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Abstract

Bond breaking related with plastic deformation in a deformed metallic glass Zrs,Cusg
is investigated by molecular dynamics simulations. The results show that the spatial
distributions of broken bonds are closely correlated with local shear strains, and the
clustering behaviors of atoms with broken bonds (flow defects) are characterized with
different stages of plastic deformation. The average distance among those clusters of
flow defects decreases as the strains increase, which follows the curvature quadrupole
model for flow defects in ideal amorphous solids. For the first time, the features of
bond breaking processes are quantitatively measured with the chemical composition,
bond length and orientation, bond pairs, local five-fold symmetry and quasi-nearest
atoms, whose threshold values are important factors that could characterize the flow
defects in metallic glasses under plastic deformation. The shape, orientation and
energetics of flow defects quantitatively characterized by the bond breaking analysis

thus facilitate our understanding on the deformation mechanisms in metallic glasses.
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1. Introduction

Metallic glasses (MGs) have become a kind of new material due to their high
mechanical strength, large elastic strain, good corrosion resistance and excellent soft
magnetic property [1-6]. However, their room temperature brittleness seriously
restricts their application [7]. Although many efforts have been devoted to improving
the ductility of MGs, few MGs have been used as structural materials [8]. One of the
reasons is that the deformation mechanism in MGs is still unclear, though it has been
studied for many years [9-12]. Some theories and models, such as free volumes [13],
shear transformation zones [14-15], and flow units [16-17] have been proposed to
uncover the deformation mechanism. However, currently, due to the poor descriptions
on the atomic structures of MGs [18], the accurate structural features of those
proposed models have not been fully established yet. Compared to those in
periodically packed crystals, conventional defects such as dislocations and grain
boundaries do not exist in MGs [19]. The numbers of the nearest neighbors for most
of atoms with the same atomic type in covalently bonded glasses, such as oxide and
silicate glasses, usually remain unchanged throughout the glassy structures due to
their strong chemical interaction [20]. Therefore, the dangling bond is widely

regarded as a structural defect in covalent bonded glasses [20]. These structural
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defects play an important role as the carriers of plastic flows in the deformation of
those glassy materials. In MGs, on the contrary, the coordination numbers for most of
atoms are variable owing to the flexible metallic bonds [21]. Therefore, the dangling
bond is difficult to observe in MGs. Although the structural defects in MGs have not
been described well, the deformation mechanisms in MGs might be unveiled from
other perspectives. In general, the movement of defects in the deformations of solids
is achieved by the breakage and recreation of bonds. Therefore, the deformation
mechanisms might be well understood from the chemical, structural and dynamical
characteristics of bond breaking in MGs under plastic deformations [22]. Based on the
position of the first minimum in pair distribution function [23], the critical bond
length could be found to define the existence and the breakage of metallic bonds.
Consequently, the concept of bond breakage and recreation has been used to explain
the flow in simple metallic liquids under shear [24] and the anisotropy in MGs under
stress [25-26]. Nonetheless, an in-depth understanding on the chemical and structural
factors that determine the behaviors of bond breaking in MGs, and the relationship
between the plasticity and bond breaking processes has not been established.

Because there is a lack of long-range periodic structures, MGs are extremely
complex in atomic structures. Compared with the dislocation in conventional alloys
which can be well characterized by a slip system with quantitative measures of
Burgers vectors and slip planes, the microscopic structural defects in MGs are rather
qualitatively described by the local strain entities such as the free-volume defects [13]
and shear-transformation zones [14-15]. Therefore, the mechanistic understanding of
plasticity in MGs is a grand challenge, particularly in the atomic scales. For instance,
what geometry, orientation and energetics of the microscopic structural defects should
be and how they response to the thermo-mechanical excitation, which determine the
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relationships between the atomic structures and mechanical properties of MGs, yet
remain unknown. The information on bond breaking thus provides valuable insights
for us to develop a new microscopic model of structural defects and to address the
atomic structure-mechanical property relationship in MGs.

