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ARTICLE INFO ABSTRACT

We used molecular dynamics simulations to investigate the dependence of the atomic-scale structure on the
temperature and pressure conditions of Al,,Ni;5Co;s metallic glass. The effect of pressure variations on the glass
transition temperature was also studied, showing an increase with pressure. Moreover, radial distribution
function, coordination number, and Voronoi tessellation analysis indicate that the applied pressure affects the
local structure of glassy Al,oNi;5Co;5. We used a local symmetry parameter to access the glass-forming ability of
the metallic glasses cooled under different pressures. The glasses cooled under high-pressures showed a sig-
nificant fraction of embedded crystalline structure, which was found to be surrounded by a region of mixed-like
clusters playing the role of an interface between the crystalline region and the glassy region. The correlation
length, as calculated from the full width at half maximum of the first sharp diffraction peak, indicated an
increase of the medium-range order with the increase of pressure. The evolution of the heterogeneity with
pressure was highlighted by the existence of nanoscale crystals (1 to 4 nm in size)embedded in the amorphous
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zone. Finally, we discuss the results by referring to the atomic potential energy and stress.

1. Introduction

The technological relevance of metallic glasses (MGs) has attracted
the interests of physicists and materials scientists [1-7]. As amorphous
materials, MGs are characterized by the lack of a long-range order,
which made them even more fascinating. Due to their excellent me-
chanical properties (e,g,. high strength [8] and toughness [9]), MGs are
potential candidates for many applications.

Glasses are obtained by quenching an equilibrated melt to a tem-
perature below the glass transition temperature (T,), with a cooling rate
high enough to avoid the crystallization [10]. The glass transition
temperature, is defined as the temperature range; bellow it, the su-
percooled liquid undergoes a dynamic slowdown [11]. The dynamic
slowdown results from the inability of atoms to move and adapt in a
configuration corresponding to that temperature, which in turn gives a
configuration in a frozen non-equilibrium state. The glass transition
temperature can be affected by many factors, among them, the cooling
rate [12], the composition [13], the thermal and/ or the pressure his-
tory of the sample [14]. The structural change during the glass cooling
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process affects remarkably the physical properties of glasses. Hence, it
is of great importance to decouple and understand how the structure
changes in the cooling process under different thermodynamic condi-
tions.

Molecular dynamics (MD) simulations, provide a powerful tool to
study the behaviour of materials at an atomic-scale and has been suc-
cessfully applied to studying the behaviour of materials under different
thermodynamic conditions and for different systems such as silicate and
bulk metallic glasses [12,13,15-24].

Recently, many papers investigated the effect of pressure (P) on the
properties of MGs and liquids [25-30]. This is mainly due to the simple
structure of metallic glasses and liquids (as compared to oxide glasses),
which made them a model system for investigating the pressure effect
on the properties of metallic liquids and glasses in order to understand
the nature of the glass formation. Molecular dynamics simulations of
CuNi alloy indicated that high pressure could favor glass formation, and
different pressure values can lead to different glass transition tem-
peratures [31]. The same tendency was shown on the monatomic zir-
conium showing that appropriate pressure can promote the formation
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of amorphous phases [32]. Furthermore, it was found that compression
of glasses results in higher Kasper polyhedrons, particularly ideal ico-
sahedra fraction, which could enhance the glass-forming ability (GFA).
Additionally, cooling under pressure could lead to a crystallization of
the system. The crystallization behavior of metallic glass under pressure
was reported by Wang et al. [33] they showed using MD simulations of
NiAl alloys that the melts experience glass transition at P < 10 GPa
while crystallizing at P ranging between 10-20 GPa. Miyazaki et al.[34]
predicted using molecular dynamics simulations the presence of a
pressure-induced rejuvenation in metallic glasses. This rejuvenation
due to hydrostatic pressure increased the short- and medium-range
order and leads to a higher-energy glassy state.

Al-based metallic glasses represent a particular interest due to their
high strength and good ductility. Inoue et al. [35-37] succeeded in
synthesizing binary AlY, AlLa, and AlCe Alloys and ternary AlCeM (M
= Nb, Fe, Co, Ni or Cu) MG systems with good ductility, prepared by
melt spinning. While, He et al. [38,39] reported an experimental study
on the formation and stability of aluminum-based metallic glasses in
AlFeGd alloys. Their good ductility, as well as excellent corrosion re-
sistance behavior, makes them a promising candidate in engineering
applications, structural as well as coating material [40]. Al-based me-
tallic glasses can also be used as a depolluting agent for organic water
contaminants when highly reactive elements such as Ca or Mg are in-
cluded [41].

