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Metallic glasses (MGs) have attracted extensive attention because of their unique disordered structures,
excellent properties, and potential application prospects. The molecular dynamics simulation method is
utilized in this paper to obtain the equal size ZrgsCu;s MGs and partially crystallized MGs with four
different cooling rates. The effect of crystallization on the mechanical characteristics of MGs is investigated
systematically on this basis. The yield strength of MGs decreases as the cooling rate increases, the plasticity
improves, and the deformation mode gradually changes from localized to non-localized deformation. After
isothermal annealing, the crystalline phase appears inside the MGs, the degree of softening of the MGs is
reduced, and the yield strength is substantially increased; the shear band dominates plastic deformation.
The MG with a cooling rate of 5x 10" K/s exhibits better plasticity and low strain localization.

Keywords cooling rates, crystallization, mechanical properties,
metallic glasses, molecular dynamics simulation

1. Introduction

Metallic glasses (MGs), often known as amorphous alloys,
combine the benefits of glass and metal materials, have a wide
range of mechanical (Ref 1, 2), physical (Ref 3, 4), and
chemical (Ref 5) properties, and have a wide range of
applications. Zr-based MGs have always attracted the attention
of researchers due to their excellent mechanical properties, high
glass-forming ability, and high thermal stability (Ref 6-9).

The preparation of MGs usually adopts the method of
rapidly cooling the molten liquid. For the metallic glass (MG)
with a specific composition, there is generally a critical cooling
rate, that is, the minimum cooling rate required for the molten
liquid to form the MG (Ref 10). Existing studies have shown
that MGs prepared at different cooling rates can affect the
internal atomic arrangement, which in turn induces subtle
structural differences (Ref 11) that ultimately significantly
affect their macroscopic properties (Ref 12-14). On the one
hand, the MG prepared at a lower cooling rate can obtain a
relatively dense atomic arrangement (Ref 15, 16), thus
contributing to the improvement of density. On the other hand,
recent studies (Ref 17, 18) have shown that high cooling rates
lead to lower hardness and yield strength of MGs. Zhou et al.
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(Ref 19) took ZrugCuysAl; as the research object and system-
atically studied the effect of cooling rate on the microstructure
and deformation behavior of MGs. The results showed that
when a large cooling rate is applied, MGs retain more high-
temperature liquid structure features, and the atomic stacking is
relatively low. Looseness and more free volume content
improve the plasticity of MGs. Yang et al. (Ref 20) found
through quasi-static compression test that the macroscopic
plasticity of bulk metallic glass (BMG) can be significantly
enhanced by increasing the cooling rate, and the inherent atom
arrangement caused by the cooling rate is the main factor
affecting the plastic deformation behavior. The above results
show that the cooling rate is the key factor affecting the atomic
structure and mechanical properties of MG.

Since MGs are in a thermodynamically metastable state,
under certain conditions (temperature and stress), they will
transform to a metastable state or even an equilibrium crystal
structure with lower energy. The crystallization mechanisms of
MGs mainly include thermal crystallization, electrical crystal-
lization, mechanical crystallization, crystallization under high
pressure, etc. Among them, the isothermal annealing method is
widely used. Once the MG is crystallized, its properties will also
change. Chang et al. (Ref 21) found that the fracture strength of
Zr41Ti14Cuy3Bey; BMG initially increased with the increase of
the volume fraction of nanocrystals. When the volume fraction of
nanocrystals exceeded a certain value, the fracture strength of the
alloy decreased sharply. Jin et al. (Ref 22) studied the as-cast Zr-
Cu-Ni-Al-Nb MG as the material and found that the compressive
strength of the annealed MG first increased and then decreased
with the annealing holding time, the number of nanocrystalline
phases continued to increase, and the internal stress concentration
area of the metallic glass increased, resulting in the fracture of the
metallic glass at a lower stress level. Although many studies have
focused on the effect of cooling rate on the mechanical properties
of metallic glasses, the changes of mechanical properties of
metallic glasses with different cooling rates after partial crystal-
lization have rarely been explored.
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The molecular dynamics (MD) simulation method is employed
in this study to create ZrgsCu;s MGs with four different cooling
rates, and then partially crystallize the MGs using isothermal
annealing. These eight groups of MGs models are all subjected to
uniaxial compression simulations. The impact of partial crystal-
lization on the compression behavior of MGs at various cooling
rates is primarily explored, as well as the microstructure during
deformation. Our research sheds light on the deformation and
failure mechanisms of MGs, as well as provides a theoretical basis
for their use in complex environments.

