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ABSTRACT

The atomic structures, glass forming evolutions, mechanical properties and high pressure behavior of
Mg7s5Zn,oCas and MggoZnssCas bulk metallic glasses, which are promising candidates for biomedical implants,
have been examined by using ab initio molecular dynamics simulations. The pair-distribution function and
coordination number analyses show that increasing Zn content in the alloy results in a decrease in several bond
distances and an increase in the total coordination number of each species due to the atomic size difference
between Mg and Zn atoms. According to the Voronoi tessellation, bond pair and bond angle distribution ana-
lyzes, the fivefold geometrical arrangements (pentagonal-bipyramid) are the most predominant in the first co-
ordination shell, indicating the stability of the amorphous states and their dense atomic packing. The most
striking result emerged from the calculations of mechanical properties is that an increase of Zn (= 30%) content
in the alloy yields embrittlement in the alloys. Under uniaxial compressions, both compositions undergo
structural failure between 6 and 8 GPa. Under hydrostatic pressure, a diminishing in fcc/hcp ordering and an
enlargement of the ideal icosahedral ordering may indicate a more disordered structure. In our view, these

results represent a good step toward understanding the atomic structures Mg-Zn-Ca bulk metallic glasses.

1. Introduction

Bulk metallic glasses (BMGs) have been attracting widespread in-
terests due to their outstanding mechanical, physical and chemical
properties [1-3]. A beneficial feature of BMGs is their amorphous
structure, which offers several important characteristics, for instance
higher mechanical strengths in the absence of dislocation defects and
tunable macroscopic properties by a wide range of chemical composi-
tions [3,4]. Mg-Zn-Ca BMGs have many unique properties as compared
to other metallic glasses. Firstly, Mg, Zn and Ca are biocompatible
elements because they are normally found in human body and are
therefore suitable for biomedical applications. These types of BMGs also
have very low Young’s and shear moduli, making them a promising
candidate for implants in orthopedic applications. While most metal
prostheses used as implants require removal by a second operation from
the body, Mg-Zn-Ca BMGs degrade/corrode in the body by the effects of
body fluids and thus no additional operation is needed. In addition,
since the elemental metals forming these BMGs are also found in the
bone, they also contribute to the healing process [5-14]. Yet there are
several challenges that are still needed to overcome for their practical
applications. One of them is the rapid corrosion of these BMGs, which
weakens the mechanical strength of implants before the complete
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recovery. Another problem, perhaps the most important, is that when
Mg corrodes under the body fluids, hydrogen gas, which is very harmful
for tissues and organs, is released (Corrosion reaction of Mg:
Mg + 2H,0 — Mg?* + 20H~ + H,) [7,12,13]). Recently, Zyberg et al.
[7] have shown in their groundbreaking study that releasing of hy-
drogen gas can be reduced and even completely eliminated by the
formation of Zn-rich and O-rich passivating layer on alloy surfaces.
Thus, the slower degradation of BMGs can be achievable, and plus their
mechanical properties can be preservable during the healing. The for-
mation of this passivating layer does indeed depend on the amount of
Zn (at least 28%) and the short-range order of the glasses [7]. There-
fore, understanding the short-range order of these amorphous materials
is mandatory to control and adjust many macroscopic properties such
as corrosion rate, mechanical properties etc.

Although Mg-Zn-Ca glasses are very promising materials and have
attracted substantial interests, there are very few publications on the-
oretical modeling and investigations of their structure at the atomistic
level. Preliminary investigations focused on mainly binary alloys such
as Mg-Zn [15], Mg-Ca [16], and it was showed that their local structure
was dominated by icosahedral motifs. In the first study on Mg-Zn-Ca
ternary alloys, their structural properties were investigated using an
empirical tight-binding potential [17]. In another study, Gulenko et al.
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Fig. 1. (a) Variation of volume per atom as a function of temperature during the quenching processes (b) The view of simulated systems.
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Fig. 2. Total pair distribution functions (PDFs) of the glasses.

[18] simulated Mg-Zn-Ca alloys having different compositions using a
classical molecular dynamics (MD) technique. Although these simula-
tion techniques allow working on large systems with too many atoms,
their results are highly dependent on the force field used. Additionally
many quantum mechanical phenomena (such as bonding, charge
transfer) are ignored during these calculations. In contrast, quantum
mechanical simulations based ab initio molecular dynamics (AIMD)
techniques yield more accurate results, though it lets modeling of fewer
atoms [19]. To the best of our knowledge, there are four detailed re-
ports on AIMD simulations of Mg-Zn-Ca ternary alloys in the literature.
Zhao et al. [20] calculated the viscosities of alloys in liquid form and
correlated the well glass forming ability (GFA) of these alloys with
sluggish mobility of atoms. Mahjoub et al. [21] examined the electronic
and elastic properties of Mg-Zn-Ca alloys with different compositions. Li
et al. [22] reported that a percolated Zn-Zn networks could form with
an increase in Zn content, which also affected the corrosion perfor-
mance of these glasses. Christie studied Mg-Zn-Ca BMGs with two dif-
ferent compositions and observed a moderate avoidance of Zn-Zn
bonding [11].

