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The activation energy and volume of flow units of metallic glasses
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We report that the average activation energy and volume of flow units of metallic glasses can be measured by a dynamic mechan-
ical analysis which is a sensitive tool for detecting atomic rearrangements associated with the flow “defects”. The obtained activation
energy and volumes flow units of various metallic glasses are in agreement with that determined by other experimental methods and
simulations. A correlation between the volume of plastic units and Poisson’s ratio of various metallic glasses is found.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Intensive studies have been devoted to investigat-
ing the microscopic structural characteristics of metallic
glasses (MGs) during glass transition and plastic defor-
mation [1–7]. The structure of MGs can be considered
as a random distribution of local regions of spatially fluc-
tuating density, low viscosity and high entropy (and
energy) in an atomically disordered continuum. Experi-
mental evidence and simulations have shown the collec-
tive rearrangement processes when the temperature
approaches the glass transition temperature (Tg) or ap-
plied stress is close to the yield stress [1–7]. The local
cooperative motions of atoms acting as “flow units” orig-
inate from the structural heterogeneities or “potential
flow defects” of MGs. Several phenomenological models
have been proposed to describe the flow units, mainly
based on two mechanisms: dilatation of free volume
[2,3] and local events of cooperative shear motion of
atomic clusters, termed shear transformation zones
(STZs) [1,4–7]. Recently, a cooperative shearing model
(CSM) [10] based on the concept of the potential energy
landscape [8,9] was proposed to effectively interpret the
plastic deformation of MGs well below Tg. The activa-
tion energy and volume (X) of flow units are key param-
eters for understanding the microscopic plastic
mechanism, the structural heterogeneities and macro-
scopic mechanical properties of MGs. However, the acti-
vation energy and the volume of flow units are difficult to
measure experimentally. Due to the disordered random
structural characteristics of MGs, it is difficult to detect
and identify the flow units. Therefore, little is known

about the activation energy, volume and number of
atoms in a flow unit, and this hinders the in-depth under-
standing of the plastic deformation mechanism in MGs
[2,11,12].

In this paper, we show that the activation energy W* of
flow units of MGs can be directly and simply determined
by using dynamic mechanical analysis. The average
volume of flow units and the number of atoms in a flow
unit for various MGs are then experimentally obtained
based on CSM theory. We also evaluate the relationship
between the volume of the plastic units and the Poisson’s
ratio, which is correlated with the mechanical properties
of MGs [13,14].

Bulk MG samples were prepared by a copper mold
suction casting method [15]. The glassy nature was iden-
tified by X-ray diffraction and differential scanning
calorimetry. Dynamic mechanical analysis (DMA) was
performed with a TA DMA Q800 instrument using a
single-cantilever bending method for rod samples in a
nitrogen-flushed atmosphere. The DMA experiments
provided periodic deformation in the linear regime of
MGs, with a maximum deformation of 10�5. As a conse-
quence, the properties of the MGs were not affected by the
mechanical solicitation, and the deformation induced by
the DMA is instantaneously recovered in MGs. The com-
plex modulus: E = E0 + E00, where E0 is the storage modu-
lus (elastic component) and E00 is the loss modulus
(viscoelastic component), can be deduced by DMA. The
E0 and E00 were measured by temperature ramp mode at
a heating rate of 3 K min�1 [15,16].

Dynamic mechanical spectroscopy is a sensitive tool
for detecting atomic rearrangements associated with
the flow “defects” of solids and the b relaxation [15,16].
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It has been well developed using DMA to characterize
flow units in non-metallic glassy materials [17,18]. The
structure of MGs can be considered as a random distri-
bution of flow units in an atomically disordered contin-
uum, as illustrated in Figure 1(a). Figure 1(b) show the
loss modulus spectrum of MGs at 353 K (well below
the Tg of 470 K), and the peaks in the spectrum is an
internal loss peak corresponding to the loss tangents
(internal friction peak) [17]. Note that the effect occurs
in the elastic regime of the MGs, and is reversible. When
the resonance condition is fulfilled, such that the fre-
quency of the testing force is equal to the characteristic
frequency of the deformation of the whole flow units,
the possibility of rearrangement in flow units increases
notably. These atomic rearrangements relate to the local-
ized viscous flow within the flow units, which lead to the
loss tangents of the system and show as internal loss
peaks in the modulus spectrum. The characteristic fre-
quency f display Arrhenius behavior: f ¼ f0 exp
ðW �=RT Þ; where f0 is the frequency of vibration depend-
ing on activation entropy and W* is the height of the
energy barrier for the atomic movement in whole flow
units, namely the activation energy for flow units [18].
Hence the activation energy of flow units can be obtained
from the plot of ln(f) vs. 1/T. Both the loss modulus as a
function of temperature for different frequencies and the
loss modulus as a function of frequency at different tem-
peratures can be used to characterize the flow units and

determine the activation energy in glasses [16,19], as
shown in Figure 2(a).