2. Model and Method

The large-scale atomic/molecular massively parallel simulator
(LAMMPS) is utilized in this paper to build the atomic structural
model of MGs and simulate the deformation process (Ref 23).
For constructing the MG model (see Fig. la), a tiny cubic
configuration of Cu atoms containing around 10,000 atoms with
a cell parameter of 0.36 nm is built, and then Zr atoms are
randomly changed in the crystal model by a program to replace
the relevant fraction of Cu atoms such that the model
composition fits the ZrgsCu;s ratio. The initial model is rapidly
heated and melted and held at 2300 K above the melting point
temperature of ZrgsCu,; s for 600 ps to induce adequate mixing of
the two atoms and create a fully melted structural model (A—
B). The model is then cooled down to 300 K with cooling rates
of 5x10", 1x 1012, 5x 1012, and 1x10" K/s, respectively
(B—C). After the cooling is completed, the models are
periodically replicated in the x, y, and z directions, and the size
of the enlarged models obtained is about 24.7 x 49.4x 6.2 nm,
and the number of atoms contained is about 350,000. The
enlarged models are held at 300 K and chilled for 1500 ps to
eliminate the effect caused by the periodic replication (C—D),
and four MGs models prepared by different cooling rates are
obtained, as shown in Fig. 1(b). The MGs models are then
warmed up to 1000 K and annealed at 1000 K for 1200 ps to
cause partial crystallization (D—E—F), and finally cooled
down to 300 K and relaxed for 1500 ps to obtain partially
crystallized MGs models (F—G—H). During the preparation
process, the NPT system synthesis is selected, periodic boundary
conditions are applied in all three-dimensional directions, and
temperature control is performed by the Nose—Hoover method
with a time step of 2 fs during the simulation.

Subsequently, uniaxial compression simulations are per-
formed for the uncrystallized and partially crystallized MGs
models at a temperature of 300 K. The boundary conditions of
the models are reset to free boundary conditions in the x-
direction, periodic boundary conditions in the y and z-
directions, and a strain rate of 1 x 10® s™'. The EAM potential
function (Ref 24) is used in both the preparation and
deformation of MGs that can describe the interactions between
Zr and Cu atoms in MGs. The basic equation of the EAM
potential function is as follows:

E =F, (Z Do (rzy)) + %Z bop (7)

J#i J#i

(Eq 1)

where F is called the embedding energy, which is a function
of the electron density p, ¢ is a pair-potential interaction, «
and f§ are the element kinds of atoms i and ;.
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Damage and failure of MGs are thought to be linked to the
creation of SBs, which are frequently present during the
deformation process of MGs. The local atomic shear strain
nMises is used to calculate the atomic strain during the
deformation of MGs (Ref 25), and the M5 value is relatively
large in the region of higher shear strain.

2 2 2
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(Eq 2)

where 1;(i,j = x,y,z) are the components of the Lagrangian
strain matrix for the specific atoms. In addition, we also use
the strain localization parameter iy (Ref 26) to quantitatively
characterize the degree of inhomogeneity of deformation:

1
1 ) i 2
Y= {ﬁ ZzZI (,ﬁ/hses _ ngi[/leses)z

where N denotes the number of atoms and the larger the s,
the higher the degree of strain localization.

(Eq 3)

3. Results and Discussion

Figure 2 shows the radial distribution function (RDF) of the
uncrystallized and partially crystallized MGs models obtained
at different cooling rates, respectively (Ref 27). As shown in
Fig. 2(a), there is no obvious spike after the first main peak, and
the second peaks all show cleavage, indicating that all four
prepared-state samples are completely amorphous structures
(Ref 28). As shown in Fig. 2(b), the RDF of the annealed MGs
models show obvious spikes, and shoulder peaks appear to the
left of both the second peaks, indicating that the MGs models
appear as an ordered crystalline phase under isothermal
annealing.

Common neighbor analysis (CNA) (Ref 29) proposed by
Clarke and Jonsson is a multi-body correlation between
neighboring atoms. To further clarify the volume fraction of
the internal crystalline phase of the MG after annealing, the
CNA method is used, and the results show that the crystalliza-
tion occurred in the annealed MGs models, and the volume
fractions of the internal crystalline phase of MGs are 38.3%,
32.6%, 36% and 38.8% with the increase of cooling rates, and
the main precipitated crystalline phase structure is BCC, which
is irregular in shape. The morphology of the crystalline phase
of the MGs at different cooling rates is shown in Fig. 3. At the
four cooling rates, the volume fraction of BCC crystal phase in
the metallic glass model is 35.3%, 29.5%, 33.1% and 36%,
respectively, and its change trend is consistent with the change
trend of the volume fraction of crystal phase in the metallic
glass model, which also shows that the main crystal phase
structure precipitated in the metallic glass model is BCC.