In this study, the structural and mechanical properties of Mg-Zn-Ca
alloys in two different compositions, one of which had been simulated
previously [11], was investigated by using an AIMD simulation. For
both compositions, pair distribution functions (PDFs), the Voronoi

polyhedrons (VPs), coordination number (CN) and bond pair (BP)
analyses were performed. In the light of obtained results, the short-
range order (SRO) and glass forming ability (GFA) of the glasses were
explored. Additionally, the structural changes in both compositions
under hydrostatic and uniaxial stresses and their elastic properties were
investigated. We believe that our results may improve our knowledge
about Mg-based BMGs and be a good guide for optimizing the com-
position and mechanical properties of glasses for desired applications.

2. Methodology

The alloys with Mg,sZn,,Cas and MggoZnssCas compositions were
chosen for this work. The AIMD calculations were performed by using
the SIESTA ab initio simulation code [23]. The Troulier-Martins pseu-
dopotentials [24] for definition of the ion-electron interactions and the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
were used for the calculation of exchange-correlation energy [25]. The
double-{ polarized orbitals were preferred for the calculations. The
mesh cut-off was set to 150 Ry and only I'-point sampling of k-mesh was
used. The time step in the AIMD simulations was chosen as 1 fs (fs).
Each simulation box consisted of 200 atoms with periodic boundary
conditions. The initial configuration of the simulation boxes was ran-
domly built using a hard-sphere model. The starting structures were
held at 1000K for 80 picoseconds to obtain well equilibrated liquid
states, and then the liquid-states were gradually quenched to 300 K
with 100 K temperature step in wholly 140 ps. All of these simulations
were carried out within the NPT (constant number of atoms, constant
pressure, and constant temperature) ensemble. After that, the structures
at 300 K were relaxed by using a conjugate gradient (CG) approach and
a variable cell optimization method in which the simulation box’s shape
and size and the atomic coordinates were permitted to adjust with
0.01 eV/A force and 0.25 GPa stress tolerances. All structural and me-
chanical calculations were performed by using these optimized con-
figurations unless otherwise stated. The high-pressurized forms of both
alloys were achieved by using the variable cell optimization method
with a gradual increase of pressure up to 51 GPa. A uniaxial stress was
employed along one direction while the other stress components were
firstly set to zero, and the simulation vectors were allowed to amend to
the applied stress. This process was repeated for all three directions. For
both hydrostatic and uniaxial stress applications, to have a continuous
stress path, the initial lattice parameters and atomic coordinates at each
stress step were gotten from the optimized lattice parameters and co-
ordinates of prior step. The VESTA program for visualization of the
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Fig. 3. Partial pair distribution functions of the glasses.

Table 1
Interatomic bond distances r;; (A).
Species Mg-Mg Zn-Zn Ca-Ca Ca-Mg Ca-Zn Zn-Mg Ref.
Mg7sZnyoCas 3.15 255 392 355 3.26 2.87 This
work
Mg7sZnyoCas (51 GPa) 2.67 232 328 3.03 2.84 2.50 This
work
MggoZnssCas 316 255 392 351 318 285 This
work
MgsoZnyoCas (51 GPa) 2.70 234 323 3.02 2.84 252 This
work
Mg72Zn,3Cas (ref-Ch)  3.00 2.55 4.10 3.35 3.05 2.75 [11]
MgeoZnyoCas (ref-Ch)  3.05 260 395 3.40 3.05 2.80 [11]
Mg74Zn,,Cas (ref-1i) 3.15 258 - 3.48 3.16 2.83 [22]
MgeyZnssCas (ref-li)  3.15 2,62 - 348 320 284 [22]
Mg72Zn2g 3.22 279 - - - 2.98 [28]
MggoCaio 3.18 - 4.05 3.67 - - [16]
Imetallic 320 268 394 357 331 294 [29]
Tcovalent 2.82 2.44 352 317 298 263 [29]

obtained structures was used [26].