However, the DMA peaks responsible for the poten-
tial flow units of the known MGs are rather obscure
[15]. They manifest as either broad humps or excess
wings, and are closely merged into the glass transition.
This makes it difficult to identify the flow units, or their
correlations with mechanical properties, clearly. A new
La-based MG system has recently been developed which
shows an unprecedentedly strong internal friction peak
in DMA measurements among the known MGs (see
Fig. 2(b)). We can thus investigate the behavior of the
flow units and determine their activation energy W* by
DMA.

According to CSM, the volume of plastic units (or
STZ) X is proportional to W* as [10]:

X ¼ W �=ð8=p2Þc2
cfG ð1Þ

where constant f � 3 is a correction factor arising from
the matrix confinement of a “dressed” flow units (or
STZ) [20], cc � 0.027 is the average elastic limit, X is
the volume of flow units and G is shear modulus.

Based on the random dense packing model, Falk and
Langer [2] proposed that the flow unit volume can be ex-
pressed as: X = nCfVa, where n is the number of atoms
in a flow unit and the constant Cf (�1.1) is a free volume
parameter [2]. Va is the atomic volume, which can be
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Figure 1. (a) Illustration of flow units in MGs. The MGs can be
considered as a random distribution of flow units (regions with pink
atoms) in an atomically disordered continuum. (b) The loss modulus
spectrum of La60Al25Ni15 MG measured at 353 K. The peaks in the
spectrum are a kind of internal loss peak, and correspond to the
internal friction peak. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this
article.)
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Figure 2. (a) The loss modulus E00 and storage modulus E’ vs. T of
La60Al25Ni15 MG measured at 1 Hz. (b) The loss modulus E’’ vs. T of
La60Al25Ni15 MG with f range of 1–16 Hz. The peak representing the
flow units can be clearly distinguished from the glass transition (a
relaxation) peaks. The inset figure is a plot of ln(f) vs. 1000/Tfu.
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expressed as Va = M/(qN0), where q is the density, M is
the molar mass and N0 is the Avogadro constant.
Hence, one can estimate the number of atoms in a flow
unit of MGs as:

n ¼ XqN 0=ðCf MÞ ð2Þ

The DMA spectrum of an La60Al25Ni15 MG is used
to show the determination of W*. Figure 2(a) shows
plots of E00 and E0 vs. T of the La60Al25Ni15 MG mea-
sured at 1 Hz. For the E00 curve, in addition to the a
relaxation peak around 480 ± 5 K, a distinct broad peak
around 361 ± 3 K can also be observed. The loss modu-
lus spectrum peak corresponds to the internal friction of
the heterogeneities of microstructure or the “defects” of
MG (potential flow units) [15,16,21–23]. Both the glass
transition (or a relaxation) and activation of the flow
units correspond to a drop in the E0 curve. Thereafter,
only E00 is used to characterize the potential flow units.

Figure 2(b) shows the shift in the peaks of E00 curve
depending on the changing frequency. As the frequency
increases from 1 to 16 Hz, the peak moves towards high-
er temperature. W* can be obtained from the plot of
ln(f) vs. 1000/Tfu (inset plot in Fig. 2(b)), where Tfu is
the peak temperature of the activation of flow units.
One can see from the inset that the ln(f) vs. 1000/Tfu plot
follows the Arrhenius type well, which is the character-
istic of the activation of flow units [18]. From the slope
of the linear fitting, we obtain W* = 100 kJ mol�1 for
La60Al25Ni15 MG. For the La60Al25Ni15 MG, the shear
modulus G is 17.0 GPa. Based on Eqs. (1) and (2), the
X and n of the La60Al25Ni15 MG are estimated to be
5.50 ± 0.10 nm3 and 178 ± 10, respectively.

Note that for some MGs, such as the intermediate or
strong glasses [24,25], the activation of flow units is of-
ten manifested as humps or unapparent excess wings
rather than pronounced relaxation peaks. In these cases,
the DMA method can also be applied to determine their
flow unit activation [26].

We measured and collected the data of W* determined
from DMA and the shear modulus G for 20 typical MGs
of six different systems. The data are presented in Table 1
[25]. The activation energy and average volume of flow
units for these MGs were estimated and are also pre-
sented in Table 1. The obtained flow unit volumes of
the various MGs range from 2.36 to 6.18 nm3, which is
in good agreement with those accessed by experimental
measurements and simulations [11,12,27]. From the ob-
tained flow units volume and Eq. (2), we can further esti-
mate the number of atoms in a flow unit for various
MGs. The obtained values of n for various MGs, ranging
from about 170–250, are also presented in Table 1. The
results are in good agreement with those reported in pre-
vious research by theoretical prediction [10] and MD
simulations [12].

The flow units accommodate the plastic deformation
in MGs [2,4]. Microscopically, when MGs are subject to
stresses (below yield stress) or thermal activation (below
glass transition temperature), some nanoscale soft re-
gions with low density and high friction of free volumes
are activated and become flow units; this represents the
local reversible rearrangement of atomic configuration
under stress. When the applied stress is larger than yield
stress, the flow units will overcome the energy barrier
and become irreversible. The cooperative shearing and
percolation of the plastic events lead to the macroscopic
plastic deformation [28].

