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The interplay between metallic glasses (MGs) mechanical properties, fracture energy (G), and glass-forming
ability (GFA) and their dependence on alloy composition remain poorly understood. Here, we perform molecular
dynamics simulations to investigate the intrinsic composition dependence of G in Cu,Zr;p0—,MGs (x = 20, 30,
40, 50, 64). The results indicate that the value of G increases with Cu content. In addition, it is revealed that MGs
with higher G values display higher Poisson’s ratio (v) and GFA, suggesting a close correlation between fracture
toughness, mechanical properties, and GFA. This correlation between G, v, and GFA can be understood based on
the fragility (m) of supercooled liquids, which is directly related to the structural heterogeneity in MGs. Larger
m values are related to dynamic slowdown and supercooled liquid stabilization, which enhance GFA and the
formation of pronounced structural heterogeneity, comprised of loosely packed regions that favor 8 relaxation
and the activation of shear transformation zones. Those concurrently promote the expansion of the plastic zone at
the crack tip, enhancing the observed value of G. These simulation results shed light on the intrinsic relationship
between fracture toughness, mechanical properties, and alloy composition in MGs.
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I. INTRODUCTION

Composition design is an effective way to improve the
mechanical and physical properties of materials. A wide va-
riety of metallic glasses (MGs), ranging from brittle MGs,
e.g., Fe-based MGs, to ductile MGs, e.g., Zr-based MGs, have
been discovered, indicating that the mechanical properties of
MGs are very sensitive to chemical composition. Due to the
limited millimeter-scale sample size and room temperature
plasticity, a great deal of research is focused on enhancing
the glass-forming ability (GFA) and enhancing the plasticity
of MGs by tuning the composition and appropriately intro-
ducing additional alloying elements [1-4]. The development
of bulk MGs and the constant increase in sample dimensions
has widened the range of possible structural applications that
seek to take advantage of their properties, such as the often
displayed outstanding high yield strength and elastic strain
[5,6]. In most structural applications, fracture toughness is the
primary criterion for selecting materials, above their strength
[7]. Therefore, for the commercial application of MGs as
structural materials, it is of great interest to investigate the
effect of chemical composition on their fracture toughness.

Fracture toughness quantifies a material’s ability to re-
sist the propagation of cracks that are inevitably generated
during the processing, fabrication, and service of materials.
Compared to crystalline materials, the accurate measure-
ment of the toughness of MGs remains a challenge. Even
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for a given MG composition, reported toughness values
vary drastically. For example, literature reports of tough-
ness for Zrg;»Tijn5CuigNijgBess s MG samples vary from
16 MPa,/m to over 130 MPa,/m [8]. Such large scatter can
be rooted in different causes [9-11]. First, it is challenging
to prepare suitable fatigue precracked MG specimens, which
is a critical requirement for accurate measurement of fracture
toughness. Second, it is also very challenging to have repro-
ducible control of the glassy states in mechanical test samples.
Third, accurate and reproducible fabrication of test samples
and measurement of their fracture toughness is also challeng-
ing due to strict protocols, specific sample dimensions, and
combined effects of intrinsic and extrinsic factors [11]. All of
these factors prevent reliable and reproducible fracture tough-
ness measurements. Therefore, seeking effective methods for
predicting fracture toughness has been a topic of high interest.