3. Results

Fig. 1a presents the variation of volume per atom as a function of
temperature. Clearly, the volume decreases gradually during the
quenching. Yet there is a change in slope for both compositions, al-
lowing us to roughly guess the glass-transition temperature (Tg). It can
be suggested that T, is between 700 and 800 K for Mg7sZn,oCas, and is
between 600 and 700 K for MgeoZnssCas. The view of relaxed structures
for both compositions and their high-pressurized forms are illustrated
in Fig. 1b.

328

3.1. PDFs

Pair distribution function (PDF) is one of powerful methods to in-
vestigate the structural arrangement of materials. The partial PDF is
expressed by,

N Na Mg
g = ——— S(r—I7l)
f 47rr2pNaN/3 ; }Z::I (1)

where N, N,, Ng, p are total number of atoms, number of a atoms,
number of B atoms used in the simulation and the density of simulation
box, respectively. The total PDF is defined by,

2
(2]
: @

where Z and c are the atomic number of species a, 3 and compositions
in the calculations, respectively.

Figs. 2 and 3 show the calculated total and partial PDFs of two
different BMGs compositions. As can be seen from Fig. 2, the position of
the total PDF peaks slightly shifts to lower r values with increasing Zn
content in the BMGs, indicating a decrease of interatomic distances,
especially in Mg-Ca, Zn-Ca, and Zn-Mg (Fig. 3 and Table 1). This is in
good agreement with the previous findings [11,22] and can be ex-
plained by the fact that Zn atom has a smaller size than Mg. Further-
more, the shoulder peak between 4 and 6 A points out the existence of a
medium range order (MRO), however an in depth-investigation of MRO
needs a large supercell with thousands atoms, and yet it is an onerous
task with today’s ab initio methods.

As shown in Fig. 3, the Ca-centered partial PDF exhibits con-
siderably large fluctuations at distances beyond 6 A. These variations
can be assigned to statistical noise which originates from a low con-
centration of Ca atoms in the given compositions [11].

To explore the structural evolution of the ternary glasses during the

8(r) =) caCpZaZp85(r)
a,B
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melt-quenching process, partial PDFs for both compositions as a func-
tion of temperature are shown in Figs. 4 and 5. When the external
temperature is reduced from the equilibrium liquid phase (1000 K) to
the amorphous solid state at room temperature (300 K), the first peak of
all partial and total PDFs gets sharper and more intense due to the
development of more ordered arrangements. The intensity of first peak
of gMg-Mg (T), an-Mg (r) and gCa-Mg (r) in Mg752n20C35 and 8zn-zn (T'), gMg-
Mg (1), &zn-ca (r) in MgeoZnssCas increases significantly with decreasing
temperature as compared with other pairs in both compositions. These
observations suggest that Mg-Mg, Zn-Mg and Ca-Mg are favorable
neighboring in Mg,sZn,yCas while Zn-Zn, Mg-Mg and Zn-Ca are pre-
ferred ones in MggoZnasCas [22].

3.2. Bonds

Table 1 lists the bond lengths derived from the first maxima of the
partial PDFs for compositions and their high-pressurized structures, as
well as metallic and covalent bonds lengths from the literature. The
estimated bond lengths are in a range between covalent and metallic
bonds but they are smaller than as compared to bond lengths in binary
alloys of the same constitutes. It may be claimed that negative enthalpy
of constituents [27] and the reduced available space due to in-
corporation of relatively larger Ca atoms are responsible for a bond
shortening [18].
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Fig. 4. Total and partial pair distribution functions as a function of temperature for MgsZn,oCas,

0

3.3. Voronoi analysis and coordination numbers

Voronoi tessellation analysis is a versatile method that provides
significant information on local order and can be used to determine
total and partial CNs [30,31]. In this method, for a given atom, a
Voronoi polyhedron is formed by the region covered by only the nearest
neighbors of that atom. Each polyhedron is defined by a signature,
{V3,V4,Vs,Vg ...> Where vy, addresses to the number of m-edged faces on a
Voronoi polyhedron. Also, the number of faces of the Voronoi poly-
hedra is equal to coordination number as CN = Y, v, [32,33].

The distribution of total and partial CNs determined from the
Voronoi analysis for both compositions and their high-pressurized
forms are shown in Fig. 6. These results reveal that CNs are quite
sensitive to composition. When the content of Zn atoms increases, the
total CN for each species increases as follows: from 13.09 to 13.67
(4.4%) for Mg, from 10.65 to 10.97 (3.0%) for Zn, and from 16.00 to
17.00 (6.3%) for Ca.

We note from Table 2 that the partial CNs of both Mg and Zn atoms
increase with increasing Zn content in the glasses. This can be explained
by the atomic size difference between Mg and Zn atoms. The relatively
smaller size of Zn atoms allows the cluster-centered atoms to coordinate
with more atoms, resulting in an increase in the CNs [34]. In fact, as can
be seen from partial CNs and the VPs, Zn atoms are mostly surrounded
by Mg atom.

