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ABSTRACT ARTICLE HISTORY

We generate an amorphous MgCu model using the Received 24 August 2017
rapid solidification of the melt through a first-principles Accepted 4 December 2017
molecular dynamics approach within a generalised gradient KEYWORDS
approximation and reveal, for the first time, its structural MgCu; metallic glass; phase
features and mechanical properties in details. The liquid transformation; ab initio;
and glassy MgCu are found to acquire slightly distinct local high pressure

structures. Yet in both forms of MgCu, most Cu atoms have a

tendency to form the ideal and defective icosahedrons while

Mg atoms are arranged in complex configurations. The mean

coordination number of Cuand Mg at 300Kis 11.31 and 13.73,

respectively. The short-range order of MgCu glass is projected

to be different than the known crystalline MgCu and Mg,Cu

phases. The mechanical properties of MgCu glass and the

CsCl-type MgCu crystal are computed and compared. On the

basis of the enthalpy analyses, a possible pressure-induced

crystallisation of the MgCu glass into a CsCl-type structure is

proposed to occur at around 11 GPa.

1. Introduction

Magnesium (Mg)-based materials have drawn specific interests because of their
excellent properties such as lightweight, biocompatibility, electromagnetic shield-
ing, thermal conductivity. To date, different Mg-based intermetallic compounds
have been synthesised including Mg-Zn [1], MgCu [2], Mg-Sr [3], Mg-Ca [4],
Mg-Ni [5]. However, some of Mg-based alloys show the poor corrosion resistance
and low strength, which strictly limit their applications [6,7]. The studies have
revealed that the amorphous form of Mg-based materials shows better mechanical
properties than their crystalline counterparts [8] and hence, they might offer more
high-tech applications than the crystals might.

The glass formation occurs commonly in Mg-rich MgCu binary alloys [9]. The
investigations on MgCu systems have exposed that its glass-forming ability and
mechanical features can be considerably enhanced by adding small quantity of
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different kinds of elements [10-16]. Until recently, there has not been any report
on the preparation of Cu-rich MgCu amorphous systems because the preparation
of such systems requires very fast quenching rates [17]. Chou et al. [17] fabricated
Cu-rich amorphous MgCu alloys using a co-sputtering method. Ma et al. [18]
lately investigated the phase development of Mg and Cu (MgCu) systems using
a high-energy milling process and reported the formation of an amorphous state
after 18 hours of milling.

Although the properties of high-pressure synthesised crystalline MgCu phase
having a CsCl structure have been investigated [19], to our knowledge the atomic
structure and the properties of amorphous MgCu still remain unidentified. In this
study, we perform ab initio molecular dynamics (MD) simulations to evaluate its
short-range order and mechanical properties in details.

2. Method

The simulations were done using the SIESTA DFT code [20] within the norm-con-
serving pseudopotentials [21] and a generalised gradient approximation [22]. We
used four special k points and the double zeta plus polarised orbitals to generate
the glass model. We executed the MD simulations within the NPT ensemble. The
velocity rescaling approach was adopted to control temperature and the Parrinello-
Rahman method [23] was used to equilibrate the volume of the supercell. One
femtosecond was chosen for each MD step. We used the CsCl-structured MgCu
having 160 atoms as a starting structure. The crystal was exposed to 1500 K
for 2.0 ps. After 2.0 ps period, the external temperature was rapidly reduced to
1200 K at which point the structure was equilibrated for 40.0 ps. In order to
ensure that we had a liquid state at this temperature, we computed the mean-
square displacement (MSD) and offered it in Figure 1. After 200 fs, the MSD
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Figure 1. (colour online) Mean-square displacement.
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presented a linear behaviour, demonstrating a diffuse state. A linear fit of the
diffusive part (200-600 fs) yields the diffusion constant D(= {(r(t) — r(0))*)/6t)
to be ~2.8 x 107 cm?/s for the MgCu liquid, 1.3 x 10~ cm?/s for Cu atoms and
1.5 x 107 cm?/s for Mg atoms. After confirming the liquid state at 1200 K, we
reduced the temperature gradually to 300 K in 90 ps. At 300 K, we run additional
5000 time steps. The 1000 configurations of the liquid and amorphous states were
used for the structural analyses. The density of the amorphous (300 K) and liquid
states (1200 K) is 4.28 and 4.09 g/cm’, respectively. To calculate the mechanical
properties of the crystalline MgCu (CsCl), we used a supercell with 54 atoms and
18 special k-points.

