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ABSTRACT
The plasticity of metallic glasses depends largely on the atomic-scale structure. However, the details
of the atomic-scale structure, which are responsible for their properties, remain to be clarified. In
this study, in-situ high-energy synchrotron X-ray diffraction and strain-rate jump compression tests
at different cryogenic temperatures were carried out. We show that the activation volume of flow
units linearly depends on temperature in the non-serrated flow regime. A plausible atomic defor-
mation mechanism is proposed, considering that the activated flow units mediating the plastic
flow originate from the medium-range order and transit to the short-range order with decreasing
temperature.

IMPACT STATEMENT
An atomic deformation mechanism in metallic glasses is proposed. Activated flow units mediating
the plastic flow originate from the medium-range order and transit to the short-range order with
decreasing temperature.
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1. Introduction

Understanding the atomic structure in metallic glasses
and its correlation with the mechanical deformation
behavior is of crucial fundamental interest and a quite
challenging topic [1,2]. It is generally accepted that the
deformation of metallic glasses essentially involves all
atoms that are spatially uniformly distributed, or origi-
nates from local atomic rearrangements associated with
structural and chemical heterogeneity [1–5]. Several
models and concepts have been developed, and are now
widely used to describe the deformation of the atomic
structure, and cluster motifs in the glass in terms of
free volume [6], shear transformation zones (STZ) [7,8],
flow units [9,10], geometrically unfavored motifs [11],
and the core–shell model [12]. These cluster motifs are

CONTACT Gang Wang g.wang@shu.edu.cn Laboratory for Microstructures, Institute of Materials, Shanghai University, Shanghai 200444, People’s
Republic of China

considered as the strain carriers in the glassy phase.
However, the underlying mechanisms leading to plas-
tic yielding have not been fully understood [5,13–16],
mainly due to the absence of direct experimental char-
acterization of the atomic structural evolution of metal-
lic glasses. Especially, there is no consensus regarding
the origin of the atomic structure that is responsible for
the plastic deformation of metallic glasses. Although the
short-range order (SRO) is believed to be closely related
with the plasticity that may be dominated by distinct
structural units in the glass [17,18], the characteristic-
length scale for the formation of STZs on the medium-
range order (MRO) length scale implies that the MRO
mainly contributes to the plastic deformation of metal-
lic glasses [19–21]. Therefore, it is necessary to further
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characterize the SRO and MRO changes under different
loading stresses.

The atomic structural response of metallic glasses can
be influenced by external fields, including stress and tem-
perature fields [2,14]. Although the influence of temper-
ature on the structural evolution has been paid more
attention in recent years [22–25], these studies mostly
focused on the effect of high temperature on the struc-
tural evolution in metallic glasses. In contrast, far less is
known about the structural evolution at cryogenic tem-
peratures. Decreasing the temperature to the cryogenic
level usually improves the yield strength and enhances
plastic deformability [26–30], thus suggesting thatmetal-
lic glasses are potentially useful materials for extremely
low-temperature applications. Therefore, clarification of
the structural evolution on the atomic scale at low tem-
peratures to better understand the mechanical behavior
is of crucial fundamental and practical importance.

For the present work, we choose a Zr64.13Cu15.75
Ni10.12Al10 (at.%) metallic glass as a model material due
to its excellent plasticity [31]. Strain-rate jump compres-
sion tests at cryogenic temperatures were carried out to
extract information on the flow behavior of the metallic
glass. In-situ high-energy synchrotron X-ray diffraction
measurements at cryogenic temperature were used to
analyze the atomic structural evolutions of the SRO and
MRO, which could shed light on the structural origin of
the flow units in metallic glasses.

2. Experimental procedure

The alloy ingots were prepared by arc melting a mix-
ture of pure metals (with a purity higher than 99.99%) at
least four times in a titanium-gettered argon atmosphere,
followed by suction casting into copper molds to form
rod-shaped samples with a size of � 2× 70mm. Spec-
imens with a length/diameter ratio of 2 were machined
from the cast rods, and then carefully ground to ensure
that the two ends are parallel. Strain-rate jump com-
pression tests were carried out at strain rates from
1.24× 10−5 to 8.40× 10−4 s−1 at temperatures of 77,
108, 123, and 153K. Before the compression tests, all
specimens were cooled to the preset temperatures, and
then held for one hour to stabilize the temperature
throughout the samples and the contraction consistency
of the load cell, by controlling the circulation rate of liq-
uid nitrogen. Each temperature test was repeated at least
five times to ensure the reliability of the experimental
results.