Fig. 7 shows the distribution of the most abundant types of Mg-, Zn-,
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and Ca-centered VPs. Depending on the central atom, the distribution of
the dominant VPs are as follows: For Mg-centered clusters, the per-
centage of <0,2,8,4>, 0,3,6,4>, <0,1,10,2>, and <0,0,12,0> VPs is 7-8%,
8-9%, 11-15% and 9-15%, respectively. As can be seen, none of these
VPs is a dominant percentage of the others. For Zn-centered clusters, on
the other hand, the fraction of <0,0,12,0>, <0,2,8,0>, <0,2,8,1>,
<0,3,6,0> VPs is 26-28%, 20%, 10-18%, 10-18%, correspondingly.
Here the <0,0,12,0> and <0,2,8,0>, <0,2,8,1> indices represent icosa-
hedral and icosahedral-like configurations [30], and the percentage of
these structures is more than 60%. Based on this fact, it can be sug-
gested that Zn-centered clusters prefer to form icosahedral ordering.
These results are also correlated with the CN analysis. Since the mean
CN of Mg and Ca is higher than 12, the ideal icosahedral motif is not
predominant in such clusters whereas icosahedral and/or icosahedral-
like motifs can dominate in Zn-centered clusters due to the CN equal to
12 or less than 12. Note that defining a dominant type of VPs for Ca-
centered cluster is not possible due to a low content of this species in
the alloys.

We also investigate the evolution of VPs during the liquid-solid
transition. The VPs that show drastic alterations are given in Fig. 8. For
Zn-centered clusters, the most dramatic change is found in <0,0,12,0>
with around 20% increase throughout the liquid-solid transition in both
alloys. Similarly, for Mg-centered clusters, the remarkable change is
observed in <0,0,12,0> with about 10% increase. This may be attributed
to the importance of icosahedral motifs in amorphous solids.

4 6
r(A)

Fig. 5. Total and partial pair distribution functions as a function of temperature for MggoZnssCas,
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Importantly, the most conspicuous observation emerged from the
Voronoi analysis is, regardless of the atomic species, the dominance of
5-fold geometry, indicating the pentagonal-bipyramid arrangements of
atoms [35,36]. This observation is particularly crucial because the
stability of metallic amorphous structures is commonly attributed to the
5-fold geometrical arrangements [36]. It is also suggested that the
<0,0,12,0> type of cluster is a barrier that obstructs to the crystal-
lization [27].

3.4. Bond-pair analysis

The BP analysis, a method proposed by Honeycutt and Andersen
[37], is carried out to describe the local environment and structural
evolution of the glass during liquid-solid transition and high pressure.
In this method, the atomic local circumstances are represented with a 4-
digit shorthand, indexing i,j,k, and 1 integers. The first index (i), either 1
or 2, imply that whether two atoms are termed as a bond pair (i = 1) or
not (i = 2). The second index (j), denotes number of common near-
neighbors shared by the root pair. The third index (k) stands for the
number of bonds among the neighbors. Since these three indexes are
inadequate to describe a unique BP, the fourth index (1) is used [37]. As
stated by this shorthand, the 1431, 1541 and 1551 indices denote the
icosahedral ordering; 1441 and 1661 indices represent body-centered
cubic (bec) ordering, 1421 and 1422 indices represent face-centered
cubic (fcc) and hexagonal closed pack (hcp) ordering; and 1311 and
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Table 2

Average partial coordination numbers calculated by Voronoi polyhedra.
Composition Mg-Mg Mg-Zn Mg-Ca Mg total
MgzsZnyoCas 10.15 2.05 0.89 13.09
Mg;,sZn,oCas (51 GPa) 10.41 213 0.94 13.48
MgeoZnssCas 8.77 3.85 1.05 13.67
MgeoZnssCas (51 GPa) 8.78 4.05 1.02 13.85
Composition Zn-Mg Zn-Zn Zn-Ca Zn total
Mg7sZnyoCas 7.68 2.55 0.42 10.65
Mg7sZnyoCas (51 GPa) 7.98 2.55 0.47 11.00
MggoZnssCas 6.60 3.97 0.40 10.97
MggoZnssCas (51 GPa) 6.94 4.06 0.43 11.43
Composition Ca-Mg Ca-Zn Ca-Ca Ca total
Mg7sZnyoCas 13.50 1.70 0.80 16.00
Mg7sZnyoCas (51 GPa) 14.10 1.90 0.80 16.80
MgesoZnssCas 12.60 2.80 1.60 17.00
MgeoZnssCas (51 GPa) 12.30 3.00 1.00 16.30

1321 correspond to disordered atomic arrangements [37-39].

