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Abstract
Shear banding in amorphous metals originates from the activation and percolation of flow units. To uncover the self-assembly
dynamics of flow units in metallic glasses, a rectangular sample with two flow units embedded in the matrix undergoing
simple shearing was analyzed using finite element simulations. The vortex evolution behavior, including activation, growth,
and collapse during the self-assembly of flow units, was revealed. It was found that the formation of a mature vortex indicates
the onset of yielding, and the collapse of the vortex represents the percolation of flow units or shear localization. The effects of
initial free volume distribution and the distance between flow units on vortex behavior were also studied. Increasing the initial
free volume concentration within flow units or the matrix leads to a gentler vortex evolution process and better homogeneous
plasticity. The shape of vortex tends to be "flatter" with the increase in flow units’ spacing, and the optimal spacing was found
to maximize the strength of the material.
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1 Introduction

Different from the traditional crystalline metals, the plas-
tic deformation of which is accommodated by dislocation,
metallic glasses deform plastically by the movement of
atomic clusters which range in size from a few to a few hun-
dred atoms, termed shear transformation zones (STZs) or
flow units [1–4]. Experimental observations tell that metallic
glasses exhibit intrinsic structural and dynamic inhomogene-
ity, which are composed of hard regions surrounded by soft
regions [5–7]. The local heterogeneities, which depend on
the thermal and mechanical history of metallic glasses, con-
tain the secret of structural origin of the deformation behavior
[8–11]. As an initial deformation zone, the flow units can be
activated and self-assemble by applied stress or elevated tem-
perature, leading to the formation of a shear band [12–16].
Since shear bands in metallic glasses have a characteristic
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thickness of ~10 nm [17, 18], and the dynamic process of
their formation is so fast [19], it is extremely difficult to study
the self-assembly behavior of flow units experimentally [20].
Therefore, research on this critical issue has so far relied on
theoretical analysis and molecular dynamics simulation [13,
21–26].

Earlier simulations indicate that flow units behave as
Eshelby inclusions, which induce quadrupolar elastic dis-
placements in the surrounding materials and arouse density
variations in shear bands [21, 24]. Because of these long-
range interactions between elastic fields, flow units are not
independent, random events may start percolating along the
direction of maximum shear stress, and eventually, a shear
band forms [12, 19, 22, 27, 28]. Şopu et al. proposed a two-
unit mechanism of catalytic self-assembly of STZs through
identifying the structural perturbation generated by an STZ
in the surrounding matrix and tracing how such a pertur-
bation triggers the activation of the neighboring STZ [13].
Recently, Yang et al. demonstrated that shear band formation
results from the operative manipulation of shear-dominated
zones, dilatation-dominated zones, and rotation-dominated
zones [16]. The autocatalytic generation of successive strong
strain and rotation fields was observed in the self-assembly
of flow units, where a “vortex”-like flow plays a critical role
[13, 16].
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Vortex flow, as a typical feature in shear localization, is
found not only in metallic glasses but also in other disor-
dered materials, such as granular matter [29]. However, how
does vortex evolve during the self-assembly of flow units?
Moreover, what is the correlation between vortex evolution
and macro-plasticity? These questions have so far remained
elusive and need to be answered. Herein, a simple shear
finite element model with two flow units embedded in the
matrix was built to study the self-assembly of flow units in
metallic glasses, especially the role of vortices in the percola-
tion process. Our findings might have important significance
for understanding the dynamics of the self-assembly of flow
units and, consequently, for controlling shear band forma-
tion and propagation in metallic glasses and other disordered
materials.

2 Theoretical Model

The interaction between two flow units in metallic glasses
is analyzed by finite element simulations using ABAQUS.
Since flow units are usually activated in regions with a
relatively high free volume concentration [2, 30], we can
distinguish the activated flow units from the surrounding
material by assigning different free volume concentrations.
Accordingly, the classical free volume model of metallic
glasses is selected as the material constitutive model [31],
which is coded as a UMAT subroutine and embedded in
ABAQUS for calculation. The constitutive equations are
expressed as follows.