In this paper we systematically characterize the bond breaking processes in a
model MG ZrsoCusp under uniaxial compression through molecular dynamics (MD)
simulations. The flow defects are identified by the bond-breaking analysis, and their
mechanistic behaviors correlated with plasticity in MGs are thus established.
Moreover, the chemical and structural factors that affect the behaviors of bond
breaking are quantitatively measured. The geometry, orientation and energetics of
flow defects in MGs under plastic deformation can be revealed by the bond breaking
analysis.

2. Simulation methods

The bond breaking processes in a model MG ZrsoCusg under uniaxial
compression were investigated by MD simulations. Periodic boundary conditions
(PBCs) were applied to the system containing 250,000 atoms with an embedded-atom
method (EAM) inter-atomic potential [27]. Firstly, the system was melted for Insat T
=2000 K, and quenched to T = 50 K at a cooling rate of 10** K/s. The system was then
relaxed at 50 K for 1 ns. During the sample preparation, constant number, pressure
and temperature (NPT) ensemble was applied to the system at zero pressure. After that,
we applied compressive deformation on the MG sample along the X-axis with a strain
rate of 1x10” fs* at T = 50 K. During the compression, PBCs on three dimensions
was set and the pressures along the Y and Z directions were kept at zero.

In metallic liquids and glasses, a bond is usually defined to be located between
two nearest-neighbor atoms, which are often determined by the first minimum of pair
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distribution function (PDF). Figure 1 shows the partial PDFs for Zr-Zr, Zr-Cu and
Cu-Cu pairs in the ZrsoCuso MG sample, whose atomic configuration is also displayed.
It can be seen that the first peak of Zr-Cu PDF is much stronger than those of Zr-Zr
and Cu-Cu PDFs, indicating that the bonds with different atomic types are more
prevalent than those with the same atomic types. The first minimums of PDFs for
Zr-Zr (4.17 A), Zr-Cu (3.69 A) and Cu-Cu (3.23 A) are chosen to be the threshold
distances for the formation of bonds, i.e., a bond exists between two atoms with a
distance less than the corresponding threshold distance. Under a certain applied strain,
if the distance between two atoms connected by a bond before uniaxial compression is
larger than the corresponding threshold distance, the bond is considered to be broken.
3. Characterization on bond breaking in the deformed MGs

Figure 2 shows the stress(o)-strain(o) curve for the model MG under uniaxial
compression at 50 K. The stress increases linearly with the strain below 1.9%, which
is identified as the elastic limit. After that, the stress begins to deviate from its linear
response to the applied strain and continues to increase until about 5.9% strain,
beyond which the resulting stress decreases abruptly. At a strain of approximately 9%,
the stress starts to decrease slowly, suggesting that the plastic flow occurs in the
model MG. In this work, we mainly analyze the flow defects in the sample with an
overall strain between 1.9% and 9%.
3.1 The correlation between bond breaking and local shear strains

To measure the rearrangements of atomic structure of samples under
compressive deformation, local shear strain, 7™ [28], is calculated for a
configuration at a certain strain with the reference of the initial one. Similar to the

non-affine displacement (D%yin) defined by Falk and Langer [29], 7™ can well

Mises

characterize the local inelastic deformation in MGs. In this work, 7 is calculated
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by OVITO software [30].

Bond breaking can be considered as the conformation of large atomic
rearrangement, whereas there must be some correlations between the bond breaking
and local shear strains. We first analyze the number of broken bonds (ng) for each
atom at some strains. Figure 3 shows the statistical distribution of 7""**® for the atoms
with different ng and that for the total atoms, at 2%, 4%, 6% and 8% strains. For all

the stains, the highest peaks are all owned by the atoms with ng=0 and centered at a

Mises Mises

small average n >), which indicates that most of the atoms with ng=0

(<7
could correspond to small atomic rearrangements. As ng increases, the peak becomes

Mises

a little weaker, and shifts toward larger < >, The insets in Fig. 3 show that the

<77i'\’“ses > increases with increasing ng, suggesting a strong correlation between ng and

Mises

ni under plastic deformation.

Mises

Figure 4 displays the spatial distributions of ng and #; in the early stage of

Mises

plastic deformation at an overall strain of 6%, with the atoms colored by 7"~ and ng.