Fig. 9(a) shows the distribution of BPs with compositions and
pressures. Along with slight differences among the compositions, for
both compositions the summation of BPs ratio attributed to icosahedral
ordering (i.e. 1551) and distorted icosahedral ordering (i.e. 1431 and
1541) are overwhelming majority, around 77%. The distribution of
other BPs is slightly dependent on composition. Accordingly, the per-
centages of 1441 and 1661 are 2.3% and 5.0%, respectively, for

Mg;s5Zn,0Cas, whereas they are 3.6% and 7.1% for MgeoZnssCas. Si-
milarly, the percentages of 1421 and 1422 are 3.3% and 6.7% corre-
spondingly for Mg;sZnyoCas, while they are 2.0% and 5.7% for
MgeoZnssCas.

We investigate the BP evolution as a function of temperature for
both compositions. As shown in Fig. 9(b and c), both alloys have similar
trend. When the temperature is decreased from 1000K to 300K, the
percentage of 1431, 1541 and 1551 increases an amount of ~25%.
Conversely, the fraction of 1441 and 1661 type of BP drops with an
amount of ~40% throughout liquid-solid transition. In addition, the
ratio of disordering type of BPs (1311, 1321) converges to zero as the
temperature decreases from 1000 K to 300 K. According to the whole
results, the obtained glass structures consist of imperfect ordered and
amorphous structures.

3.5. Bond-angle distribution

To provide further information on local chemical structure, bond
angle distributions were analyzed. The bond angle distribution function
f(0) defines the probability that the directions from a central atom to
two of its neighbors form an angle 6. Indeed, f(0) is a radial average
over triplet correlation function g(R;, Ry, 6) over the nearest neighbor
coordination shell:

d d
f@ =16 [ [ RIRIg(RG (R (R, R, O)dRidR, 3)

where d; is the maximum distance between two neighbor atom. [40]
Fig. 10 shows the Mg-X-Mg and Zn-X-Zn bond angle distributions for
both alloys and their pressurized form. The characteristic first peak (a)
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is located at around 60° for all triplets. Among them, the Mg-Mg-Mg is
exactly positioned at 60°, which is assigned to equilateral triangle for-
mations because of the close packing of identical atoms. The first peak
of Mg-Zn-Mg and Mg-Ca-Mg are found at 66° and 53°, respectively. The
observed shifts in the bond angles could be attributed to atomic radii
differences among constituents, viz. rc, > rvg > rz,. The second
characteristic (broader) peak (f) in the bond angle distribution pattern
assigns to interior angle of 108° of a regular pentagon, which is the most
common motif in the structure, vide supra. This peak for Mg-Mg-Mg is
located at 107° which is slightly different from the ideal angle due to
the distortions in the pentagon where one of the five Mg atoms is re-
placed by Zn and/or Ca. The second peak for Mg-Zn-Mg and Mg-Ca-Mg
is located at 120° and 100°, respectively (Fig. 10(a, c, e)). These shifts
also can be attributed to atomic radii difference of Mg, Zn and Ca, and
thus the shorter Mg-Zn bond and the longer Mg-Ca bond than Mg-Mg
bond [29]. Similar trend has been observed in the Zn-Zn-Zn and Zn-Mg-
Zn angles (Fig. 10(b, d)). However, as shown in Fig. 10(f), a Zn-Ca-Zn
bond angle distribution fluctuates and does not have a regular pattern,
which is probably related to low content of Ca in simulations.

The existence and dominating of the main peaks, which are
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attributed to the close packing and pentagon motifs [29,34], support
our previous findings that pentagonal-bipyramid arrangements of
atoms are the most common structural configurations in both alloys.

3.6. Chemical short-range order (CSRO)

To explore the chemical short ranger order (CSRO) around the
constituents of metallic glasses, the Warren-Cowley parameter, (o),
which is expressed as follows [41],

ajj = 1_CM'j/(CjC1Vi) 4)

was used. In the equation, CNj; is the partial coordination number of
atom j around atoms i, ¢; is the atomic fraction of the atom j, and CN; is
the total coordination number of atom i. Negative and zero values for
a;; denote the existence of CSRO and random solution, respectively. The
modified form the Warren-Cowley parameter for a ternary glass is

iy = 1—(CNyj + CNy)/((¢j + c)CN;) fori#j#k 5)

Similarly, negative values of o) imply the presence of CSRO, but the
positive values imply the presence of chemical short range clustering
(CSRC) around the atom i. CSRO parameters for binary and ternary
alloys are related by,

(6)

Hence, o;; < 0 indicates the CSRC and o;; > 0 imply the CSRO.
The calculated Warren-Cowley parameters aj and g are given
Tables 3 and 4.