However, the GFA of Al-based metallic glasses is relatively low in
comparison with other metallic glasses, which constitutes a limitation
to applications. This disadvantage is because Al glassy alloys systems
locate mostly away from their eutectic points where the liquidus tem-
perature grows rapidly, resulting in a low reduced glass transition
temperature T,,. Due to their low glass-forming ability, which implies a
high critical cooling rate ( ~ 10° K/s), the synthesizes of Al-based
metallic glasses are limited to the shapes of powders or thin ribbons,
which restricts their practical applications. Although, recently, the
formation of bulk Al-based MG was reported [42].

Otherwise, MGs appears to be macroscopically homogeneous, but
their local properties may show significant heterogeneous signatures
depending on their thermal/pressure history. These heterogeneities
have been found to be responsible for several MGs physical and me-
chanical properties, such as plasticity [43] and the appearance of the
Boson peak. Zhu et al. [44] suggested the presence of local structural
heterogeneities in amorphous materials, characterized by either local
static and/or dynamic properties. Zhang et al. [45] investigated the
plastic deformation behavior of a nano-layered heterogeneous system
(crystal Cu/amorphous Cu-Zr) and concluded to a deformation-induced
devitrication. An et al. [46] identified the existance of a 1st order
freezing transition from liquid to metastable heterogenous solid-like
phase, when a supercooled liquid evolves isothermally below its
melting temperature. This transition was found to be fundamentally
linked to long-range elasticity.

Due to the presence of such heterogeneities, MGs are in a thermo-
dynamically unstable state leading to a continuous change of their
structure under relaxation or stress. Consequently, the local structural
heterogeneities of an amorphous alloy can be altered or modied during
a thermal and/ or mechanical treatment. An excellent review written by
Qiao et al. [43] gives an extensive bibliography on this issue, high-
lighting the importance of such nanometer-scale structural features in
the determination of mechanical behavior of the material. Controlling
and understanding the nature of these heterogeneities would help in
engineering MGs with desired mechanical/ thermodynamical proper-
ties. Kbirou et al. [19] studied the pressure ects on the local atomic
structure of Al,oNi;sCo;5 metallic glasses using values ranging up to
20 GPa. They showed that T, increases while the degree of local five-
fold symmetry decreases when the pressure increases. This decrease
was accompanied by an increase of crystal-like clusters suggesting a
possibility of a structural transition from the glass to a more crystal-like
structure, but the amount of these last clusters was not high enough
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(less than 4%) to form crystalline regions. In the present work, we ex-
tend this work to higher pressure values to investigate the emergence of
crystal-like regions embedded in a glass matrix forming a hetero-
geneous material. We performed MD simulations to study the pressure
effects on the thermodynamic and structural properties of Al,oNi;5Co1s
metallic alloy during the cooling process and in the glassy state. The
local symmetry parameters were used to characterize the glass-forming
ability of the system. Atomic stress and potential energy were also in-
vestigated to get some insight into the state of different atoms. The
remainder of this paper is organized as follows, In Section 2, we briefly
describe the procedure followed to obtain the glass as well as the in-
teratomic potential used in this study. In Section 3, we present the re-
sults from our molecular dynamics simulations along with a discussion
of the results. Concluding remarks are given in Section 4.