Akin to crystalline materials, attempts have been made to
correlate fracture toughness with the mechanical properties of
MGs, such as the Poisson’s ratio (v), which reflects the com-
petition between the resistance to changes in interatomic bond
angle (shear) and bond length (dilatation). A high v value gen-
erally indicates low resistance to plastic deformation and high
resistance to crack opening. Many studies have revealed that
fracture toughness correlates with v for a range of MG alloys,
with a sharp brittle-to-ductile transition occurring at a critical
value v ~ 0.315 [12-14]. Although this empirical rule has
been successfully applied to design MGs with high plasticity,
some reported results deviate from its prediction. For exam-
ple, some Au- and Pd-based MGs exhibit a brittle behavior,
despite displaying v values exceeding 0.39 [15]. Furthermore,
Madge et al. have reported that mode II toughness increases
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with v, rather than displaying an abrupt transition at a critical
v value [16]. These results suggest that the proposed uni-
versal correlation between v and fracture toughness remains
controversial. In addition, studies have shown that fracture
toughness is associated with GFA. For instance, Ketkaew et al.
reported that the observed mechanical toughening transition
is similar to MG glass transition [10]. Shao et al. have ex-
amined a broad range of 13 MGs of different alloy systems
to explore the effect of chemical composition on the fracture
toughness of MGs and found that fracture toughness is asso-
ciated with both v and GFA [17]. Although the correlation
between the fracture toughness and characteristic parameters
measured for the MGs, such as v and GFA, was established,
the underlying sources for the relation among them remain
elusive.

Many studies have been carried out for the binary Cu-
Zr MG system due to its wide glass-forming composition
range and desirable mechanical properties. However, to the
best knowledge of the authors, a systematic study of the
fracture toughness of the binary Cu-Zr MG system is still
missing, preventing the investigation of the correlation be-
tween fracture toughness and other properties. In this work,
we perform molecular dynamics (MD) simulations to un-
derstand how fracture energy (G) changes with composition
in Cu,Zrgo_.MGs (x = 20, 30, 40, 50, 64). We then focus
on the correlation between G, v and GFA. Furthermore, the
common underlying origin of the relationship is explored and
discussed.

II. METHODS
A. MD simulations

All MD simulations are carried out using the large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[18,19]. A Nose-Hoover thermostat and a Parrinello-Rahman
barostat control the system temperature and pressure, respec-
tively [20,21]. The embedded atom method (EAM) potential
for Cu-Zr alloys developed by Cheng et al. is used to describe
the atomic interactions [22]. A constant integration time step
of 2 fs is applied in all simulations. The CuZr samples are
generated as detailed in previous reports [23,24]. First, to
simulate Cu,Zr;po_.MGs (x = 20, 30, 40, 50, 64), a small
MG structure consisting of a 6.2 x 6.2 x 6.2nm> cube with
the same number of Cu and Zr atoms arranged in the B2
structure is created. Then an appropriate amount of Cu or Zr
atoms is randomly substituted by atoms of the opposite type
base on the desired composition. After that, the small MG
sample is equilibrated at 2000 K for 2 ns in the isothermal-
isobaric ensemble (NPT) and then cooled down to 300 K
using a cooling rate of 10'°K/s. Finally, a large MG sam-
ple with dimensions of 100.0(W) x 31.2(L) x 6.2 (B)nm? is
constructed by replicating the small MG sample, which is then
annealed in the NPT ensemble at a temperature slightly above
the glass transition temperature (7;) to eliminate artificial
patterns introduced during the replication process before it is
finally cooled to 50 K. In all NPT simulations, the external
pressure is set at zero. In addition, our previous work has also
demonstrated that when W is above 50 nm, the measured G
value is independent of W [11].

In order to measure the value of G, a semicircular notch
with a radius of 1.25 nm is introduced on one edge of the sam-
ple at the middle of the sample length, as shown in Fig. 1(a).
The notch depth is half the sample width, i.e., 50 nm. In our
previous work, it has been demonstrated that the measured
G is independent of the notch shapes in the range of sizes
considered [11]. Before loading, the notched MG sample is
further relaxed for 50 ps. During uniaxial tensile loading, the
periodic boundary conditions are applied in the z direction,
while free boundary conditions are used in the other two
directions. A constant strain rate of 4.0 x 10®s~! is imposed
on the top and bottom layers (~0.54 nm) in the y direction,
which are set as semirigid holders to avoid undesired stress
concentration [14]. The NVE ensemble is used in the semirigid
layers, and the NPT ensemble is used in other regions of the
sample.