Mises

It is noted that the regions with large and those with high ng are almost

Mises

overlapped while most of the atoms with small 7, are located in the region with

low ng, unambiguously reflecting the close spatial correlation between the bond
breaking and atomic rearrangement under plastic deformation in MGs. We check the
spatial distributions of ng and 7""** at a higher strain 15% and found that the

correlation seems much better than that at 6%.

In order to quantitatively characterize the correlation between ng and 7M™, we

Mises

calculate their Pearson correlation coefficient Cy(ng, 7" ) as follows:

i _ E{ng—E(ng)][7M5eS—E(Mises)]}
CP (nB; 77?’11565) = D(nB)D(UIimS“’S) ) (1)

where E(x) and D(x)measure the average values and the standard deviations of x,
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respectively. C=1 or C=-1 represents maximum correlation while C=0 means no
correlation. The Pearson correlation coefficient is usually used to describe the linear
correlation. Meanwhile, we also calculate the Spearman's rank correlation coefficient

as follows:

. 2
Cs(n, o) = 1 = 2855 @

N(N2-1)
where d; is the difference between the two ranks of ng and 7™ for atom i. N is the

total number of atoms in the systems. Figure 5 shows Cy(ng, 7'"**%) and Cs(ng, 7™"*)

Mises

at different overall strains. At the strain of 1%, Cy(ng, 77 ) is about 0.1, indicating a

small linear correlation between the bond breaking and atomic arrangement. However,

Mises

Cs(ng, 77" is about 0.35, suggesting a much larger monotonous correlation. As the

Mises

strain increases, the value of Cy(ng, 7 ) linearly increases with the strain lower

than about 6%. The difference between Cp(ns, 7™**) and Cs(ns, 7'"**) becomes
rather small at 6% strain, which is maintained to be small until about 9% strain. The

consistence of Cp(ng, 7""°*°) and Cy(ns, 7™"**) between 6% and 9% strains indicates

Mises

that the correlation between ng and 7 could be linear at the strain range. When the

strain is larger than about 9%, both correlation coefficients become saturated,

suggesting either the growth of ng or 7"

could reach a steady state. The results thus
suggest a strong correlation between bond breaking and atomic arrangement,
demonstrating that the bond breaking plays a key role in MGs under plastic
deformation.
3.2 The evolution of bond breaking

Since the bond breaking and atomic arrangement in MGs under plastic
deformation are closely correlated, we thereby investigate the detailed evolution of

bond breaking as the overall strain increases. The strain dependence of the fraction of
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broken bonds is shown in Fig. 6(a). As the strain increases, the fraction of broken
bonds increases as expected. However, the growing rate is different at different stages
of plastic deformation. The growing rate of the broken bonds increases with
increasing strain below 9%, while it keeps almost unchanged when the deformed MG
comes to the stage of steady plastic flow, i.e., with a strain larger than 9%. We also
investigate the fractions of atoms with different numbers of broken bonds, as shown
in Fig. 6(b). At the early stage of uniaxial compression, most of the atoms in the
system have no broken bond. The atoms that experience with one or more broken
bonds could increase with increasing strains.

As pointed out by the theory of shear transformation zone (STZ) [14], there are at
least several dozens or even hundreds of atoms involved in the occurrence of plastic
flow in MGs. In comparison with the STZ defects, we define the flow defects in MGs
as clusters that are formed by those atoms with broken bonds. Cluster analysis on the
atoms with at least one broken bond is performed to identify them as flow defects.
Figure 7(a) shows the strain dependence of the number of clusters of flow defects, N..
As strain increases, N first increases, and reaches the maximum and then decreases.
There might be two effects on the change of N¢. One is the change in the number of
atoms with the broken bonds, which results in the increase of N. with increasing
strains. The other is the coalescence of clusters of flow defects, which makes N
decrease. At the early stage of uniaxial compression, the first effect is predominant.
Thus, N¢ increases with increasing strains. As the strain increases, there are more
events of coalescence of clusters of flow defects, which could much reduce N and
offset the first effect. Therefore, N reaches the maximum at about 6% strain, at which
the ultimate stress occurs. When the second effect becomes dominant, N, begins to
decrease, indicating massive coalescence of clusters of flow defects. Figure 7(b)
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displays the mean size of clusters, <S>, as a function of strain, where S; is defined as
the number of atoms with broken bonds in the cluster. At the early stage of uniaxial
compression, <S> keeps almost unchanged. After the ultimate stress occurs at a strain
of 6%, <S> begins to grow, in consistent with the change of N¢.. The size of the
largest cluster, Smax, as a function of strain is shown in Figure 7(c). Similar to <S;>,
Smax changes a little at a strain lower than 6%, and it increases rapidly with increasing
strain after the ultimate stress occurs.