2. Computational details and methodology

To study the effect of the pressure on the thermodynamics and
structural properties of Al,oNi;sCo,5 metallic glass, a pressure ranging
from 0 70 GPa was simulated by molecular dynamics simulations using
the LAMMPS code [47]. Initially, 32,000 atoms were placed randomly
in an FCC structure while ensuring the atomic composition of the stu-
died system (Al,oNi;5Co;5s). An initial mean velocity corresponding to
300 K was attributed to the system following the Maxwell-Boltzmann
distribution. The equations of motion were solved using the velocity-
Verlet algorithm as implemented in LAMMPS with a timestep of 1 fs.
Periodic boundary conditions were applied in all directions to avoid
edge effect. The system was heated from 300 K to 2500 K using a
heating rate of 10 K/ps and zero pressure. Keeping the temperature
fixed at 2500 K, the pressure was increased gradually over a period of
1 ns from 0 GPa to the desired pressure. The system was held at the final
pressure for 100 ps in NPT (constant number of particles N, pressure P,
and temperature T). Then the liquid was cooled under pressure from
2500 K to 300 K using a cooling rate of 1 K/ps. The obtained glass was
equilibrated at 300 K and using the same pressure for 500 ps in NPT.
Finally, a 100 ps simulation in the NVT (constant number of particles N,
volume V, and temperature T) ensemble was performed for statistical
averaging. Nosé-Hoover thermostat and barostat were used to control
temperature and pressure. It is worth stressing that the cooling rate
used in this study is higher than the experimental counterpart, which is
due to the limited time scales accessible by molecular dynamics.

The interaction between the system components are described using
the Embedded-Atom Method (EAM) potential [48] where the total
energy E; of an atom is given by:

E = F[ 3 pﬁ(n-,-)) +3 3 4 )

J#i J#i (€8]

where F is the embedding energy which is a function of the atomic
electron density p, ¢ describe pair potential interaction, and a and f3 are
the element types of atoms i and j where 1;; is the interatomic distance.
We adopted in this study the potential developed by Pun et al. [49]
which reproduces successfully the martensitic phase transformation in
ferromagnetic shape memory alloys of the NiAlCo system [49]. This
potential was also used to simulate AINiCo alloys and metallic glasses
[19,20,50,51]. Moreover, this potential was successfully used for
modeling metallic glasses [19,52]. It was used for investigating the
local structural arrangement of the amorphous alloy system
NispAlysCos [52] subjected to uniaxial tensile deformation. The effect
of flaw shape and size on the fracture toughness and the competition
between brittle and ductile fracture in the Al,oNi;5Co;5 MG were also
evaluated through tensile deformation by using this potential. The in-
teresting findings in these theoretical research provide some evidence
of the validity of our theoretical findings and make the conclusions
drawn from our simulations using this potential stronger.
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Fig. 1. (a) The variation of the volume as a function of the temperature for pressures ranging from 0 to 70 GPa. (b) Glass transition temperature as a function of
pressure in the simulated Al,oNi;5Co;s. The glass transition temperature values were obtained from the slope break of the low and high-temperature variation of the

volume as a function of temperature. Lines are guide for the eyes.

3. Results and discussion
3.1. Glass transition temperature

The glass transition temperature T, is defined as the temperature
below which the supercooled liquid undergoes a dynamical arrest and
therefore shows a solid-like behavior as the physical properties of the
supercooled liquid change to those of a glassy state presenting rigidity
and elasticity [11]. The glass transition temperature could be found by
plotting the variation of some thermodynamic, chemical, or physical
properties of the material such as volume, total energy, or enthalpy
with temperature [12,13] or using some mechanical properties such as
fracture toughness or elastic moduli [53,54]. The glass transition tem-
perature is then obtained from the slope break between high- and low-
temperature variations of that property versus temperature.

The values reported here are those obtained using the volume as a
function of the temperature V(T). Fig. 1(a) depicts this variation during
the cooling process and under different pressure values (P = 0, 5, 10,
15, 20, 30, 40, 50, 60, and 70 GPa). For all pressures, it can be seen that
the volume decreases with decreasing temperature. The liquidglass
transition is generally manifested by a change in the slope of V(T). The
decrease of volume under higher pressure could cause shorter atomic
diffusion distance. By extrapolating and intersecting two linear parts in
the V(T) curve, T, of the rapidly solidified metallic Al,oNi;5Co;5 under
the applied pressures is plotted versus the pressure as illustrated in
Fig. 1(b). It is visible that T, increases with increasing pressure in the
studied range of pressures. This is consistent with the experimental
observations of ZrTiCuNiBe system reported by Samwer et al. [55].
Thus, the higher the pressure, the higher the value of T,. The increase of
the glass transition temperature could be due to the fact that atoms at
high pressure have less freedom to move toward lower energy basin in
the energy landscape. However, when the pressure is applied during the
cooling of a liquid, the interatomic distances tend to be reduced and
thus having smaller clusters resulting in a much higher density.
Therefore, the increase of Ty could be attributed to the decrease in the
mobility of particles [56,57].