B. Measurement of G

The G measurement approach is illustrated in Fig. 1, which
follows the approach proposed by Deng et al. for measuring
G values for MGs ranging from brittle to ductile [14]. In this
method, two samples (one notched and one unnotched) are
simultaneously prepared. The notched MG sample is used to
determine the critical elongation (#.) when crack extension
occurs. By monitoring the evolution of the atomic number
density, py, in a semicircular region with a radius of 4.05 nm
ahead of the notch tip during tensile deformation, u. can be
identified when the value of py drops sharply, as shown in
Fig. 1(b). The unnotched MG sample is used to determine
the work done [](u.), calculated by the area beneath the
force-elongation curve (P-u) of the unnotched sample up to
uc, as shown in Fig. 1(c). The value of G is calculated as

G = H(”C) ’
BW

where B and W are the thickness and width of the sample,
respectively.

ey

III. RESULTS AND DISCUSSION
A. G in Cu-Zr MGs

To validate the structural characteristics of amorphous met-
als, we utilized the pair distribution function (PDF) and static
structure factor S(g) as our primary analysis tools. Figure 2(a)
shows the PDFs of Cu,Zrg_.MGs (x = 20, 30, 40, 50, 64)
at 300 K. A split of the second peak in the PDF curves
indicates that the rapidly solidified Cu,Zrjgo—, alloy solids
display amorphous characteristics (marked with red arrow),
which are due to the enhancement of the atomic ordering
during the transition from liquid to amorphous state [25,26].
In addition, with the increase of Cu content, both the position
of the peaks and the shape of the PDFs are changed, which is
in agreement with experimental results [27]. The first peak of
the PDFs splits into two inflection points (marked with a black
arrow). Mattern et al. have pointed out that the shape of the
first maximum exhibits very strong composition dependence,
which is caused by the different contributions of Cu-Cu, Cu-
Zr, and Zr-Zr pairs to the total PDF functions [28]. Figure 2(b)
shows the S(g) curves of Cu,Zrg—xMGs (x = 20, 30, 40,
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FIG. 1. (a) Illustration of the single-edge notched MG simulation model. The slab model features a pre-existing notch with a depth set at
half the sample width. (b),(c) Schematic diagram of the G measurement approach. (b) The notched sample is employed to determine u., which
is identified from the intersection of the two linear fitting lines. When the value of py ahead of the notch tip drops steeply, the crack extension
occurs. (¢) The P-u curve of the unnotched sample is used to determine the work done [ (u.) up to u,.

50, 64) calculated by the Debye’s equation. The studied MGs
display a similar S(g) to that of typical amorphous alloys, with
diffuse peaks and a decreasing intensity as g increases. The
curved shapes observed are consistent with those previously
reported in the literature [29]. The calculated PDFs and S(q)
indicate that the EAM potential utilized in our study is well
suited to describe the interatomic interactions in the Cu-Zr
binary alloys. Notably, the first peak position of S(g) shifts
towards higher g as Cu content increases [see Fig. 2(b)]. These
shifts in peak position correspond to a volume shrinkage and
density increase caused by the increase in Cu content. This
change in volume and density is proposed to relate to specific
types of short-range order [30,31].

Recent reports indicate that the fracture toughness of MGs
has a strong dependence on composition within a given al-
loy family [17]. Here, we examine how G changes with
composition in Cu,Zrjgo—, MGs, using identical sample and
notch configurations. The primary reason for using the binary
Cu-Zr MGs is the reported high GFA for unusually wide

glass-forming composition ranges [29,32]. Thus, samples of
sufficiently large dimensions can be obtained to meet the
requirements of standard samples used for measuring fracture
toughness [33]. For the samples considered, the measured
G value increases with increasing Cu content, as shown in
Fig. 3. The maximum value, G = 5.13]J /mz, corresponding
to 64.5 at.% Cu is 53% higher than the value predicted for
ductile MGs, 3.35J/ m?, in MD simulations of model MGs
using the same methodology employed here [14]. Previous
investigations have demonstrated that CugsZrsg is the best
glass-forming composition within Cu-Zr alloys [34]. There-
fore, the results obtained here imply that CugsZrse exhibits
the best combination of GFA and fracture toughness, which
suggests that it is possible to concurrently optimize the GFA
and the toughness of MGs.