Besides the sizes of clusters of flow defects, we also investigate the projected
lengths of the largest cluster along x-, y- and z-directions normalized by the system
sizes along the three directions, respectively. As shown in Figure 7(d), at a strain
below 4%, the normalized projected lengths (NPLs) of the largest cluster along the
y-direction is apparently larger than those along other directions, suggesting the
ramification of the cluster of flow defects along the longitudinal direction
perpendicule to the loading direction at the early stage of plastic deformation. With
increasing strains (>4%), NPLs increase and are almost the same along the three
directions. They reach about 0.2 when the ultimate stress occurs, and 1.0 at a strain of
9%. The results thus indicate that the largest cluster of flow defects could percolate
along three dimensions when the plastic flow begins to occur in MGs. The
aforementioned analyses suggest that the cluster of atoms with broken bonds is
closely correlated with the different stages of plastic deformation, and could be
quantitatively characterized to represent the flow defects in MGs.

Figure 8 shows the clusters of flow defects with a size no less than 10 atoms at
different overall strains. The number of large flow defects can be found to increase
and the distance among those clusters of flow defects becomes reduced as the strain
increases. Figure 9(a) displays the average distance between the centre of gravity of
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one cluster to that of its nearest neighboring cluster (<dmir>). At the beginning of
plastic deformation, <dmi,> decreases quickly with increasing strains while the
downward trend of <dni> becomes slower at the strains larger than 4%. It is
meaningful to correlate <dn;»> with the energetics of flow defects at the early stage of
plastic deformation, c.f., at 2-4% strains, since the coalescence of clusters of flow
defects does not occur at a strain lower than 4%, as illustrated in Fig. 8(c). In this
consideration, Fig. 9(b) shows the log-log plot of the correlation between <dpmi,> and
o-oy, Where gy is the yield stress at 1.9% strain. The dash line in Fig. 9(b) thus
indicates a power-law relation at the strains of 2-4% <dmin> ~ (-6,) ", where $=0.45.
4. The chemical and structural factors that influence the bond breaking

A parameter Bj that measures the preference of bond breaking is defined as

follows:
Bij=p(i.j)/Po(i.j)-1, 3)
P(i.1)=No(i,j)/Ny , (4)
Po(i.j)=N(i.)/N, (5)

where i-j refers to the properties of the atoms at the ends of a bond. If only i is used, it
refers to the property of a bond. Ny(i,j) is the number of broken i-j bonds and Ny is the
total number of broken bonds at a certain overall strain. N(i,j) is the number of i-j
bonds and N is the total number of bonds. Therefore, the positive and negative values
of Bjj indicate a preference and an avoiding of i-j bonds being broken, respectively.
4.1 The effects of chemical elements

The interaction among chemical elements plays an important role in glass forming
ability, structure relaxation and other properties in MGs [31-33]. The atomic types of
the two atoms connected by a bond must influence the property of the bond. Figure 10

shows the preference of bond breaking Bj; with different atomic types as a function of
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overall strain. At the beginning of uniaxial compression, Bjj for Zr-Cu is negative,
indicating that the Zr-Cu bonding is hard to break. The strong interaction between Zr
and Cu might be the reason. The values of Bj; for the same atomic types are both
positive before the ultimate stress occurs. However, Bj; for Cu-Cu is much larger than
that for Zr-Zr, suggesting that the Cu-Cu bonding is easier to break than Zr-Zr. After
the the ultimate stress occurs, Bj; for Cu-Cu keeps positive while Bj; for Zr-Zr changes
from positive to negative, which further confirms the weakness of Cu-Cu bonding.