3.2. Structural analysis

3.2.1. Radial distribution function and structure factor

To investigate the atomic structure of the amorphous alloys ob-
tained at different pressures, we first implemented the analysis of radial
distribution function (RDF) and short-range structural order. Fig. 2(a-g)
plot the total® and partial RDFs of Al,oNi;5Co,s glassy alloy at ten

different pressure, which exhibits the following features:

e With increasing of the pressure, we note a shift towards lower r for
all the peaks of the calculated RDFs. This implies that high pressure
induces a decrease in the atomic nearest neighbor distance, which is
generally employed to scale the size of the atom cluster in the li-
quids and glasses, to be decreased or transformed into another
cluster type to accommodate this change. This is in agreement with
the study of Wang et al. [33], which reported that an increase in
pressure alters the atomic nearest neighbor distance, suggesting that
the nearest neighbor distance between atoms is sensitive to the
applied pressure.

o The intensity of the first peak of all RDFs, except that of the total and

Al—Co ones, decreases with the increase of pressure. In fact, the

total RDF originates from a superposition of the partial RDF func-

tions of all pairs in which their contribution is proportional to the
frequency of occurrence of different types of atomic pairs (Al—Al,

Al—Co, AlI—Ni Co—Co, Co—Ni, and Ni—Ni) in the structure of the

MG. The fact that the increase in the intensity of the first peak is

attributed to the total PDF and Al—Co indicates that there is a short-

range order corresponding to Al—Co.

Beyond the rst peak, the splitting in the second peak of the partial

RDFs becomes more pronounced as the pressure increases. However,

a shoulder develops on the second peak of Co—Ni PDF, which could

be attributed to structural changes.

Fig. 3 (a) shows the total structure factor S(q) of the Al,oNi;5Co;5
glassy state obtained by cooling under different pressures. It can be seen
that all peaks shift towards high q values with increasing pressure, and
their intensity increases with the pressure. In contrast to the RDF, the
structure factor give some insight into the correlations at larger dis-
tances. The first sharp diffraction peak (FSDP) indicates the correlation
at the medium-range structure of glasses [58-60]. The full width at half
maximum (FWHM) of the FSDP is correlated to a medium-range cor-
relation or coherence length L defined as L. = F;/ZI o [58], to capture the
correlation distance at the medium-range. In polycrystalline materials,
the correlation length is related to the average size of the microcrystals
based on the Scherrer equation [61]. While in amorphous solids, the
correlation length is suggested to be representative of the average size
of the rigid clusters in the atomic network [62,63]. As said before, the

2 See supplementary materials Fig. 2 for a zoomed-in on the first and second
peaks of the total RDFs.
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Fig. 2. Radial distribution functions at 300 K and for different pressure values.
(a) Total RDF, (b) Al—Al, (¢) Al—Co, (d) Al—Ni, (e) Co—Co, (f) Co—Ni, and
(g) Ni—Ni, respectively.

FSDP becomes sharper with an increase in its intensity with the increase
in the cooling pressure. This suggests that the correlation length in the
medium-range order increases upon increasing the cooling pressure.

Fig. 3 (b) shows the full width at half maximum (FWHM) of the first
sharp diffraction peak (FSDP) and the correlation length as a function of
pressure. The FWHM of the Al,oNi;sCo;s glassy samples was obtained
by fitting the first sharp peak with a Gaussian function. We observe
that, with increasing of the cooling pressure, the FWHM decreases, and
the correlation length increases, which suggests an increase in the de-
gree of order within the medium-range structure of the glass.