In-situ X-ray diffraction experiments were conducted
at the PO2.1 beamline of the PETRA III electron stor-
age ring (DESY Hamburg, Germany). Samples with a
geometry of � 1× 2mm were cut from the metallic

glass rods by a diamond saw. Then, the samples were
placed inside a quartz capillary (diameter: 1.2mm; wall
thickness: 20 μm). The in-situ experiments were done
under a protective argon atmosphere. The diffracted
photons were collected using a 2D detector (Perkin
Elmer) mounted orthogonal to the X-ray beam. An X-
ray beam with a wavelength (λ) of 0.020727 nm was
used to register intensity up to large values (∼200 nm−1)
of the scattering vector, q (q = 4πsinθ /λ). The beam
size was 0.6× 0.6mm2. The diffraction pattern from
LaB6 was used to calibrate the sample-to-detector dis-
tance and tilting of the image plate detector with
respect to the beam axis. The samples were cooled from
300K down to approximately 79K, followed by heat-
ing from 79 up to 300K. The heating/cooling rates were
20K/min.

3. Results

Compressive nominal stress–time curves of the metal-
lic glass obtained upon strain-rate jump compression
testing at temperatures of 77, 108, 123, and 153K are
displayed in Figure 1. The curves demonstrate that both
yield strength and deformation time (i.e. the plasticity)
increase with decreasing test temperature [26–30]. The
plastic-deformation regimes of four stress–time curves
were enlarged in the inset of Figure 1(a)–(d). The flow
stress at different strain rates was defined as the steady-
state stress [32], which is marked in the inset of Figure
1(a)–(d). The flow stresses at different strain rates and
four temperatures are listed in Figure 1(a)–(d). It is
noted that the flow stress exhibits an obvious increase
with increasing strain rate, which is consistent with pre-
vious reports [26,29,32]. According to the strain-rate
jump compression tests, the deformation of the metal-
lic glass at low temperature seems like a homogeneous
flow behavior. However, it is spatially inhomogeneous, as
found from scanning electronmicroscopic images clearly
revealing the presence of shear bands on the surface of the
tested specimens [26,28,30].

Usually, a low strain-rate sensitivity coupled with the
lack of an intrinsic strain-hardening mechanism causes
a fluid to diverge from Newtonian flow behavior, conse-
quently leading to a tendency for developing an insta-
bility, that is, shear thinning behavior [2,16]. In the
present study, according to the macroscopic compressive
stress–strain curves at cryogenic temperatures, we can
assume that the metallic glass essentially deforms exclu-
sively through shear localization [30]. However, the inho-
mogeneous deformation of the metallic glass is not easily
analytically tractable although it has important influences
on the strength and plasticity [2]. Therefore, it is nec-
essary to investigate the primary flow units mediated
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Figure 1. Stress–time curves of the Zr64.13Cu15.75Ni10.12Al10 metallic glass measured at different temperatures by alternating the strain
rates. The insets show the enlarged plastic region for the corresponding test temperature. (a) 77 K. (b) 108 K. (c) 123 K. (d) 153 K.

plastic flow of the metallic glass. In crystalline materi-
als, the thermally triggered activation volume associated
with the movement of dislocations or grain boundaries
can be estimated [33,34]. Similarly, the flow units carry-
ing the plastic deformation in metallic glasses are also
supposed to be thermally activated. The plastic defor-
mation is accommodated in localized shear bands. The
plastic strain rate within the shear bands can be expressed
as [33–35]

ε̇B = ε̇B0 exp
(

− �G
kBT

)
= ε̇B0 exp

(
−�G0 − τ�V∗

kBT

)
,

(1)

where kB is the Boltzmann constant,T is the temperature,
ε̇B0 is a temperature-independent plastic-deformation
rate, �G is the Gibbs free energy of activation for the
stress-assisted, thermally activated process, �G0 and
�V* are the stress-independent activation energy and the
activation volume, respectively. Since plastic deformation
in metallic glass is dominated by shear stress, τ , a rela-
tion τ = σ /α is commonly used with the factor of 2 [36].
Utilizing strain-rate jump compression tests, the activa-
tion volume, �V*, of stress-assisted thermally activated

plastic flow can be obtained from the following equation
[7,29,33]:

�V∗ = αkBT
ln(ε̇2/ε̇1)

�σflow
, (2)

where ε̇1 and ε̇2 (ε̇1 < ε̇2) are the two strain rates used
in the strain-rate jump tests, respectively, and �σ flow
(=σ flow2 − σ flow1) is the difference of flow stresses at
the strain rates of ε̇1 and ε̇2. According to Equation (2),
the activation volume at different test temperatures can
be evaluated as shown in Figure 2, which increases lin-
early with increasing temperature, and can be expressed
as: �V* = 0.00881T − 0.503. Although it is impossible
to obtain an accurate activation volume from strain-rate
jump tests at room temperature due to the presence of
serrations [29], the linear dependence of the activation
volume on the temperatures well below 193K (non-
serrated flow regime) could well predict the changes in
the activation volume. Based on Equation (2), the criti-
cal temperature (Tc = 57K) can be obtained if assumed
�V* = 0. This means that the above linear relation-
ship is invalidate for temperature lower than 57K due to
the failure mode transition at lower temperatures [37].
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Figure 2. Activation volumes as a function of temperature, cal-
culated from the strain-rate jump compression tests according
to Equation (2). Inset shows the activation energy for the test
temperatures.

In the present study, the obtained activation volume of
the metallic glass at 77K (�V* ≈ 0.13 nm3) is very
close to the values reported for other metallic glasses
near or above the glass transition temperature [29,38],
which clearly indicates that the defect concentration in
the metallic glass deformed at 77K is comparable with
that in the supercooled liquid region [29].

In the plastic-deformation region, a β relaxation
occurs to deliver the plastic strain [9,10]. Based on the
theory of potential energy landscape, the β relaxation is
treated as an atomic rearrangement process in which the
atoms can jump the saddle points [39]. With an increase
in the shear stress, some atoms trapped in the basins can
be thermally activated to traverse the saddle points, dur-
ing which the shear stress could change the shape of the
potential energy landscape, that is, change some stable
configurations to be unstable by reducing the potential
barrier to a neighboring configuration [5]. Thus, a large
shear stress and/or high strain rate can effectively lower
the activation energy of the atoms jumping the basins.
For the stress-assisted thermally activated plastic flow, the
activation energy, �G, can be obtained by [2]

�G = kBT ln(ε̇0/ε̇), (3)

where ε̇ is the compressive strain rate and ε̇0 is the ref-
erence strain rate that is taken as half of γ̇0 because of
a geometrical consideration [2]. Here, γ̇0 = α0v0γ0, α0
(of order unity) is a parameter incorporating the volume
fraction that is ready to deform in the glassy phase, ν0
is the attempt frequency, and γ 0 ∼ 0.1 is the unit strain
at which flow units transform on average [2]. Accord-
ingly, the activation energy at different strain rates and
temperatures can be calculated in the inset of Figure 2. It
is clear that the mean value of �G increases from 22.35

to 45.99 kJ/mol with increasing temperature from 77 to
153K. At one temperature, the value of �G decreases
approximately 10% with increasing strain rate from 10−5

to 10−4 s−1.
As shown in Figure 2, the activation volume of the flow

units, Vact, varies from 1.2 to 0.13 nm3 as the tempera-
ture decreases from 193 to 77K. This activation volume
is nearly close to the volume of the atoms participating
in the shear transformation. The average atomic radius,
R, statistically estimated by R = (

∑n
i Airi3)1/3, where Ai

and ri are the atomic fraction and the atomic radius
of each element, respectively. According to the dense-
packing hard-sphere model of metallic glasses, the num-
ber of the atoms, N, involved in the flow unit can be
readily obtained by N 4