In order to study the internal atomic structure changes
caused by the isothermal annealing process, we analyzed
Voronoi polyhedra. This polyhedron has been widely used to
characterize the structure of the glassy state. As can be seen
from Fig. 4, the number of <0,6,0,8> polyhedra, which
represent a similar body-centered cubic structure, decreases
rapidly at a cooling rate of 1x10'? K/s and continues to
increase when the cooling rate increases. <0,3,6,4>, <0,4,4,6>,
<0,3,6,5> polyhedron represents a similar face-centered cubic
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Fig. 2 The radial distribution function of ZrgsCu;s MGs models with different cooling rates

crystal structure. The number of <0,4,4,6> polyhedron has the
maximum value when the cooling rate is 1x10'> K/s, and
decreases with the increase of cooling rates, while the change
trend of <0,3,6,5> polyhedron number is opposite to that of
<0,4,4,6> polyhedron number, which has the minimum value
when the cooling rate is 1x 10'? K/s, and the difference of
<0,3,6,4> polyhedron number is small under the four cooling
rates. In general, the number of polyhedrons representing face-
centered cubic crystal phases has little change under four
cooling rates. The results of Voronoi polyhedral analysis
indicate that the reduction in the number of crystalline phases
of similar body-centered cubic structure at a cooling rate of 1 x
10'? K/s results in a smaller volume fraction of crystalline
phases in MGs than at the other three cooling rates.

At a strain rate of 1x10® s™', the uniaxial compressive
stress—strain curves for the MGs models with varying cooling
rates are shown in Fig. 5. It can be observed that the two sets of
models have similar deformation processes. The stress—strain
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relationship is linear in the initial stage, meaning that the stress
increases linearly as the strain increases, suggesting that the
model is in the elastic deformation stage. As the stress
continues to increase, the stress and strain gradually deviate
from the linear relationship, and the stress increases slowly with
strain and the rate of increase slows down, indicating that
inelastic deformation has occurred. When the stress reaches its
maximum value, it corresponds to the yield strength of the
ZrgsCu;s MGs. Subsequently, as the strain continues to
increase, the stress turns sharply and begins to decrease rapidly,
indicating that the model is in a softened state. When the stress
decreases to a certain value, the stress decreases slowly and no
longer changes significantly with the strain, but only fluctuates
above and below the fixed value, thus achieving quasi-steady-
state flow stress (Ref 30). In the stress—strain curve in Fig. 5, we
focus on two stresses: yield stress and quasi-steady flow stress.
We use the difference (Ao = 0, — gs) between o, and oy to
represent the degree of softening during compression deforma-
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Fig. 3 Crystal phase morphologies of ZrgsCu;s MGs models with different cooling rates

tion, the smaller the difference the greater the degree of
softening.

As shown in Fig. 5, for the uncrystallized MGs, the yield
strength is 1.91 GPa at a cooling rate of 5 x 10! K/s, however,
the yield strength is only 1.47 GPa at a cooling rate of 1x
10'® K/s. This indicates that the yield strength of MGs shows
an overall decreasing trend with an increasing cooling rate, but
the quasi-steady-state flow stress o varies very little among the
four models, being about 1.1 GPa. It can be seen that Acg
decreases with increasing cooling rates, that is, the softening of
the MGs models become greater with increasing cooling rates.

For partially crystallized MGs, it is obvious that the yield
strengths are all found to be higher than those of MGs without
crystallization at the corresponding cooling rates, by about 1
GPa. The yield strength is 2.83 GPa at a cooling rate of 5 x
10" K/s and 2.53 Gpa at a cooling rate of 1 x10'® K/s. The
difference in the yield strength of MGs with different cooling
rates decreases. It is worth noting that the yield strength at 5 x
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10'? K/s cooling rate (2.66 GPa) is higher than that at 1x
10" KJs cooling rate (2.59 GPa), which means that the
softening of the MG with a cooling rate of 5x10'? K/s is
slightly less than that of the MG with a cooling rate of 1 x
10" K/s. This indicates that the effect of the isothermal
annealing process at this point is greater than the effect of the
cooling rate on the yield strength of the metallic glass. The
smaller number of crystalline phases within the MG at a
cooling rate of 1x 10" K/s allows for the fastest stress drop
after reaching the yield strength, exhibiting a more prominent
softening behavior. This phenomenon is different from the
decrease in yield strength with the increased cooling rates for
MGs that have not undergone crystallization.