4.2 The effects of bond length

The bond length could be an important factor that affects the bond breaking. In
general, a longer bond is much easier to break. Figure 11 (a)-(c) shows the statistical
distributions of the lengths of the broken bonds for Zr-Zr, Zr-Cu and Cu-Cu,
respectively. The distributions of all the bonds before uniaxial compression are also
displayed in the short dash lines. At the strain of 4%, the peak of the distribution for
the broken bonds is located at a rather long bond length, which is close to the
threshold distances for the bonding. As the strain increases, the peak shifts to the
smaller bond length. The results demonstrate that the bond breaking under uniaxial
compression could start from those bonds with longer length, as expected.

Besides the length of bonds, the projected lengths of the broken bonds along the
loading (x-) direction Ly could be closely related with bond breaking. The statistical
distributions of Ly normalized by the maximum bond length L, at different overall
strains, P(Lx/Lcuwoff), are shown in Fig. 11 (d)-(f). It is found that the distributions are
independent of the overall strains. If P(Ly/Lcutor) IS larger than that of the projected
length of all the bonds before uniaxial compression (the short dash lines in Fig. 11),
those bonds with Ly have a preference to break. For all the Zr-Zr, Zr-Cu and Cu-Cu
types of bonds, when Ly/Lcuor IS less than about 0.4, the probability P(Lx/Lcutosf) 1S
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larger than that of all the bonds before uniaxial compression, indicating that those
bonds with L,<O.4Luo tends to break under uniaxial compression. The results
suggest that the projected length along the loading direction might play a more
important role than the bond length in bond breaking.
4.3 The effects of bond orientation

The more important role of normalized projected length than the bond length itself
in bond breaking indicates that the bond orientation might also affect the bond
breaking. Figure 12 shows the statistical distribution of the angles 0 between the
initial orientation of the broken bonds at different overall strains and the loading
direction. The distribution of angle between the orientation of all the bonds and the
loading direction before the uniaxial compression is also shown in the short dash line.
It is found that, at all the strains, for <57’ the probability of the angle is all smaller
than that for all the bonds, suggesting that the bonds with an angle less than 57 are
difficult to break. For those bonds with 6>57", they tend to be broken. It is worth
noting that the critical angle 6=57"is consistent with the position of the first peak of
angle distribution function in MGs [34]. Moreover, the fracture angle observed from
experiments is near 57" for some MGs [35]. All these facts indicate that 57 might be
an important angle which characterizes the orientation feature of atomic structure of
flow defects in MGs.
4.4 The effects of bond pairs

Bond pairs with an index of ijkl was a useful tool to describe the atomic structure
in metllic liquids or glasses [36]. In the index, i is usually set to be 1, indicating the
existence of a bond between a pair of atoms; j is the number of common nearest
neighbors shared by the two given atoms; and k is the number of bonds among the i
nearest neighbors. The final number | is usually 1 and if the first three numbers are the
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same but the distributions of the bonds are different, | will be set to 2. According to
the geometrical features of bond pairs, we classify them into two categories: if the
shared neighbors can form a ring, i.e. k = j, we call them “saturated bond pairs”;
otherwise, they are designated as “unsaturated bond pairs” [37]. Figure 13 shows the
statistical distribution of main bond pairs in Zrs,Cusg MG. The bond pair of 1551 has
the largest fraction, indicating that the local five-fold symmetry is dominant in the
atomic structure of the model MG. The inset of Figure 13 shows the preference of
bond breaking of different bond pairs B;j;. All the bond pairs can be classified into two
groups. One contains the bond pairs of 1441,1431 and those in minority (named as
“others” in the figure), which have a positive value of Bj;, indicating that those bonds
tend to be broken. The other group includes the bond pairs of 1551, 1421,1422,1541
and 1661. These bond pairs have a negative value of B;j, indicating that those bonds
tend to avoid being broken. It should be noted that, when the bond pairs have the
same index j, the saturated bond pairs are much easier to be broken than the
unsaturated bond pairs. For example, the value of Bj; for the saturated bond pair of
1441 is larger than that for the unsaturated bond pair of 1431. Moreover, the value of
Bj; for 1441 and 1431 is positive while that for 1422 and 1421 is negative, suggesting
that the former two are much easier to be broken.
4.5 The effects of local atomic cluster packing of Voronoi polyhedron