Positive values of aygz, ascribe the absence of CSRO in the dis-
tribution of Zn species around Mg species; negative values of apgca
indicate the presence of local concentration of Ca atoms around Mg.
Also, negative aygvg values imply the existence of CSRC, namely an
increase of local concentration of Mg species around Mg species.

The local distributions around Zn and Ca atoms are found as fol-
lows; the positive aznca and oznyg values imply a deficit Ca and Mg
atoms in Zn-centered clusters while negative az,z, values indicate an
increase local concentration of Zn atoms in the first coordination shell
of Zn. Negative acamg values indicate an increase of Mg atoms around
Ca whereas positive Ocaz, values imply a Zn deficit Ca-centered clus-
ters.

On the other hand, several changes were observed in the CSRO
depending on the composition. When Zn content increases from 20% to
35% in the glass, aygca value changes from —0.36 to —0.54, while
Qznca Value changes from 0.21 to 0.27. For the former, the negative
value increase indicate Ca enrichment around Mg-centered clusters, the
latter imply that Ca deficits around Zn-centered clusters. Additionally,
Qznzn Value changing from —0.20 to 0.03 indicates an increase of CSRO
around Zn, and ocac, value changing from 0.0 to —0.28 imply an in-
crease of CSRC around Ca (Table 3). However, no noticeable change
was observed in agmg and ovgzn parameters as a result of the com-
position change. According to these results, composition change mostly
effects on the local environment of Ca and Zn atoms.

Finally, as can be seen from Table 4, oy k) parameters for Ca and Zn
centered clusters are almost zero implying a neutral environment
around Ca and Zn-centered clusters.

ay = (1=1/c) iy

3.7. Local atomic packing efficiency (P)

One of the most important features of BMGs is their higher density
than the crystalline phases with the same composition. This high den-
sity structure in BMGs is a result of a very effective packing in the
amorphous state [34]. The packing efficiency of atoms in the glass is
directly linked to the glass formation [42]. To this end, the local atomic
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Fig. 8. Distribution of the most altered types of Mg-, Zn- and Ca-centered Voronoi polyhedral as a function of temperature.

packing efficiency (P) is calculated using the method proposed by
Miracle [43], with the coordination numbers obtained from Voronoi
analysis. For both compositions, P is about 100% for Mg atoms, 100%
for Zn atoms and 95% for Ca atoms. These results reveal that all
available space in the first coordination shell of Mg and Zn atoms is
fully occupied, whereas Ca atoms do not reach the maximum packing
efficiency. These values correlate fairly well with the reported P values
for Mg-Zn-Ca glasses in the literature [18,21] and further support the
idea of high glass forming ability (GFA) this type of BMGs [18].

3.8. High pressure study

We also explore the structural arrangements in both alloys under
high hydrostatic pressure and uniaxial stresses (Fig. 11). Note that
MgsoZnssCas is less compressible than Mg;sZn,oCas. Both partial and
total PDFs of BMGs at 51 GPa remarkably move to lower r values, im-
plying a decrease in the average interatomic distances (Figs. 2, 3 and
Table 1) [22]. The CNs analysis show that the total CNs of each species
increases with the application of pressure, as summarized Table 2. The
total CN changes of Mg,sZn,yCas under high pressure (at 51GPa) are as
follows: from 13.09 to 13.48 (2.9%) for Mg, from 10.65 to 11 (3.2%) for
Zn, from 16.00 to 16.80 (5.0%) for Ca. Yet the coordination increases
are indeed quite small compared to the densification (about 30%) of
these alloys under pressure Additionally, the slight variations in VP
distribution were observed under high pressure. For Mg-centered
clusters in both alloys at 51 GPa, the fraction of <0,0,12,0>, <0,2,8,2>
decreases while the percentage of <0,1,10,3), <0,2,8,4)> increases. This
can be explained as follows: As the atoms more approach each other
under high pressure, the coordination number increases. Already, the
CN analysis confirms this hypothesis (Fig. 7). For high pressurized form
of both compositions, 1431, 1541 and 1551 type of BPs are in majority,
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as shown in Fig. 9(a). Remarkably, with increasing pressure, the per-
centage of 1551, 1441 and 1661 increases while that of 1421, 1422,
1431 and 1541 decreases. A diminishing in fcc/hep ordering and an
enlargement in ideal icosahedral ordering specify more disordered
structures in these alloys. The Warren-Cowley parameters for metallic
glasses and their high density forms are almost same, i.e. pressure at
51GPa did not significantly affect the local chemical environment of
these glasses (Tables 3 and 4). In addition, the behavior of both glasses
under uniaxial stresses was also studied. As can be seen from Fig. 12,
both materials exhibit structural anisotropy as in the most disordered
system [35]. According to the results, both compositions show struc-
tural failure between 6 and 8 GPa and the highest axial strength was
found in y-direction.