The measured G value in experiments exhibits extensive
fluctuation due to the combined effects of intrinsic and extrin-
sic factors such as sample processing conditions, geometries,
and testing conditions. In contrast, MD simulations allow for
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FIG. 2. (a) The pair distribution function (PDF) of the Cu,Zr9y_.MGs. (b) The static structure factor S(g) of Cu,Zrgy_.MGs.
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FIG. 3. Dependence of fracture energy G on Cu concentration in
Cu-Zr MGs.

independent and accurate control of these variables, resulting
in a lower error compared to experimental tests. Therefore,
we expect the error of G, measured in MD, to be negligible
under the same conditions. To demonstrate that the error is
negligible, we conducted two additional simulations using
statistically distinct models generated from different initial
configurations to calculate G for a CusgZrso MG. The calcu-
lated G values are 4.745, 4.751, and 4.779]/ m2, respectively.
Here, our focus is on the calculated error, which we evaluated
in terms of the standard deviation. The calculated standard
deviation of G is less than 1.8%, indicating that the error of
measured G in MD can be neglected.

B. Correlation among G, GFA, and v

The value of v is expected to be a useful quantity in the
search for tough MGs, since it is widely accepted that a critical
v value is associated with reported brittle-to-ductile (BTD)
transitions in MGs [9,12-14,16,35]. Here, we aim to verify if
the proposed correlation between toughness and v is valid for
Cu-Zr MGs. The v is obtained by the following expression:

1 3

p=o—— )
2 6B/G+2

where B = %(C11+2C12) is the bulk modulus, G =

%(Cll — Cyp) is the shear modulus, and C;; is the elastic
tensor. Akin to the G, the v increases with an increasing Cu
content in Cu-Zr MGs. Mendelev et al. have reported similar
trends, observing an increase in v with Cu concentration in the
range 33.3 < x > 64.5 for Cu,Zrgo—,, resulting in a small
range of values from 0.41 to 0.425. However, the range of
v values in this study (0.369-0.41) is significantly different
due to variations in the empirical potential and cooling rate
used in the preparation of the MGs samples [36]. Fig. 4 shows
that the value of G increases monotonically with v. From this,
it can be seen that higher toughness can be expected with
higher values of v for Cu-Zr MGs, which can be understood in
terms of the competition between shear banding and cracking.
Higher v values cause the tip of shear bands to extend rather
than develop into a crack, which can effectively increase the
size of the plastic zone (R,) at the crack tip, thus favoring
elevated toughness [37]. In MGs, shear transformation zones
(STZs) act as the basic carriers of plasticity, which can be
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FIG. 4. Correlation between G and v in Cu-Zr MGs.

monitored directly by measuring the fraction of atoms with
relatively large atomic shear strain (pM* > 0.2) [38]. At
the onset of crack extension, the plasticity carried by STZs
is constrained ahead of the notch tip. Therefore, calculating
the fraction of atoms with relatively large atomic shear strain
can quantitatively evaluate the R,. The larger the fraction, the
higher the R,, indicating the high density of STZs and the
development of plastic deformation. The trend of the effect of
Cu content on the R, measured at u, is displayed in Fig. 5.
It should be noted that a different threshold nlMiS"‘S will not
affect the observed tendency. It is seen that R, shows a similar
composition dependence as v. Moreover, it is noteworthy that
the values of v for all the specimens are above the universal
proposed critical v value of 0.31 to 0.32 for the BTD transition
[14]. The results suggest that the critical value of v seems to
be related to alloy chemistry.