Since X is the key parameter for characterizing the
flow units and is closely related to the plastic deforma-
tion of MGs, we looked at the relationship between
the average flow units volume X and Poisson’s ratio v.
As an indicator of plasticity of MGs, Poisson’s ratio,
which is equivalent to the ratio of K/G, has been found
to have a clear correlation with plasticity of a MG, and
the correlation widely used for exploring plastic metallic
glasses [13]. In the plasticity and v correlation, there ex-
ists a critical value of v (=0.34) that divides plasticity
from brittleness of various MGs. Below 0.34 or values

Table 1. The activation energy of W* (some data are from Refs. [15,26]), volume X, number of atoms n in a flow unit, shear modulus G [25], Poisson’s
ratio v [25] and atomic volume of various metallic glasses.

Metallic glass W* (kJ mol�1) G (GPa) v X (nm3) Va (Å) n

La50Al35Ni15 110 19.6 0.328 5.27 – –
La55Al25Ni20 110 19.4 0.326 5.31 – –
La60Al25Ni15 100 17.0 0.325 5.50 28.08 178
La70Al15Ni15 93 17.4 0.324 5.03 – –
La55Al15Ni10Cu10Co15 89 15.6 0.342 5.37 – –
La57.5Cu12.5Ni12Al18 88 13.5 0.330 6.13 – –
La57.5(Cu50Ni50)25Al17.5 92 14.0 0.348 6.18 27.73 203
Zr46.75Ti8.25Cu7.5Ni10Be27.5 118 35.3 0.355 3.13 16.53 172
Zr57Cu15.4Ni12.6Al10Nb5 135 32.0 0.365 3.95 18.88 190
Zr53.7Cu28.5Ni9.4Al8.4 133 29.8 0.372 4.18 18.64 204
Zr64.13Cu15.75Ni10.12Al10 112 28.9 0.377 3.63 19.47 169
Zr65Cu15Ni10Al10 131 28.9 0.377 4.24 20.57 187
Pd40Ni10Cu30P20 129 34.5 0.399 3.50 13.19 241
Pd43Ni10Cu27P20 106 35.5 0.404 2.80 – –
Pd48Ni32P20 92 36.5 0.400 2.36 – –
Cu45Zr45Al10 153 36.3 0.364 3.95 17.04 211
(Cu50Zr50)92Al8 174 34.3 0.366 4.75 17.22 251
Cu47Zr47Al6 155 33.8 0.367 4.29 17.39 224
Tm39Y16Al25Co20 151 29.7 0.304 4.76 22.44 193
Al82Ni10Ce8 158 25.9 0.324 5.71 – –
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for K/G less than approximately 2.5, the MGs exhibit
brittle behavior, and higher values of v give better plas-
ticity [13]. The statistical survey of flow units volume vs.
Poisson’s ratio v applied to six typical kinds of MG sys-
tems is shown in Figure 3. In different MGs systems, as
the value of X increases from 2.36 to 6.18 nm3, the value
of v drops fast, from 0.404 to 0.304. Interestingly, one
can see that a similar trend of MGs with smaller X hav-
ing bigger v exists even in the same MG system with a
slight change of components. One can see that the
MGs with smaller values of X (such as Pt-, Zr- and
Cu-based MGs [29–31]) have larger values of v and also
better plasticity, while those with larger values of X
(such as rare earth-based MGs) have smaller values of
v and poor plasticity. This is consistent with the plastic-
ity and Poisson’s ratio correlation. The formation of a
shear band in MGs is due to the local collection of flow
units. The global plasticity can be triggered when the
high-density potential flow units are activated to reach
the percolation limit and high-density multiple shear
bands are formed by stress. A small flow unit volume
(such as in the Pd-, Zr- and Cu-based MGs), when com-
pared with a larger one (such as in Tm- and Al-based
MGs), enables more flow units to be activated for the
nucleation of more shear bands, and promotes the
formation of multiple shear bands and larger plasticity
in MGs. We also note that the correlation between Pois-
son’s ratio and the size of flow units shown in Figure 3
resembles that between Poisson’s ratio and the molar
volume (shown in Fig. 57 of Ref. [25]). However, the
molar volume is a macroscopic parameter determined
by density measurement, while the flow unit volume is
a microscopic parameter determined by the DMA meth-
od. They underlying reasons and implications of the
similar change tendency vs. Poisson’s ratio are not clear;
these will be the focus of our future work.

In summary, we show that the DMA can effectively
evaluate the activation energy and volume of plastic
units of MGs based on the CSM theory. The activation
energy, volume of flow units and the number of atoms in
flow units for various MGs have been obtained. The

volume of flow units is found to correlate with the Pois-
son’s ratio and is related to the ductility of MGs – which
provides a useful microstructural insight into the origins
of the correlation between Poisson’s ratio and plasticity,
and the mechanisms of plastic deformation of metallic
glasses. The results might be helpful for the design of
ductile metallic glasses.
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