3.9. Mechanical properties

As already mentioned, Mg-based metallic glasses are the most pro-
mising candidate for biodegradable implant materials. To this end, it is
very important to determine their mechanical properties. Thus, some
mechanical properties for both compositions were examined. To cal-
culate the bulk modulus (B), a measure of compressibility of the ma-
terial under hydrostatic pressure, metallic glasses were relaxed at dif-
ferent pressures (between —5 GPa and 7 GPa) using conjugate gradient
variable cell optimization technique, and the energy-volume values
were fitted to the third order Birch-Murnaghan equation of state (Eq.

e [ ]

V% B
E0+ Y020

EW) = 16

)
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In this equation, Eq and V, correspond to the energy and volumes in
the equilibrium state, respectively. From the fitted data, the equilibrium
volumes of Mg,sZn,yCas and MggoZnssCas glasses were estimated 21.9
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and 20.8 A%/atom, respectively (Fig. 13). The more dense structure of
Zn-rich metallic glass can be attributed to the fact that Zn atom is
heavier than Mg atom and the increased coordination number with the
increasing of Zn content in the glasses. The bulk moduli (B) of
Mg,szn20Cas and MggoZnssCas glasses were determined to be 43.2 and
46.8 GPa, respectively.

Another important parameter used to describe the mechanical
properties of a material in the elastic region is the Poisson’s ratio, which
is defined as the ratio of transverse contractional strain to longitudinal
extensional strain. When the material is compressed along the axial
direction, the Poisson’s ratio,

_ A‘L--trans
Aegyial

V=
(8)
where eyans and e,y are transverse and axial strains, respectively.
During the compression process, axial strain value is negative while
transverse strain is positive. To calculate the Poisson’s ratio, the uni-
axial stresses (0x 0y 0,) were separately applied to the simulation box
and the system was relaxed under these stresses. Two Poisson’s ratios
were obtained for each axial stress and six in total. The mean Poison’s
ratio estimated from these six values is 0.359 = 0.03 (max. 0.379 and
min. 0.306) for Mg,sZn,yCas and 0.291 #+ 0.02 (max. 0.299 and min.
0.257) for and MgegoZnssCas. Taking into account the errors arising
from calculations, the values we obtain are quite consistent with the
literature, as can be seen from Table 5.

E = 3B(1-2v) ©

The elastic (or Young’s) modulus is a measure of the resistance of
the material to changes in size under compression or tension. Stiff
materials have a high elastic modulus (small changes in dimensions
under low loads), while flexible materials have a low elastic modulus
(considerable change in size even under low loads.) Indeed, the elastic
constants defining a solid are related to each other and one can be
expressed in terms of another. Elastic modulus depends on both bulk
modulus and Poisson ratio as follows

The elastic modulus calculated for Mg;sZn,yCas and MggoZnssCas
are 36.55 and 58.69 GPa, respectively. Obviously, the stiffness of the
material increases with the increase of Zn content in the glasses the
most probably due to an increase in CN and closer packing of atoms.

The shear modulus is another measure of the rigidity of the solid
materials. Materials with larger shear modulus are more rigid, whereas
materials have low shear modulus flexible. Shear modulus in terms of
elastic modulus and Poisson’s ratio:

E

T2+ (10)

The calculated shear modulus from this expression is found to be 13.45
and 22.73 GPa for Mg,5Zn,,Ca5 and MggoZn3sCas, respectively.

Lastly, the Vickers hardness, defined as indentation or penetration
resistance of a material, were calculated. In the literature, Teter shows
that there is a linear correlation between hardness and shear modulus of
a material, and he proves that it can also be used for BMGs [44,45].
Vickers hardness defined by Teter [44]:

H, = 0.151G 11

The calculated hardness values for Mg,sZn,yCas and MggoZnssCas are
2.03 and 3.43 GPa, respectively.