The total strain rate ε̇i j can be decomposed into elastic
part ε̇ei j and plastic part ε̇pi j , and is written as

ε̇i j � ε̇ei j + ε̇
p
i j (1)

Due to the long-range atomic disorder, the elastic deforma-
tion of metallic glasses can be described by the generalized
Hooke’s law, that is

ε̇ei j � 1 + v

E

(
σ̇i j − v

1 + v
σ̇kkδi j

)
(2)

where E is Young’s modulus; v is Poisson’s ratio. In addition
to the elastic part, the plastic component ε̇pi j is

ε̇
p
i j � exp

(
− 1

υf

)
sinh

(
σe

σ0

)
Si j
σe

(3)

where υf � υf
/

αυ∗ is the normalized free volume, in which
υ f is the average free volume per atom; α is a geometric
factor of order 1; υ∗ is the critical volume (hard-sphere vol-
ume of an atom); Si j � σi j − σkkδi j/3 is the deviatoric

stress tensor; σe �
√

3
2 Si j Si j is the effective stress; and

σ0 � 2kBT
/

Ω is the reference stress,with kB theBoltzmann
constant, T the temperature, and Ω the atomic volume.

The evolution of free volume in the multiaxial stress state
is expressed by Eq. (4), where free volume is created by
squeezing an atom into an adjacent smaller vacancy and is
annihilated by a series of diffusional atomic jumps.
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α
exp

(
− 1

υf

){
σ0

Sβυf

[
cosh

(
σe

σ0

)
− 1

]
− 1
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}
(4)

where β � υ∗/Ω ∼ 1; S � E/3(1 − v); and nD is the
number of atomic jumps needed to annihilate a free volume
equal to υ∗, which is generally taken as 3.

Relevant material parameters are given as E � 96 GPa,
v � 0.36, α � 0.15, and σ0 � 0.1 GPa [32]. A rectan-
gular sample with length L � 3 µm and width W � 1 µm
is built. Two circular sections with radius R � 50 nm are
created to represent the flow units (see Fig. 1). The whole
sample contains a total number of around 1 × 104 plane
strain elements. In order to ensure that the plastic deforma-
tion is confined to a single shear path, a stress concentration
is introduced at the boundary of the specimen by setting
a small notch. The notched sample is loaded by applying
antisymmetric displacement boundary conditions on the two
horizontal boundaries along the X-direction. Meanwhile, the
movement in the Y -direction is constrained. The two vertical
lines are free boundaries. Unless otherwise specified, the free
volume concentration of the flow units is set as 0.1, while that
of the surrounding material is 0.04, and the distance between
the two flow units is 2R.

3 Results and Discussion

Figure 2a shows the displacement vector field of the sample
at U � 0.013 µm. Three vortices are observed in Fig. 2a,
which are located in the middle between the two flow units
as well as both the left and right sides of them. The clearer
morphologies of the vortices marked in Fig. 2a are shown in
Fig. 2b, as well the evolution of the vortices and free volume
distribution with the loading displacement. From Fig. 2b, we
can see that the vortices undergo three processes with the
increase in displacement, from activation to growth, and to
final collapse. We note that the evolution of the free vol-
ume around the flow units varies accordingly. When U �
0.008 µm, there is hardly any change in the free volume dis-
tribution, and no vortex has been found. When U reaches
0.014 µm, apparent free volume growth occurs between the
flow units and vortices become visible. Then, with the fur-
ther increase in vortex intensity, the content of free volume
around the flow units keeps growing. At U � 0.017 µm, the
matrix between the flow units has been greatly softened. The

123



Vortex Evolution Behavior in Self-Assembly of Flow Units in Metallic Glasses 605

Fig. 1 Simple shear finite element model with two flow units embedded in the matrix

Fig. 2 a Displacement vector
field of the sample at U �
0.013 µm; b the evolution of
vortices and free volume
concentration with the increase
of external loading
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Fig. 3 Evolution curves of free
volume concentration with
loading displacement at the
centers of the left, middle, and
right vortices (as marked by the
inset), and the macroscopic shear
stress-displacement curve of the
sample

Fig. 4 Evolution curves of
displacement increment at point
b and free volume concentration
at the middle vortex center with
loading displacement

collapse of vortices occurs at U � 0.018 µm, and the perco-
lation of flow units takes place, leading to a localized shear
band.