3.2.2. Coordination number

To understand the relationship between atomic arrangements and
high pressure in metallic glasses, the atomic order and detailed geo-
metric information of the Al,oNi;5Co;5 MG at different pressure will be
investigated. The coordination number is used in structural studies to
provide a statistical description of the nearest neighbor atomic en-
vironment in liquid and amorphous systems. The partial CN (CNy) is
determined by integrating the curve of partial RDF up to its first
minimum. The variation of the partial coordination numbers as a
function of pressure in the Al,(Ni;sCo;s alloy is shown in Fig. 4. Ac-
cording to Fig. 4(a), one can see that the values of CN 4;—__4; are sig-
nificantly higher than those of other pairs. Upon increasing the pres-
sure, it changes from 9.7 to 11, exhibiting an increasing trend. This is
due to the fact that Al atoms have a higher fraction of the total com-
position. In the same context, the partial CN, such as CNyi——_ni
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Fig. 3. (a) Total structure factor at 300 K for different pressure values. (b) The
full width at half maximum of the total structure factor as a function of the
pressure (left y-axis) and the corresponding correlation length (right y-axis) as
function of the pressure.

CN 4;———ni» CN 4j——_co, and CN¢,——_n; increase slightly with increasing
pressure. Although the analysis shows that, an obvious decreasing trend
of CN¢,———_co with increasing pressure. It is known that the changes in
CN under high pressure are associated with the modification of the
atomic configuration of the metallic glass. Apparently, there exists a
change in the variation tendencies of CN versus pressure, which reveals
that the local ordering of the studied Al,oNi;5Co;s metallic glass in-
creases due to a closer packing of the atoms in local ordering units
under higher pressure. In other words, a reconstruction of the atomic
configuration with further increasing pressure makes it possible to
obtain a more ordered glassy structure.

3.2.3. Voronoi tessellation analysis and symmetry

In order to reveal the local atomic structure of the obtained amor-
phous systems, the Voronoi polyhedral analysis method has been
chosen to provide the topological structural change of clusters under
pressure. In this technique, the Voronoi cell is considered as the
minimum volume convex cell surrounded by the vertical bisected
planes between the central atom and the nearest neighbor atoms, which
is also called a Voronoi polyhedron (VP) [64-66]. Each of these VPs is
characterized by four Voronoi indices (ns, n4, ns, ng) where n; re-
presents the number of i-edged faces around the central atom. The
Voronoi Polyhedral (VP) types have been divided into three types:
icosahedral-like clusters (including < 0,0,12,x >, < 0,1,10,x > S,
< 0,2,8,x > ), mixed clusters (including < 0,3,6,x >, < 0,3,7,x > )
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and crystal-like clusters (including all < 0, 4, 4, x > ) where x is
typically a number between 0 and 6 [67,68]. In this context, the
pressure dependence of Voronoi cells (VCs), including the icosahedral-
like, mixed-like, and crystal-like, were analyzed during the cooling
process. The number of icosahedral-like clusters increases initially with
decreasing temperature. At a pressure below 40 GPa, the number of the
icosahedral-like clusters is almost the same during the quenching pro-
cess and then decreases with increasing pressure. The same behavior
has been observed for the crystal-like clusters, with the exception that
the number of these clusters is firstly reduced with decreasing tem-
perature.

The observed increase of the crystal-like clusters upon increasing
pressure is due to the appearance of some crystalline regions which are
randomly distributed in the amorphous matrix. This reveals that high
pressure can promote the formation of crystal-like regions rather than
glassy-like ones in the metallic rapidly solidified solids. This confirms
the observations of CN, which indicates that higher pressure induces
more order into the glassy structure. The mixed-like clusters tend to
decrease during the rapid cooling; however, with increasing pressure,
this decrease remains slightly remarkable. The configurations of
Al,Ni;sCo;s alloy obtained at 300 K at four different pressures are
presented in Fig. 5, which shows that the increase in pressure implies a
significant increase in the bcc population. In fact, the CNA analysis
showed that the percentage of bcc atom is 1.2% for 40 GPa, 14.6% for
50 GPa, 7.8% for 60 GPa, and 12.5% for 70 GPa, while it is lower than
1.2% for all other samples. Moreover, when a significant fraction of
BCC atoms is found in the structure its composition is relatively the
same as the base system (Al,oNi;5Co;s). In general, the application of
the pressure upon cooling leads to considerable changes in the struc-
ture, including the formation and the growth of crystal-like clusters.
The size of these formed clusters in this alloy is influenced by the ap-
plied pressure.