Table 5 summarizes the elastic constants obtained in this work as
well as the data reported in the literature on Mg-based metallic glasses.
Obviously, the calculated elastic constant in this study are similar to
those in the literature [9,21,46]; this also supports that our calculations
are reliable. According to the method proposed by Lewandowski [47],
it is possible determine whether a metallic glass is brittle or ductile
using elastic constants. In this method, metallic glasses with G/
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Table 3
Chemical short range order parameters (a;) for Mg-, Zn-, and Ca-centered clusters.
aj Mg-Mg Mg-Zn Mg-Ca Zn-Mg Zn-Zn Zn-Ca Ca-Mg Ca-Zn Ca-Ca
Mg7s5ZnyoCas -0.03 0.21 —-0.36 0.04 -0.20 0.21 -0.13 0.47 0.00
MgsZny0Cas (51 GPa) —-0.03 0.21 -0.39 0.03 -0.16 0.15 -0.12 0.43 0.02
MgeoZnssCas —-0.07 0.20 —0.54 0.04 —-0.03 0.27 —0.24 0.53 —-0.28
MgeoZnssCas (51 GPa) —0.06 0.16 —0.47 0.03 -0.01 0.25 —-0.26 0.47 -0.21
Table 4 -332.3
Clheimcal short range order parameters (ajx) for Mg-, Zn-, and Ca-centered e — Mgegzn35ca5
clusters.
] —e— Mg, Zn, Ca,
Qigky Mg Zn Ca -332.5
. 1 o = S S Sy ]
Mg7sZnyoCas 0.10 0.05 0.00 £ -33264
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g B > 0.41-0.43 (or/and with v < 0.31-0.32) are defined as brittle
materials. Obviously, while Mg,;sZn,yCas is in the ductile region,
MggoZnssCas is a brittle material. This can be attributed to an increase
in CN and therefore a tighter (closer) packing in the glasses due to in-
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Fig. 11. Volume change as a function of hydrostatic pressure in both compo-
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previous sections of this work.
4. Conclusions

To sum up, we have performed AIMD simulations of two different
compositions of Mg-Zn-Ca metallic glasses. These alloys show the fol-
lowing structural and mechanical characteristics:

i. As the content of Zn increases in the alloy, it has been observed that
the shifts to smaller r values in total PDF peaks and the increase in
the coordination number for each constituent in the alloy. This can
be explained by the atomic size difference between Mg and Zn
atoms. The incorporation of relatively smaller size Zn atoms into
the alloy results in a decrease in average interatomic distances,
especially in Mg-Ca, Zn-Ca, and Zn-Mg, and also more dense atomic
packing.

i. The Voronoi tessellation and CN analyzes reveal that Zn atoms
mostly tend to coordinate with Mg atoms.

i. The icosahedral ordering is favorable in Zn-centered clusters ac-
cording to the Voronoi analysis.

. The Honeycutt-Andersen bond pair analysis show a diminishing in
fce/hep ordering and an enlargement in icosahedral ordering, in-
dicating more disordered structures in both alloys.

v. The Voronoi, bond pair and bond-angle distribution analyzes prove
the dominance of 5-fold atomic arrangements in the alloys.

vi. The maximum local atomic packing ability for both alloy support
the high glass forming ability of Mg-Zn-Ca alloys.

vii. The most striking results to emerge from the mechanical properties
calculations is that an increase of Zn (=30%) content in the alloy
results in embrittlement in the alloys. This is a very remarkable
observation for designing this type of metallic glass because the
slower corrosion rates can only be achievable in Mg-Zn-Ca metallic

=
=

=

i
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The calculated elastic constants for simulated compositions (B = Bulk modulus, v = Poisson’ ratio, E = theYoung’ modulus, G = shear modulus, Hv = Vickers

hardness, B/G, p = density).

Composition B (GPa) v E (GPa) G (GPa) G/B H, (GPa) p(g/cm®) Ref.
Mg7sZnyoCas 43.2 0.359 ( = 0.03) 36.55 13.45 0.31 2.03 2.48 This work
MgsoZnasCas 46.8 0.291 ( % 0.02) 58.69 22.73 0.48 3.43 3.10 This work
MgesCuzsThyg 53.2 0.309 55.1 19.6 0.37 2.83 - [46]
MgesCuzsGdig 45.1 0.313 50.6 19.3 0.43 - - [46]
Mg72Znz4Cay 44.0 0.359 - 13.69 0.31 - 2.62 [21]
Mge2Zn3,Cag 43.9 0.286 - 21.93 0.50 - 2.92 [21]
MgeaNiz Ndys 44.8 0.324 47.4 17.9 0.40 - 3.70 [6]
Mgs,Cuz4Ndg 50.7 0.322 54.2 20.5 0.40 - 4.1 [5]
MgesZnsoCay 40.1 0.299 48.4 18.65 0.47 - 2.92 [91
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