Figure 6 shows the atomic shear strain of the partially
crystallized MG at a cooling rate of 5 x 10" K/s. The atoms are
shown in different shades according to their atomic shear strain
values (Ref 31, 32). It can be observed that in the linear elastic
stage, the MG model is unchanged. As the strain increases, the
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Fig. 5 Compressive stress—strain curves of ZrgsCu;s MGs models

MG model gradually generates more and more irreversible
shear transition zones (STZs) (Ref 33), which are formed by the
aggregation of atoms with larger local atomic shear strain, and
the appearance of the STZs leads to a gradual deviation of the
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stress from the initial linearity in the stress—strain curve, and
this phase is the formation and aggregation of the STZs. When
the yield stress is reached, the STZs reach a critical size, which
stimulates the initiation of SBs. Compared with the MG
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Fig. 6 Atomic shear strain of partially crystallized ZrgsCu;s MG when the cooling rate is 5 x 10'* K/s. (a)-(f) represent compressive strains: 0,

3.1%, 4.8%, 6.3%, 7.7%, 10%

without crystallization, after high temperature annealing, the
free volume inside the MG decreases, and the precipitated
crystal phase also hinders the formation of the STZ. The
formation of the STZ is relatively lagging, and the nucleation of
the SB becomes difficult, so the yield strength of the MG
increases (Ref 34). After the SB is initiated, it expands rapidly,
the MG undergoes plastic deformation, and the stress decreases
rapidly. This stage is the nucleation and growth of the SB. In
the subsequent stable plastic flow, the decreasing speed of the
stress—strain curve slows down and becomes flat, and only
fluctuates in a small range. This stage is the relaxation and
thickening of the SB.

Figure 7 shows the atomic shear strain of the ZrgsCu;s MGs
models with different cooling rates at a strain of 20% during
compressive deformation. The MG prepared at a cooling rate of
5x10" K/s in Fig. 7(a;) undergoes a significant localized
deformation along with a very distinct main SB. The MG
obtained at a high cooling rate of 5 x 10" K/s in Fig. 7(a3) does
not undergo more obvious localized deformation, and when the
cooling rate is increased to 1x10"* K/s (as in Fig. 7as), no
complete SB is observed and the sample does not undergo
localized deformation. The above results show that for the
uncrystallized MGs, the deformation mode of the MGs also
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changes correspondingly by changing the cooling rates. As the
cooling rates decrease, the MGs are more likely to generate SBs
and localized deformations are more obvious, thus exhibiting
worse plasticity.

Partially crystallized MGs samples prepared at 5 x 10" K/s
and 1x10' K/s cooling rates (Fig. 7bl and b2) can be
observed as very clear SBs, and the deformation of the whole
model is concentrated in the SB region, and the SB becomes the
dominant plastic deformation. In Fig. 7(bs), the MG prepared at
a cooling rate of 5 x 10'* K/s observes not only one primary SB
but also several small secondary SBs, which interlace with each
other to limit the rapid failure of the MG sample and fracture
(Ref 35), increasing the overall yield strength of the MG, which
is consistent with the results in the stress—strain curves in Fig. 5.
When the cooling rate is increased to 1 x 10'® K/s (as shown in
Fig. 7by), the deformation of the partially crystallized MG
model is mainly concentrated in one main SB and one sub SB.
And there are no multiple fine secondary SBs as in the case of
cooling to 5x 10'% K/s, which implies to some extent that its
plasticity is slightly less.