The structure of Al,oNi;sCo,5 obtained from MD simulations allows
us to directly access to the nearest neighbor CN and other atomic
packing details of the MG. The local atomic configuration and the
geometry of the coordinated polyhedra in our system under different
pressures have been examined using the Voronoi tessellation analysis. It
is interesting to note that i-edged polygons in a Voronoi polyhedron can
help to provide structural information about the atomic packing details
and local atomic symmetry of the central atom and its surrounding
nearest neighbors [69,70]. Therefore, four types of polygons, triangles,
tetragons, pentagons, and hexagons represented respectively by the 3-,
4-, 5- and 6-fold symmetries [69,70] can characterize each polyhedron.
The average degree of k-fold local symmetry can be defined based on
the Voronoi analysis as follows:

W=D, (ff x P) @)

where P; is the fraction of polyhedron of type i and f represents the
fraction of k-edged polygons in i-type VP and can be expressed as f¥ =
5 nf e We note that nf denotes the number of edges in Voronoi
pgii;ﬁzzirlon i. To reveal the local atomic symmetry change induced by
compressive pressure, we calculated W,4,Ws5,Wg, and W existing in the
structure obtained during the quenching process from 2500 K to 300 K,
under each pressure. The results of the changes are summarized in
Fig. 6, which shows that we can specify three regimes. At low pressures
(ranging from O to 30 GPa), when the temperature is lowered from
2500 K to 300 K, W, and W first decrease sharply and begin to saturate
at low temperatures where it can be said that a certain equilibrium
between the different structural units is established. For intermediate
pressures (35 to 40 GPa), an equilibrium occurs, preferably at higher
temperatures, and we see that the curves exhibit a plateau-type beha-
vior. However, at higher pressures ( > 40 GPa), W4 and W¢ show a
different behavior where we initially observed a slight decrease when
the temperature dropped to around 1700 K and a very abrupt increase
followed by a plateau. On the other hand, we observed that W5 ex-
hibited a temperature-dependent behavior opposite to that of W, and
We as expected because these quantities are complementary. The be-
havior found at smaller pressures is consistent with computer simula-
tions studies that have been performed for some MGs. It was reported
that the evolution of pentagons with temperature is totally different
from that of other type polygons (triangles, tetragons, and hexagons)
[69,70].

At the short-range order (SRO), the icosahedral arrangement of
atoms is generally accepted as the key structural feature in MGs
[70-75]. The five-fold symmetry of these clusters is believed to arrest
the MG dynamic below the glass transition temperature. From a geo-
metric viewpoint, icosahedral clusters with fivefold symmetry are
preferred SRO units in MGs due to their efficient packing [76-79].
However, these units cannot fill a 3D space due to their five-fold ro-
tational symmetry, which is not compatible with long-range transla-
tional symmetry [80]. To accommodate this incompatibility in the 3D
geometrical space, distorted icosahedra with partial fcc symmetry can
pack together with perfect icosahedra in 3D space by arranging in
specific modes of connectivity [81]. In an investigation of the short and
medium-range orders in CosAl metallic glass using MD simulations, it
was found that the first and second sub-peaks in the (RDF) corresponds
to two icosahedral clusters, < 0,0,12,0 > and < 0,1, 10,2 > ,
respectively and their connectivity [20]. In binary Al—Co at 0 GPa,
icosahedral-like and mixed-like structures are the most dominant, while
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crystal-like clusters have been found to be rare [18].

On the other hand, in order to get insight into the structural details
of the local atomic symmetry under pressure, we have proposed a
structural parameter W based on the 4-, 5- and 6-fold symmetries. We
simply define W as the ratio of the degree of 5-fold symmetry to the
degree of the 4- and 6-fold symmetry, it is determined as:

we_"W
Wy + W 3

This parameter could help to quantify the local atomic symmetry and be
a structural indicator to investigate structural atomic configuration in
metallic glasses. The same behavior observed for W5 is observed for W,
with the exception that the values of W are a little higher than that of
Ws. According to our results, there are two key aspects of local atomic
symmetry change induced by the pressure in the investigated formation
of Al,oNi;5Co;s glass. Firstly, if we restrict ourselves to the tempera-
ture-dependent of local atomic symmetry, we would confirm that the
local five-fold symmetry plays a critical role in glass formation and can
be regarded as one of the important geometrical features of amorphous
structure. Secondly, the pressure prevents the formation of local five-
fold symmetry and implies the competition and transformation between
local five-fold symmetry and local, translational symmetry in local
structures during glass formation since the 4- and 6-fold symmetry are
reflecting the local, translational symmetry [82]. In the same context,
Fig. 7(a) shows a slice of the atomic structure of a sample prepared
using a pressure of 60 GPa, analyzed by the adaptive common neigh-
bors analysis as used in OVITO [83], while Fig. 7(b) presents the same
atomic slice colored according to the Voronoi index ns mapped from the
blue for ns = 0 to red for ns = 7. The values of ns were Coarse-grained
by averaging over neighbors in a 5A -radius sphere. Note also that white
color would correspond to intermediate values of ns = 3 or 4. As in-
dicated in Fig. 7 (b) the crystalline region in the structure shows a very
low Voronoi index ns (crystal-like clusters) highlighted as the region
delimited by the yellow circle, surrounded by a region mixed between
the amorphous and crystalline phases (mixed-like) as indicated by the
black dashed circle, and the high values of ns indicates the glass
structure which has higher values of icosahedral-like clusters. The
mixed-like region is like an interface between the crystalline region and
the amorphous region (See supplementary materials Fig. 3 for

(a)

Fig. 5. Configuration of Al,oNi;sCo;s alloy obtained at 300 K for four selected
Pressures (a) 40 GPa, (b) 50 GPa, (c) 60 GPa, and (d) 70 GPa.
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parameter.

Snapshots at different pressures). This last result shows that, for high
pressures, the rapidly vitrified alloy can be seen as a mixture of crystal-
like regions (yellow-circled zone in Fig. 7) embedded in a glassy matrix
(red-colored zones) where the mixed type atoms (in white) form a
buffer zone playing the role of interface between the two phases. These
crystalline regions embedded in the amorphous zone can exist over
scales of 1 to 4 nm (Fig. 7), which is consistent with the correlation
length depicted in Fig. 3(b) and in very good agreement with the ex-
perimental results suggesting the formation of nanoscale crystals
[84,85]. This behavior is also confirmed by the presence of crystal-like
atoms, as shown in Fig. 5, which shows that the size and number of the
crystal-like zones depend on the applied pressure, which is in the same
line of reflection as the work of Zhang et al[45]. As present results, we
showed that stress could trigger crystalline regions formation in MGs
and demonstrates that by tuning the vitrification conditions, especially
the pressure under which the alloy is cooled down, we could design
glasses with different crystalline grain size and density depending on
the applied pressure.

3.3. Atomic stresses and potential energy

To characterize and understand the atomic structure of glasses
under high pressure, we have first used the radial distribution function
RDF, which can reflect the statistical average distributions of atoms.
However, the physical properties are closely related to the environment
of atoms. Consequently, the Voronoi polyhedral analysis has been used.
In this method, the relative positions of the nearest neighbor atoms and
the topology of atomic connectivity are the most important in de-
termining the behavior of an atom. On the other hand, the physical
properties depend not only on the local atomic topology but also on the
geometrical distortion of the local polyhedral of nearest neighbor
atoms. Atoms in liquids and glasses are not ideally packed as in the
closed packed structures, and consequently, the atomic environment of
each atom is severely distorted, and then their atomic energies and
stresses exhibit non-uniform distributions.

The distribution of energy per atom in Al,(Ni;sCo;5 for pressures
ranging from O to 70 GPa is shown in Fig. 8(a). It should be noted that
this distribution at smaller pressures (0, 5 and 10 GPa) is bimodal, as
the pressure increases, this latter changes to a unimodal asymmetric
distribution with only one main peak. The bimodal distribution is found
to be related to a chemical heterogeneity due to different local en-
vironments of each atom type in the Al,oNi;5Co;5 MG. This implies that
the energy state of these atoms is different and hence make the po-
tential energy distribution bimodal at low pressure. With the increase of
the pressure, the atomic potential energy distribution becomes
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Fig. 7. Slice of width 5 A from the sample cooled under a pressure of 60 GPa. (a) showing the crystalline structures as identified by the adaptive common neighbors
analysis (atoms colors is the same as in Fig. 5), (b) averaged ns Voronoi index using a radius of 5 A . The yellow circle highlights the crystalline region, which shows a
very low ns Voronoi index the white region, as highlighted by the black dashed circle, indicates a mixed-like region playing the role of an interface between the
crystalline region and the amorphous one. The red regions are amorphous. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

unimodal and shifted toward higher values of the potential energy. The
decomposition of the total atomic potential energy distribution showed
that the values of the potential energy for different atom types are
shifted by different rates toward higher values of the potential energy,
which results in the disappearance of the two peaks present in the glass
cooled under 0 GPa (See Figs. 4 and 5 in the supplementary materials).