3πR
3 = �V∗, and the calculation

results are listed in Table 1.
Previous studies [26–30] and the above-described

compression tests have revealed that the strength and the
plasticity of metallic glasses are significantly enhanced
with decreasing temperature, which is believed to be
related to the atomic structural differences at differ-
ent temperatures. The high-energy X-ray in synchrotron
investigations provides diffraction patterns of the metal-
lic glass at different temperatures. The integrated diffrac-
tion curves, I(q), at different temperatures are plotted
(Figure 3(a)). The first maximum in I(q) reflects the
information of the MRO structure. The positions of the
first maximum in I(q) calculated by Gaussian fitting
as a function of temperature is plotted in Figure 3(b).
According to q1·va0.433 = 9.3 [40], the atomic volume
as a function of temperature is calculated to be shown
in Figure 3(b). It is evident that the atomic volume of
the metallic glass decreases from approximately 17.95 to
17.88Å3/atomwith decreasing temperature, indicative of
contraction of the MRO. The pair correlation functions,
PDF(r), at different temperatures are shown in Figure
3(c). Through Gaussian fitting of the first and second
maxima of PDF(r), it can be revealed that the position
of the first maximum shifts from 3.070 to 3.080Å when
the temperature is decreased from 299 to 79K, while the
position of the secondmaximum decreases from 4.976 to
4.960Å [the inset in Figure 3(c)]. Hence, it is obvious that
the first atomic shell abnormally expands when decreas-
ing the temperature to the cryogenic level, whereas

Table 1. Activation volume size at different temperatures, the
corresponding diameter, and the equivalent number of atoms.

Temperature (K) Activation volume (nm3) Atoms (N) Diameter (Å)

77 0.13± 0.02 9 6.2
108 0.41± 0.06 28 9.2
123 0.65± 0.02 45 10.7
153 0.86± 0.04 60 11.8
193 1.20± 0.06 83 13.2
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Figure 3. High-energy X-ray diffraction results of the Zr64.13Cu15.75Ni10.12Al10 metallic glass. (a) Integrated diffraction curves, I(q), at
different temperatures. (b) Position of the first maximum in I(q) and averaged atomic volume as a function of temperature, indicating
shrinkage ofMROwith decreasing temperature. (c) Pair correlation function, PDF(r), at different temperatures. The corresponding atomic
shells with the diameter of the activation volume are labeled. The inset shows the positions of the first and the second maxima as func-
tions of temperature. (d) The first G(r) maximum and the X-ray scattering weights wij (Top panel). �G(r) changes in the first maximum
from ∼ 2.4 to 3.6 Å (Bottom panel).

shrinkage occurs on the other atomic shells [41]. Figure
3(d) shows the first maximum in reduced PDF, G(r), at
299K, suggesting the atomic nearest-neighborhoods on
a length scale of ∼2.4–3.6 Å. Each partial PDF com-
prises its X-ray scattering weight wij [42]. Based on the
type and concentration of the constituent elements in
the Zr64.13Cu15.75Ni10.12Al10 metallic glass, it is assumed
that Zr–Zr, Zr–Cu, and Zr–Ni are the dominant atomic
pairs constituting the first maximum of G(r). The differ-
ences betweenG(r) atT (=299, 235, 187, and 124K) and
79K, that is,�G(r) = G(r)79K −G(r)T are also shown in
Figure 3(d), indicating a highly spatially localized pro-
cess of atomic rearrangement around the large solvent Zr
atoms due to the decrease in temperature. In other words,
the decrease in temperature causes the formation ofmore
Zr–Zr pairs and fewer Zr–Cu or Zr–Ni pairs in the first
nearest-neighbor shell. This change in the chemical SRO
may result in the abnormal expansion of the first atomic
shell [3].

4. Discussion

Recent experimental and simulation evidence has shown
that the mechanical properties of metallic glasses are
determined by liquid-like regions or flow units orig-
inating from the intrinsically heterogeneous structure
[9–12,27,43,44]. The size of the flow units is believed to
be ranged from tens of atoms to several hundred atoms,
implying that the flow units may nucleate in both SRO
and MRO [21]. Based on the pair correlation function,
previous studies have measured the strain distribution in
different atomic shells of metallic glasses at room tem-
perature [19,21], which revealed that in the r values from
13 to 14Å, corresponding to the fifth or sixth atomic
shell, the strain is larger than those in other values of r.
In this case, it was believed that the atoms in the length
scale of r = 13–14Å have the largest contribution to the
shear transformation [21]. In the present study, the equiv-
alent diameters of the activation volumes are calculated
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in Table 1, which clearly shows that the activation vol-
ume size of 13.2 Å at 193K can be compared to the size
of the fifth atomic shell (Figure 3(c)). Therefore, our
results are in good agreement with the reported char-
acteristic MRO length scales. On the other hand, it has
been demonstrated that the atomic pairs in the SRO have
the least contribution to the flow units [21]. When the
temperature decreases to 77K, the activation volume will
annihilate due to the gradual cooling contraction. How-
ever, the abnormal expansion in the first atomic shell
(SRO) will leave some vacancy-like or loosely packed
regions, which can be potential sites for the formation of
flow units when compared with the case at high temper-
atures. In this case, the observation that the numbers of
flow units increase with decreasing temperature indicates
that the density of the potential sites for the nucleation
of shear banding is improved. Thus, more shear bands
are activated at lower temperatures, which causes that
the serrated flow behavior becomes insignificantly with
decreasing temperature [28].