Voronoi polyhedron(VP) is one of the most popular methods to characterize the
atomic structure of MGs [38]. The VP index is expressed as <ns,ns,Ns,Ng>, Where n; is
the number of faces with i edges in the VP and also represents i-fold symmetry
structures. Specially, Peng et al. proposed a structural parameter to characterize the
degree of local five-fold symmetry as ds=ns/>n; and found that there is a close
correlation between ds and plastic deformation in MGs [39]. It is thus speculated that
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there might also be some correlations between ds and bond breaking in plastic
deformation. Figure 14 (a) shows the top 20 VPs in the ZrsoCuso MG sample. These
VPs are labeled according to their ds and the numbers after the bars are their order
numbers. It can be seen that the VP with an icosahedral short-range order labelled by
a Voronoi index of <0,0,12,0> has the third largest population in the sample. The top 2
VPs, <0,2,8,1> and <0,2,8,2>, have the distorted icosahedral short-range order. To
unveil the correlation between VPs and the bond breaking, we display the color maps
of Bjj with the top 20 VPs at the strains of 2%, 4%, 6% and 8%, as shown in Fig.
14(b)~(e). It can be seen that most of B;j; (i,j<15) have a negative value, suggesting
that the bond with those atomic structure tends to avoid being broken under uniaxial
compression. Remarkably, it is found that the values of ds for those VVPs are all no less
than 0.5. Thus, 0.5 might be a threshold of ds that can be used to identify those VPs
prone to bond breaking under the uniaxial compression. The results thus reflect the
close correlation between the five-fold symmetry of local atomic cluster packing and
the bond breaking, which is also consistent with Peng’s work [39].
4.6 The effects of quasi-nearest atoms

Quasi-nearest atom (QNA) was recently proposed as a new structural parameter
to characterize the structural defects in metallic liquids and glasses [40-42]. As
pointed out in our previous work [41], more QNAs usually correspond to more
structural defects in MGs. Figure 15(a) shows the distribution of the number of QNAs
(Ng) in the MG sample, indicating that the statistical distributions of Ng around Cu
and Zr are similar. The fraction of atoms with more than one QNA is more than 70%,
indicating a large number of structural defects in the MG samples. Figure 15 (b)~(c)
shows the preference of bond breaking with different Ng. The values of Bj; for the
pairs of (i=0, j=0, 1, 2), i.e., the bond with a QNA number pair of (0,0), (0,1), or (0,2),
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are always negative during the whole uniaxial compression processes. Other Bj,
especially for larger Ng, are almost positive. The results illustrate that the bond with
the atoms that possess less QNAs tends to avoid being broken, which is consistent
with our previous work [41].

5. The model for flow defects based on the characteristics of bond breaking.

As described in Sec.4.4, the bond breakage preference Bj; indicates that those
minority bonds (labeled as ‘others’) and bonds in bcc-like (1441 type) and
defective-fcc (1431 type) clusters are prone to breakage in forming flow defects. The
results imply that the flow defects could be generated in those clusters that are of
geometric incompatibility with the dominant (1551)-icosahedral clusters. Such
speculation on the structural properties of flow defects is also demonstrated by the
effects of VPs on the bond breaking. As shown in Fig. 14, the bond breaking can be
found to occur mostly in those VPs whose local atomic packing is deviated from the
five-fold symmetry, with a measure ds<0.5. Judging the fact that the local atomic
cluster packing in the structural motif is dominated by those VPs (icosahedra or
distorted icosahedra) with high local degree of five-fold symmetry (ds~1), the flow
defects in MGs could be considered as those generated at the interfacial regions
between two atomic clusters of VPs with geometric incompatibilities, e.g., the VPs
with high (ds~1) and low (ds<0.5) local degree of five-fold symmetry, respectively.