Previous studies have shown that the toughness of MGs is
closely correlated with their GFA, and whether the correla-
tion is positive or negative depends on the specific bonding
characteristics [17]. In order to investigate this correlation
in Cu,Zrg_ MGs, we consider the variation in GFA over
a broad composition range within 20 < x > 64. The GFA
is evaluated by the reduced glass transition temperature
(T, = T,/ 11 [39,40], which was proposed by Turnbull ef al.
based on the classical nucleation theory [41]. The T} is the
melting temperature of crystal alloys. A larger T}, corresponds
to a better GFA. The values of T, and T; are determined

0.024 ~

2,

R

0.021}

0.018} /

0.015

Fraction of atoms
with large shear strain,

20 30 40 50 60
Cu content (at.%) in Cu,Zr,,, .

FIG. 5. Fraction of atoms with relatively large atomic shear
strain at u., corresponding to the R, as a function of Cu content.
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FIG. 6. Volume change as a function of temperature during heat-
ing and cooling of CusyZrsy. The glass transition temperature 7, and
melting point 7, are indicated. The inset shows the thermal loading
schedule. T, corresponds to the inflection point during cooling, while
T}, corresponds to the volume discontinuity observed during heating.

in the simulations from the dependence of the volume on
temperature during heating and cooling, as shown for the
CusoZrsy sample in Fig. 6. The inset in Fig. 6 exhibits the
thermal loading schedule used. The Cu-Zr alloy is heated from
300 to 2000 K and then held for 0.2 ns for better homo-
geneity and stability. Subsequently, the system is quenched to
300 K. The heating and cooling processes are conducted at
the same rate of 10'” K/s at zero external pressure. The NPT
ensemble is used in the simulation process. Figure 6 shows
that the glassy state with more free volume after cooling
has a higher volume than the initial crystalline state. The 7},
value is estimated by the temperature corresponding to the
discontinuous change in volume during heating. The 7, value
is estimated by monitoring the inflection point in the volume
versus temperature curve during the quenching process. For
any given composition, three simulations with different initial
configurations are performed to estimate 7, to ensure reli-
able statistical results. The results shown in Fig. 7 indicate
that 7,, increases with Cu content. The calculated 7, values
exhibit a significant variation of over 16% with changes in
composition, which is higher than the calculated error of ap-
proximately 5%. Moreover, the calculated 7, values of the

—a—This work |
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FIG. 7. Dependence of the reduced glass transition temperature
T,, on Cu concentration in Cu-Zr MGs.
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FIG. 8. Dependence of G on the reduced glass transition temper-
ature 7, in Cu-Zr MGs.

components and their dependence on composition are in good
agreement with the available experimental data [27,29] and
previous MD simulations results [42]. A correlation of G with
T, for the Cu-Zr MGs is shown in Fig. 8. The value of G has a
similar correlation with 7;, as that found with v, i.e., implying
that the value of G increases with GFA. As mentioned above,
the CugyZrzg MG exhibits the best combination of GFA and
toughness. The results indicate a close relationship between
toughness and GFA for the Cu-Zr MGs.

C. Underlying origin of the correlation among G, GFA, and v

It is noteworthy that the calculated trend of G with com-
position follows a similar trend as v and GFA, indicating that
they have a common origin. Such origin may be buried deep
in the structure and properties of the supercooled liquid state
since the structure and properties of the glass state derive
directly from it. Numerous studies have shown that v and GFA
correlate well with kinetic fragility (m) [43—45]. In order to
further investigate the physical origin of the correlation among
G, v, and GFA, we calculate the value of m as a function
of composition in the Cu-Zr MGs. The m first proposed by
Angell et al. divides glass-forming liquids into strong and
fragile based on the degree of departure from the Arrhenius
behavior at T,, which is closely related to the slowing down
of the dynamics, such as relaxation time and viscosity [46]. A
large m value is associated with “fragile” liquids, exhibiting
a significant deviation from the Arrhenius behavior, while
“strong” liquids follow an Arrhenius-like behavior. Quantita-
tively, m is most commonly defined in terms of shear viscosity
(n) or structural relaxation time (z,),