In order to describe the local atomic environment, we refer to the
concept of atomic-level stresses. First, we would like to emphasize that
the stress has a clear physical meaning only when calculated for an
ensemble of atoms and poorly defined for individual atoms.
Nevertheless, we can use atomic stresses to get some insights on the
local state of stress experienced by an atom. We can define the stress as
the contribution of each atom to the total virial stress of the system. The
stress per atoms was calculated within the framework formulated by
Thompson et al. [86] in which, o; is defined as follow:

2.0
X X
g £
) 1.0 3
€ e
o i)
<05 <

0.0

Potential energy (eV/Atom)

o=
mv? + 7 -F

g =
3V

C)

where V;, m;, v, and 7; are the volume, mass, velocity, and position of
atom i, respectively, and 1_?: is the force applied on atom i by all the
other atoms in the system. The volume V; of each atom is defined as its
Voronoi volume. By convention, positive stress refers here to a state of
compression, whereas negative stress denotes a state of tension.

In general, the stress is used to characterize the local atomic
structure of any system, such as the local structure of liquids, glasses,
and crystalline defects, as long as the stress can be attributed to every
individual atom. Fig. 8(b) is the distribution of the atomic-level stress in
the Al,oNi;sCo;s alloy for ten different pressures. It can be seen that,
with increasing pressure, the atomic level stress distribution shifts to-
wards larger values of stress. Moreover, different atoms have different
atomic sizes, when they are mixed under different values of pressures,
the average packing scheme, and environment around the atoms is

g g
e
//W\
Y7\l B

Stress (GPa/Atom)

Fig. 8. (a) Potential energy per atom distribution obtained from our MD simulations at 300 K for the studied pressure range. (b) Atomic stress distribution at 300 K
and for the studied pressure range in a the Al,oNi;5Co;5 amorphous alloy. Positive and negative stress values denote a state of tension and compression, respectively.
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different. However, the average stress on each atom turns out to be
almost equal to the absolute value of the overall applied pressure. The
stress hinges on the energy associated with it since the thermodynamic
stress is defined as the first derivative of energy with respect to the
strain tensor. The energy per atom can be evaluated by the changes in
the atomic environment of the atoms. This provides how to partition
the total energy of the system to each, and every individual atom is
crucial for determining the atomic-level stresses. For a glass at 0 GPa,
generally, we find atoms under tension and others under compression
with a zero mean global value. This is mainly due to the heterogeneous
nature of the glasses, which is related to the fluctuation of the local
density distribution in the glass. When we apply and external com-
pressive pressure on the glass, we will have more atoms with positive
pressure (compression) compared to those under tension and the
median of the stress distribution will shift to positive values instead of
being zero in the free pressure material. The number of atoms under
compression or tension will then strongly depend on the applied pres-
sure.

4. Conclusions

In conclusion, the thermodynamic and structural properties of
Al,oNi;sCoq5 metallic glass under high pressure have been investigated
by molecular dynamics simulations in the pressure range of 070 GPa.
The results from our simulations showed that the glass transition tem-
perature increased with increasing pressure. The obtained atomic
structures are then characterized by pair-distribution functions, co-
ordination number, and Voronoi tessellation analysis. It was found that
the Al,oNi;sCo;s metallic glass undergoes structural changes under
pressure, which is reflected by a shortening of atomic nearest neighbor
distance and an increase of coordination number and crystal-like clus-
ters. This could explain the competition and transformation between
local five-fold symmetry and local translational symmetry in local
structures during glass formation under pressure. The correlation length
as a function of pressure showed that with applying pressure during the
cooling process we can induces an increase of the MRO in the glassy
structure. The evolution of the heterogeneity of this system with pres-
sure is shown to be related to the formation of nanoscale crystals in the
amorphous matrix.
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