In fact, the concept of structural defects in connection with the geometric
incompatibilities in continuum solids has been well developed. It comes from a
general definition of a structural defect that the geometric incompatibility in a
structure could result in elastic stresses [43-44], originally used by Eshelby [43] to
determine the stress field around an inclusion in continuum solids. Moshe et al.
[45-47] formulized such definition for defects in amorphous solids. The amorphous
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structures are considered as a Euclidean manifold which is translation invariant; and
the defects are described by the Gaussian curvatures of their surfaces. More
specifically, in a multipole expansion for the Gaussian curvature, the structural
defects are then defined as those with a singularity in Gaussian curvatures. For
simplicity, Moshe et al. [45] considered the two-dimensional (2D) localized defects in
an ideal amorphous solid with isotropic structure, which could be defined by the only
non-zero term, the quadrupole term, in the multipole expansion for the Gaussian
curvature. Such curvature quadrupole model could quantitatively define the geometry
(the 2D shape), orientation and energetics of flow defects in amorphous solids.

As discussed in Sections 3 and 4, the bond breaking analysis reveals information
on the mechanistic features such as the shape, orientation and energetics of flow
defects in MGs, which could be compared with those of the aforementioned curvature
quadrupole model for ideal (isotropic) amorphous solid [45-47], as follows. Firstly,
the shapes of flow defects revealed by the bond breaking analysis are different with
that of curvature quadrupole defects. Although the aspect ratio of flow defects
consisting of atoms with broken bonds can be as large as 1.8, their shape is far from
being planar or two-dimensional. The reason is that in MGs the interfacial regions
between two atomic clusters of VVPs with geometric incompatibilities, where the flow
defects are generated, could be heterogeneous and are rather rough, as shown in Fig.8.
Secondly, in terms of the orientation of flow defects, the bond breaking analysis
suggests that the preference orientation of flow defects is 57° with respect to the
loading direction, whereas that for the curvature quadrupole defects is 45° Such
difference could result from the structural heterogeneity in MGs, which is not
accounted in the curvature quadrupole model for the ideal amorphous solid [45].
Thirdly, the energetics of curvature quadrupole defects are usually characterized by
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their equilibrium separation distance R under an applied shear stress 1o [45]:

R, = [=ZL)05 (6)

8mB, T,
where u is the shear modulus and <Q> is the average defect strength of quadrupole
defects; By is a constant. For the flow defects consisting of atoms with broken bonds,
the shear stress on the flow defects can be assumed to be to=(c-0y)/3. As shown in
Fig.9(b), their separation distance can be scaled as <dmin>=R. ~(10)***, in consistent
with that (Eq. (6)) for the curvature quadrupole defects. The good agreement between
the energetics for the flow defects revealed by the bond breaking analysis and the
quadrupole defects implies that the flow defects in MGs could be generated at the
interfacial regions between two atomic clusters of VPs with geometric
incompatibilities.
6. Conclusions

In summary, we investigate the bond breaking under uniaxial compression in a
metallic glass by classical MD simulations. The bond breaking shows a close
correlation with local shear strains and the behaviors of clusters of flow defects
formed with the broken bonds are closely correlated with different stages of plastic
deformation. The bond breaking processes are quantitatively characterized. The bonds
with the same elements are much easier to be broken than those with the different
elements. If the normalized projected length of a bond along the loading direction is
less than about 0.4, it tends to be broken. A bond with an angle to the loading
direction less than 57 degree is more difficult to break than others. Our results also
show that bond breaking is closely correlated with local atomic structure such as bond
pairs, local five-fold symmetry and quasi-nearest atom, suggesting that the flow
defects in MGs could be generated at the interfacial regions between two local atomic

clusters with geometric incompatibilities. The shape, orientation and energetics of
17



flow defects revealed by the bond breaking analysis are compared with those of the
curvature quadrupole model for flow defects in ideal amorphous solids, which
facilitate our understanding on the deformation mechanisms of MGs.
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Figure captions

Fig. 1 Partial PDFs for Zr—Zr, Zr-Cu and Cu—Cu pairs for the ZrssCusp MG at 50K.
The typical atomic configuration is also displayed. The red and blue spheres represent
Zr and Cu atoms, respectively

Fig. 2 The stress(o)-strain(o) curve under uniaxial compression at 50 K for the
Zr50Cusg MG.