_ dlogy(t4)

S dlogon
d(Ty/T) |

¢ d(Ty/T)

re; 3)

Here, the value of m is quantified in terms of 7,, while the
value of 7, can be estimated by the self-intermediate scattering
function (SISF) [47], defined as follows:

N

1
Fi(g, 1) =+ > (exp (iglri(t) = ri(O)D), “)

i=1
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FIG. 9. (a) Self-intermediate scattering function of CusyZrsy glass-forming liquids at different temperatures. The 7, is determined as the
Fy(q, 1) decays to e~! labeled by the horizontal dashed line. (b) 7, as a function of inverse temperature scaled by 7, for Cu-Zr MGs.

where N is the number of atoms. The ¢ is the wave vector
and is usually fixed at gmax = | ¢ |, corresponding to the first
peak position of the structure factor [48]. The r; represents
the location of the atom i. Taking the CusoZrso MG as an
example, the evolution of Fy(g, t) with time for glass-forming
liquids at different temperatures is shown in Fig. 9(a). The
1, corresponds to the time when the SISF decays to ¢!
marked with the horizontal dashed line in Fig. 9(a) [49]. In
addition, previous studies have suggested that 7, is set as the
temperature when 7, reaches 10* ps, which is consistent with
that obtained from the volume-temperature curve [50]. For ex-
ample, Fig. 9(a) shows that the temperature corresponding to
7, = 10* ps is about 750 K, which agrees well with 755 K of
T, obtained from the volume-temperature curve for CusoZrsg
MG. Figure 9(b) shows the log(z,) as a function of inverse
temperature scaled by T, for the Cu-Zr MGs. The values of m
are calculated using Eq. (3), as shown in Table I. The value
of m also increases with Cu content, which is consistent with
previous reports for Cu-Zr MGs [51].

From the above observations, we can conclude that larger
m values correspond to larger values of both v and GFA for
the studied Cu-Zr MGs. Such a positive correlation between
m and v agrees with previous results [43], which reported
that MGs with higher v tend to be more fragile. It should
be noted that fragile glasses generally exhibit larger dynamic
heterogeneity, which indicates the existence of large transient
spatial fluctuations in the local dynamical behavior [52-54].
Some studies have revealed that larger dynamic heterogeneity
is closely linked to higher structural heterogeneity, consisting
of loosely packed regions, which promote § relaxations and
STZs, leading to the formation of shear bands [35,53,55].
The observed high toughness of MGs is closely related to the
formation and generation of a high density of shear bands at
the crack tip, extending the plastic zone [56,57]. Therefore,

TABLE 1. Calculated fragility m for Cu-Zr glass-forming liquids.

Amorphous
alloys CUQ()ng() CU3()ZI'7() CU4()ZI'6() CuS()Zr5() Cu64Zr36
m 19 22 24 33 62

the fragile supercooled liquid state, associated with higher
structural heterogeneity, can serve as a link to understanding
the correlation between G and v.

It is worth noting that a correlation between fragility and
GFA has been found in many MGs. Our results show that
high fragility correlates with a high GFA in the Cu-Zr MGs,
in agreement with other reports in the literature [54,58]. For
example, Tang et al. reported that better GFA corresponds
to larger m and that the glass formation criteria of multi-
component alloys with composition near deep eutectic do not
apply to binary MGs [58]. However, our results contrast with
the view that a high GFA is associated with a strong liquid
behavior, as reported in other investigations [59]. A strong
liquid usually has a higher viscosity across the glass transition
region, slowing the crystallization kinetics and leading to high
GFA.

