MG during annealing is estimated from the excess
peak data. Fig. 4 shows the dependence of the fraction f together with
the elastic modulus E as a function of the annealing temperature. We
can see that f becomes even lower after annealing near the crystalliza-
tion temperature Tx, and it further reduces upon the crystallization of
the MG. The structural relaxation anneals out upon heat treatment, so
that ASSH almost vanishes in the crystalline state. This results in the in-
crements of G and Ewith increasing f. The decreased ASSH is believed to
increase the elastic modulus of MGs. The ASSH distributed region make
it easier for a homogeneous generation of shear transformation zones
within the entire specimen, which leads to a higher density of shear
bands [6]. The E and G decrease due to the facilitated initiation of
shear bands.

4. Conclusions

In this study, we estimate the fraction of ASSH in various MGs by
using the localized vibrational model, and conclude that the change of
elastic modulus of MGs can be attributed to the ASSH, which is consid-
ered as the basic entities responsible for corresponding change of elastic
modulus. This study provides a useful microstructural insight into the
origins of the correlation between structure and mechanical properties
of MGs.
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