From the deformation process, it can be found that the
plastic deformation of ZrgsCu;s MGs is caused by the
generation and development of SBs, and the formation and
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Fig. 8 Variation curves of LS atomic proportion with strain
aggregation of STZs excite the sprouting of SBs. The STZs are and analysis of the changes in the proportion of LS atoms are
formed by the aggregation of atoms with large shear strain helpful to understand the failure mode of MGs. Figure 8 shows
(nMises > 0.2), which are called LS atoms (Ref 36, 37). Statistics the curves of the proportion of LS atoms as a function of strain,
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and the overall curves show an '"S"-shaped growth trend.
Before the strain reaches 5%, the number of LS atoms in MGs
without crystallization is zero and unchanged. This stage is the
linear elastic stage, and in the nonlinear elastic stage, the
number of LS atoms in low cooling rate MGs is the first to
increase, and the rate of increase of the number of LS atoms is
greater as the cooling rates increase, and when the strain
reaches 20%, the MG with a cooling rate of 1 x 10'® K/s has the
highest proportion of LS atoms. This corresponds to the fact
that as the cooling rate increases, the deformation mode of the
MG gradually changes from localized to non-localized defor-
mation, more LS atoms are activated, and the MG has a larger
plastic region and a wider distribution of SBs.

For partially crystallized MGs, the four curves show a
similar growth trend, with the phase of the rapid increase in the
number of LS atoms corresponding to the phase of steep
decrease in stress in the stress—strain curves, noting that the
number of LS atoms of MGs with a cooling rate of 1 x 10'? K/s
starts to increase rapidly first, leading to a rapid decrease in
stress after reaching the yield strength. The number of LS atoms
of the MG with a cooling rate of 5 x 10" K/s starts to increase
rapidly at last, and the highest percentage of LS atoms is found
in the MG with a cooling rate of 5 x 10'* K/s when the strain
reaches 20%, which corresponds to the presence of multiple
secondary SBs in addition to the primary SB during deforma-
tion. This shows that the MG with a cooling rate of 5 x 10'* K/s
shows better plasticity after the crystallization of the ZrgsCu,s
MGs. In the process of compression deformation, although the
proportion of LS atoms in partially crystallized MG is relatively
low, the aggregation rate of LS atoms is relatively large in the
plastic deformation stage (after the strain reaches 5%), forming
an STZ, which will promote the initiation of the SB followed
by the slowing of the growth rate of LS atoms, and the plastic
deformation is concentrated in the SB.

Figure 9 is a graph showing the variation of strain
localization parameters with strain. As shown in Fig. 9(a), the
uncrystallized MG has the highest degree of strain localization
at the cooling rate of 5x10'"" K/s and the smallest at the
cooling rate of 1 x 10'> K/s. As the cooling rates increase, the
degree of strain localization in the compressive deformation of
MGs is reduced. Compared with the uncrystallized MGs, the
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partially crystallized MGs (Fig. 9b) have a higher degree of
strain localization. The degree of strain localization is highest at
a cooling rate of 1x10'" K/s and increases more slowly at a
cooling rate of 5 x 10'* K/s. The degree of strain localization is
both low with cooling rates at 5x 10"" K/s and 5 x 10'? K/s.

4, Conclusion

In this paper, MD simulations are applied to construct
models of ZrgsCu;s MGs and partially crystallized ZrgsCus
MGs at four different cooling rates and simulate their
compressive deformation processes, respectively. The effect
of crystallization on the mechanical properties of ZrgsCus
MGs with different cooling rates is analyzed in conjunction
with the microstructure evolution of the MGs. The main
conclusions obtained are as follows:

(1) As the cooling rates increase, the yield strength of the
MGs decreases, and the softening of MGs becomes
greater. After isothermal annealing, the softening of
MGs becomes smaller, and the yield strength at 5x
10'? K/s cooling rate (2.66 GPa) is higher than that at 1
x10'* K/s cooling rate(2.59 GPa). The effect of the
isothermal annealing process under these conditions is
greater than the effect of the cooling rate on the yield
strength of MGs. When the cooling rate is 1x10'* K/s,
the stress decreases fastest after the MG reaches its yield
strength due to a small number of crystal phases in the
MG, showing a more prominent softening behavior.

(2) Uncrystallized MGs have a bigger plastic deformation
zone when the compression strain approaches 20%. As
cooling rates increase, the MGs deformation mode shifts
from localized to non-localized, and the degree of strain
localization decreases. For partially crystallized MGs,
the deformation of the whole model is concentrated in
the SBs region, and SBs become the dominant plastic
deformation.

(3) During compression deformation, the LS atoms inside
the partially crystallized MGs will be activated first,
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which will prompt the sprouting of SBs, and then the
growth rate of LS atoms slows down, and the plastic
deformation is concentrated in SBs. When the cooling
rate is 5x 10'? K/s, there are multiple fine sub-SBs in
addition to the main SB, which exhibits better plasticity
and strain localization, and the degree of strain localiza-
tion is lower.
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