Figure 4 depicts a schematic illustration of the
microscopic deformationmechanism associated with the
evolution of flow units. Due to the intrinsic structural
heterogeneity, there are no equivalent atoms in metal-
lic glass. Experimental observations show that the local
shear events are located in ∼1 nm soft spots, which
are related to the MRO [6,12,13,19–21]. When stress is
applied to the sample, the isolated flow units hidden in
the MRO will be activated in spite of the occurrence
of structure contraction at 193K (Figure 4(a)). How-
ever, the flowunits are enveloped by elastic surroundings.
The operation of such flow units is so localized that the
flow unit can be treated as a soft region surrounded by
hard atomic clusters behaving elastically [12]. The oper-
ation of these isolated flow units must lead to a local
increase in the inelastic strain and energy. In this case,
the atoms surrounding the flow units must shift concor-
dantly with the activated flow units to counterbalance the

energy changes [40,44–47]. With increasing stress, more
potential sites are activated, which then causes the flow
units to be aggregated. This process must involve the sur-
rounding atoms to participate in the shear deformation,
which then leads the flow units to be proliferated [44,45].
When the volume fraction of flow units reaches a criti-
cal value upon increasing the stress to the yield stress, the
flow units will percolate through the surrounding elas-
tic shells, that is, cage-breaking takes place, and coalesce
to form larger flow units [44,48,49]. These activated flow
units and elastic shells interact with each other coopera-
tively, resulting in localized plastic flow events [44]. Thus,
the pairing of flow units and elastic shells constitutes the
elementary cluster in the accommodation of plastic flow
in metallic glasses [12]. With a decrease in the temper-
ature, the cooling shrinkage results in the annihilation
of the flow units in the MRO, and makes packing of the
clusters in the MRO to be more denser (Figure 3(b)).
However, the abnormal expansion of the SRO can pro-
vide potential sites for the formation of flow units (Figure
3). The dissipation of strain energy is possibly accommo-
dated by the flow units in the SRO due to the reduction
in the numbers of the flow units in the MRO. Further-
more, the decrease in the temperature causes that the
activation volume decreases (Table 1). Considering the
coordination number of the first atomic shell (SRO) to
be approximately 12 (which is already very close to the
atoms in the activation volume at 77K), we can rational-
ize that the size of the activation volume can be compared
to the size of the first atomic shell (Figure 4(b)). When
the temperature is increased to 193K, the number of the
atoms in the activation volume is very close to the num-
bers covered in the range from the first atomic shell to
the fifth atomic shell (MRO) (Figure 4(a)). In this case,
we can rationally assume the activation volume to be a
spherical shape. With decreasing the size of the activa-
tion volume to be compared to the size of SRO, since the
atomic shell in SRO is more stiffer than those in MRO

Figure 4. Schematic illustration of the cryogenic-temperature-induced atomic structural origin of flow units.
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[21], the activation of the flow units at low temperature,
such as 77K, becomes more difficult. Hence, it is easy to
understand that the yield strength increases notably as
temperature decreases (Figure 1). Moreover, increasing
the strain rate requires more flow units to be activated to
compensate the strain evolution, which directly results in
a higher flow stress (insets in Figure 1).

5. Conclusions

In summary, the flow behavior of Zr64.13Cu15.75Ni10.12
Al10 at different cryogenic temperatures has been investi-
gated through strain-rate jump compression tests. Based
on the atomic structural evolutions observed by in-situ
high-energy synchrotronX-ray radiation, we successfully
elucidated the atomic structural origin of flow units, and
the mechanism of yielding and plastic deformation. It is
found that the structural transformation of the metal-
lic glass undergoes a transition from MRO-dominated
to SRO-dominated flow units with decreasing tempera-
ture. Aspects of these results are key to the understand-
ing of the deformation mechanisms in metallic glasses.
They may be adapted to structurally disordered systems
in general, and thus contribute to the tailoring of their
mechanical properties.
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