To figure out the relationship between vortices, free vol-
ume, and macroscopic yielding, we plot the evolution curves
of free volume concentration at the centers of three vortices
with loading displacement and the macroscopic shear stress-
displacement curve of the sample, which are displayed in
Fig. 3. In comparison with those on the left and right sides,
the free volume concentration at the center of the middle
vortex goes up firstly at U � 0.014 µm. When it grows to a

certain degree (close to 0.1), the free volume within the left
and right vortices presents a sudden rise. At this point, the
shear stress drops rapidly, causing the sample to yield.

As displayed by the inset of Fig. 4, three paths are defined,
respectively, along circles 1, 2 and 3 from the core of the
middle vortex to the outer shell, and the location points a-i
are selected to study the evolution of deformation field before
and after the vortex formation.Thedisplacement increment at
point b is calculated for eachfixed time increment to represent
the deformation velocity of the middle vortex, as shown in
Fig. 4. Before the sample yields, the deformation velocity of
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Fig. 5 Evolution curves of
displacement increments at
points a, b, and c, which are
located in different circles

Fig. 6 Evolution curves of
displacement in the Y -direction
at different locations of the
second circle

the vortex follows a similar trend to that of the free volume
concentration: increasing obviously and changing suddenly
at almost the same time, which indicates that the behavior of
free volume is closely related to the evolution of vortices.

The evolution behavior of the vortex during deforma-
tion can be further described by Figs. 5 and 6. Choosing
the middle vortex as an example, we can derive the varia-
tion of displacement increment at points a, b, and c, which
are located in different circles (see Fig. 5). From the inset

figure, we can see that the three curves overlap. The dis-
placement increment first keeps constant, then undergoes a
sharp increase and drop, and finally reaches a constant value
larger than the initial. The enlarged figure shows a clear dif-
ference in the local area within the rectangle of the inset
figure. Three characteristic points can be observed during
the process, labeled I, II, and III. The displacement incre-
ment almost keeps constant during the initial period until U
arrives at around 0.0055 µm (marked by I). From this point,
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Fig. 7 aEvolution curves of free volume concentrationwith loading dis-
placement at vortex centers andmacro-shear stress-displacement curves
of the samples; b the corresponding evolution curves of displacement

increments at point b and free volume concentration for different initial
free volume concentrations of flow units

Fig. 8 aEvolution curves of free volume concentrationwith loading dis-
placement at vortex center and macro-shear stress-displacement curves
of the samples; b the corresponding evolution curves of displacement

increment at point b and free volume concentration for different initial
free volume concentrations of matrix

the displacement increment grows slowly. Accordingly, the
displacement in the Y -direction at different places of the sec-
ond circle is displayed by Fig. 6. Since the displacement
applied to the sample is along the X-direction, the mate-
rial points initially have the same Y -direction displacement
around zero. A bifurcation starts from I, where the location
points d-f and g-i exhibit opposite deflections, suggesting
that the deformation field experiences a rotation. This could
be an indicator of the activation of vortex flow, even though
a visible vortex is still hardly captured atU � 0.008 µm (see
Fig. 1b).

The displacement increment increases gradually from the
core of the vortex to the periphery. When U � 0.014 µm,
the displacement increment shifts from a smooth change to

a sharp one. At transition point II, the displacement incre-
ments for three locations a-c reach the same value (see
Fig. 5). A transition is also observed in the evolution of the
Y -direction displacement (see Fig. 6), and the magnitude of
the Y -direction displacement changes from an increase to a
decline. This indicates that the vortex, which is activated at
I, develops into its mature stage at II, and then weakens. The
displacement increment reaches its maximum labeled by III
and then falls rapidly, and correspondingly, the Y -direction
displacement has a sudden rise for all location points and the
symmetrical deflection trend is broken. It suggests that the
vortex collapses and the percolation of flow units takes place.