Fig. 3 Distribution of local shear strain (M

) for the atoms with different number of
broken bonds and the total atoms, at an overall strain of (a) 2%, (b) 4%, (c) 6% and (d)
8%. The insets show the average local shear strain as a function of the number of
broken bonds.

Fig. 4 Spatial correlation between local shear strain and the number of broken bonds

in the early stage of plastic deformation. (a) The configration with the atoms colored
by the local shear stain at 6% overall strain. (b) The same configration as that in (a)
but with the atoms colored by the number of broken bonds.

Fig. 5 Pearson and Spearman correlation coefficients between the number of broken

bonds and local shear strains as a function of the overall strains.
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Fig.6 (a) The fraction of broken bonds as a function of overall strains; (b) The fraction
of atoms with different broken bonds as a function of overall strains

Fig. 7 Cluster analysis of broken bonds as a function of overall strains. The clusters
consist of atoms with at least one broken bond and all those atoms are initially
connected by the broken bonds. (a) the number of clusters of flow defects (N.), (b) the
average size of clusters of flow defects (<S¢>), (c) the size of the largest cluster (Smax),
(d) the normalized projected lengths (NPLs) of the largest cluster of flow defects in
three (x-, y- and z-) directions, inset are the NPLs for 0<6<6%.

Fig. 8 Visualization of the clusters of flow defects with a size no less than 10 atoms at
(@) 2%, (b) 3%, (c) 4% and (d) 5% strains. The fact that atoms with the same color
means that they belong to the same cluster of flow defects.

Fig. 9 (a) Average distance between the centre of gravity of one cluster to that of its
nearest neighboring cluster <dmin>. (b) The log-log plot of the correlation between
<dmin> and o-ay (oy is the yield stress at 1.9% strain). The red dash line fits the data (in
black circles) for 6=2-4%.

Fig. 10 The preference of bond breaking Bj; with different atomic types as a function
of overall strains

Fig. 11 Statistical distributions of the length of the broken bonds for (a) Zr-Zr, (b)
Zr-Cu and (c) Cu-Cu, and the projected length of the broken bonds along the loading
direction normalized by the maximum bond length for (d) Zr-Zr, (e) Zr-Cu and (f)
Cu-Cu, at different overall strains. The short dash line shows the distributions of all
the bonds before uniaxial compression.

Fig. 12 Statistical distribution of the angles between the initial orientation of the
broken bonds and the loading direction at different overall strains. The short dash line
shows the distribution of angle between the orientation of all the bonds and the
loading direction before the uniaxial compression.

Fig. 13 The statistical distribution of bond pairs before uniaxial compression. The
inset is the preference of bond breaking of different bond pairs.

Fig. 14 (a) Histogram of the top 20 Voronoi polyhedra before uniaxial compression.
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The number after the bar is the order number of five-fold symmetry of the Voronoi
polyhedron, in a descending order indicated by the arrow. (b)~(e) are the color maps
of the preference of bond breaking with different VP indexes, at strains of (b) 2%, (c)
4%, (d) 6%, and (e) 8%. The order number in (b)~(e) represents the VVPs with the
same order number in (a).

Fig.15 (a) The statistical distribution of the number of QNASs (Ng) before uniaxial
compression. (b) and (c) are the preference of bond breaking with different Nq. i and j
in i-j correspond to the value of Ng, which belong to the pair of atoms in a bond. The

term “others” refers to the atoms with Ng no less than 4.
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*Highlights (for review)

Highlights
Geometry, orientation and energetics of flow defects are revealed.
Chemical and structural factors are quantitatively measured.

A mechanistic model for flow defects is proposed.
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