Nevertheless, some studies pointed out that viscosity alone
cannot provide a satisfactory explanation for the GFA of MGs
[60]. Nevertheless, GFA closely correlates with dynamic het-
erogeneity [54,61,62]. Large dynamic heterogeneity coupled
with structural heterogeneity tends to slow the dynamics and
stabilize the undercooled liquid, enhancing the GFA. There-
fore, the relationship between GFA and m observed in this
study can be attributed to dynamic heterogeneity. On the other
hand, larger m values are associated with higher structural
heterogeneity, which promotes the development of the plastic
zone in front of the crack tip, thereby enhancing the value of G
[53,56,57]. As a result, the fragile state with higher structural
heterogeneity can explain the observed correlation among G,
v, and GFA in this study.

D. Variation in atomic structure

In general, the intrinsic mechanical properties of MGs
are controlled by their internal atomic-level structure. To re-
veal a one-to-one structure-property correlation, we probe
the variations in structural features with the composition by
analyzing the atomic Voronoi polyhedra. A Voronoi polyhe-
dron is described by a set of indexes (n3, n4, ns, ng), where n;
denotes the number of i-edged faces of the polyhedron. For
example, the polyhedra with Voronoi index (0, 0, 12, 0) has
12 pentagons enclosed to form an icosahedral cluster with a
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the Cu-Zr MGs.

high degree of fivefold symmetry, which is defined as a “full
icosahedron” (FI). The fractions of the five most prevalent Cu-
centered Voronoi polyhedra in Cu,Zrp9— MGs are shown in
Fig. 10. The remaining Voronoi polyhedra types are grouped
together and referred to as “fragmented polyhedra” hereafter.
We focused on the FI and fragmented polyhedra changes,
which are the key local structural motifs in MGs. It has been
reported that FI clusters are the most stable geometrical units
and the most resistant to shear transformations (STs) [63]. In
contrast, the fragmented polyhedra usually have a “liquidlike”
nature and are more prone to participate in STs [64]. Our
results show that both FI and fragmented polyhedra increase
monotonically with Cu content, as shown in Fig. 10. It is
well known that a larger FI fraction in an MG contributes
to its structural stability as well as its strength. On the other
hand, an increase in the fragmented polyhedral is expected to
promote the generation of STs to accommodate plastic strain.

Moreover, it should be noted that the work done [ ](u.) by the
external load is calculated by the area beneath the P-u curve,
the measured G depends on both the plastic deformation and
strength. Therefore, the increase of FI and fragmented poly-
hedral can explain the above-observed enhanced G value with
increasing Cu content.

IV. CONCLUSIONS

In summary, the dependence of G on Cu,Zrp_, MGs
(x =20, 30, 40, 50, 64) is studied using MD simulations.
Our results show that the value of G increases with Cu con-
tent. Furthermore, the correlation among G, v, and GFA is
established. It is found that larger G values are associated
with larger v and GFA, implying a close relationship between
toughness, mechanical properties, and GFA. The correlation
among G, v, and GFA can be understood considering the
glass fragility m, which is associated with the structural het-
erogeneity of MGs. Larger m can slow down the dynamics
of supercooled liquids, enhancing GFA, resulting in a high
degree of structural heterogeneity, meanwhile promoting ac-
tivation of STZs and the formation of plastic zone ahead of
the crack tip, thereby enhancing the G of MGs. Furthermore,
the structural analysis indicates that the enhancement of the G
value with increasing Cu content is rooted in the concomitant
increase of FI and fragmented polyhedral. While Cu-Zr MGs
have been widely used as a representative of ductile MGs, it
should be noted that other MGs exhibit distinct characteristics
due to variations in chemical bonding strength and coordi-
nation/connectivity. Therefore, caution must be exercised in
extrapolating the conclusions of our paper to other MGs.
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