The initial free volume concentration has been identified
as an important factor influencing shear band formation and
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Fig. 9 a Evolution curves of free
volume concentration with
loading displacement and
macro-shear stress-displacement
curves of samples with varied
spacing of flow units; b the
shapes of vortices and free
volume distributions at U �
0.016 µm for varied spacing of
flow units

multiplication [8]. How does the initial free volume affect
the vortex evolution? We change the initial free volume con-
centrations of the flow units and the surrounding matrix,
respectively, in the simulation. In Fig. 7, the initial free vol-
ume concentration of the matrix is kept constant at 0.04,
while the initial free volume concentration of the flow units
is varied from 0.06 to 0.4. We can see that with the increase
of initial free volume concentration of the flow units, the
free volume concentration within the middle vortex starts to
grow earlier, and correspondingly, thewhole sample yields at
a smaller loading displacement with a lower shear stress (see

Fig. 7a). It is seen fromFig. 7b that a larger initial free volume
concentration of the flow units also leads to earlier activation
and a more gentle evolution process of the vortex. The peak
value of displacement increment at point b increases with the
decrease in initial free volume concentration, corresponding
to a high evolution speed of the vortex. The formation of
a mature vortex, which corresponds to a considerable pro-
duction of free volume, suggests a transition from elastic
deformation to plastic deformation, and the breakdown of
vortex indicates that flow units percolate to each other and
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a shear band forms. Therefore, the vortex evolution process
from II to III dominates homogeneous plastic deformation.

If the initial free volume concentration of flow units
remains unchanged, while that of the surrounding matrix
varies from 0.04 to 0.07, as shown in Fig. 8, the evolution of
free volume slows down and the overshoot of the shear stress-
displacement curves tends to be less obvious (Fig. 8a). A
similar phenomenon can also be observed from the evolution
curves of displacement increment in Fig. 8b.With the growth
of the initial free volume concentration within the matrix, the
vortex evolves more slowly and tenderly, and the peak even
disappears. This indicates that a higher initial free volume
concentration will result in better homogeneous plasticity. In
this sense, we can speculate a brittle-to-ductile transition of
metallic glasses from their vortex evolution behavior.

The effect of the distanceD between two flow units on the
deformation behavior is shown in Fig. 9. With the distanceD
varying from R to 6R, the yield stress of the sample initially
increases and then decreases. When the spacing is 2R, the
yield stress is highest. A similar non-monotonic trend can be
found in the evolution curves of free volume concentration
and displacement increment, as shown in Fig. 9a. This phe-
nomenon indicates that there exists optimal spacing near 2R
to maximize the strength of the material. The vortex mor-
phology for varied spacing at U � 0.016 µm is displayed in
Fig. 9b. The shape of the vortex tends to be "flatter" with the
increase in spacing. Accordingly, the free volume distribu-
tion shows that the interaction of flow units becomes weaker
as the spacing increases.

4 Conclusions

The activation, growth and collapse behavior of vortices dur-
ing the self-assembly of flow units in metallic glasses was
investigated through simulations. It was found that the for-
mation of a mature vortex indicates the onset of yielding, and
the collapse of the vortex represents the percolation of flow
units or shear localization. The vortex evolution behavior
depends on the initial free volume distribution and the spac-
ing of flow units. Generally, increasing the initial free volume
concentrationwithin flowunits or thematrix leads to a gentler
vortex evolution process and better homogeneous plasticity.
The shape of the vortex tends to be "flatter" with the increase
in flow units’ spacing, and the optimal spacing was found to
maximize the strength of thematerial. These resultsmay shed
light on the detailed process of self-assembly of flow units
in metallic glasses from vortex evolution. Furthermore, they
suggest a potential way to manipulate the self-assembly of
flow units by regulating the vortex evolution behavior prop-
erly and, ultimately, to improve the plastic deformability of
metallic glasses.
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