3. Results and discussion
3.1. Local structure

The first coordination shell of real space partial-pair distribution functions
(PPDFs) offers considerable information regarding the microstructure of disor-
dered materials. Thus, we first evaluate the PPDFs of the liquid MgCu (1200 K)
and amorphous MgCu (300 K) phases and demonstrate them in Figure 2. The
estimated bond distances (the first peak position of the PPDFs) and some data
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Figure 2. (colour online) Real space partial-pair distribution functions.
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available in the Literature are summarised in Table 1. As understood from the
table, our values are fairly comparable with other results [14,24,25]. We should
note here that the bond lengths of the liquid and amorphous states are too close
to each other suggesting that they are not too sensitive to temperature.

One of the most sensitive measures to distinguish the microstructure of dis-
ordered systems is total and/or partial coordination numbers (CNs). Therefore,
next we examine the partial CNs using the Voronoi polyhedra consideration [26]
that is an effective technique to determine accurately CNs. The first minimum of
the PPDFs is used for the Voronoi polyhedra investigation. The average Cu-Cu,
Cu-Mg, Mg-Cu and Mg-Mg CNss of the amorphous (liquid) structure are 5.27
(5.05), 6.03 (5.91), 6.03 (5.91) and 7.6 (7.35), correspondingly. These partial CNs
lead to the mean CN of Cu and Mg atoms to be 11.31 (10.96) and 13.73 (13.26),
respectively. Our predictions are reasonably comparable with the earlier simula-
tions’ data as exhibited in Table 2. From the partial CN analysis and the chemical
environmental distribution of Cu and Mg atoms provided in Table 3, one can see
that Cu atoms have an affinity to form less Cu-Cu bonds and lower coordinated
configurations than Mg atoms and the average CN of the liquid and amorphous
states is comparatively close to each other although they have different types of
atomic clusters as seen in Table 3.

Figure 3 shows the coordination distribution of the liquid and amorphous
MgCu. In both states, Cu atoms mainly have 10-12 coordinated clusters while Mg
atoms have a trend to form 12-15 coordinated configurations. These topological
arrangements can be easily characterised by the Voronoi tessellation method [26].
The indices (n,, n,, n, n,...) are used to symbolise a Voronoi polyhedron. n, offers
the number of i-edge faces of a polyhedron and ] n, gives the total CN. Figure 4
presents the kinds and portions of Cu- and Mg-centred clusters for the structure
at 1200 and 300 K. The most common polyhedrons for Cu-centred are (001200)
(ideal icosahedron), (0281 0) (defective icosahedrons), (0282 0) (distorted ico-
sahedra), (02800) (bicapped square archimedean antiprism), (03610) (defec-
tive tri-capped trigonal prism), (3620) (defective fcc like) and (442 0) (defective
hcp like). In the amorphous state, the perfect or defective icosahedrons are the
most privilege clusters for Cu atoms, suggesting a dominated icosahedral-like
short-range order around Cu atoms. On the other hand, the clustering around
Mg atoms is more complicated and they form 39 and 26 different types of clus-
ters in the liquid and amorphous states, respectively. The polyhedron with the
(011020) (defective icosahedrons) index for Mg atoms is the most popular one

Table 1. The nearest neighbour distances of liquid (L) and amorphous (A) MgCu.

Mg-Mg (/f\) Mg-Cu (/f\) Cu-Cu (/f\)
Mg,,Cu,, (L) 3.09 2.75 2.50 Present work
Mg,,Cug, (A) 3.09 2.75 2.54 Present work
Mg,,Cu,Y 3.09 2.71 Ref. [14]
I GTIN S 293 272 255 Ref. [23]

Mg,,Cu,,Gd,, 3.08 2.68 248 Ref. [24]
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Table 2. The mean CN of Mg and Cu atoms.

Mg-CN Cu-CN
Mg,,Cu,, (L) 13.26 10.96 Present work
Mg,,Cug, (A) 13.73 11.31 Present work
Mg, Cu,,Y, 13.12 - Ref.[14]
Mg, Cus,Ys, 127 105 Ref. [23]
Mg, Cu,Gd, 13.1 9.8 Ref. [24]

Table 3. Chemical environmental distribution of Cu and Mg atoms.

Clusters around Clusters around
CN Cu 300K (%) 1200K(%) CN Mg 300K (%)  1200K (%)
12 Cu Mgy 13.75 10.0 13 Cu Mg, 3.75 6.25
12 Cu,Mg, 8.75 8.75 13 Cu.Mg, 11.25 5.00
10 Cu,Mg, 2.50 2.50 14 Cu,Mg,, 3.75 2.50
10 Cu;Mg, 5.00 8.75 13 Cu,Mg, 7.50 6.25
12 Cu,Mg, 7.50 - 13 Cu,Mg,, 3.75 -
11 Cu,Mg, 5.00 2.50 13 Cu;Mg,, 3.75 -
9 Cu,Mg, 2.50 2.50 14 Cu,Mg, 10.0 11.25
1 Cu,Mg, 5.00 6.25 12 Cu Mgy 2.50 -
n Cu Mg, 10.0 10.0 14 Cu Mg, 5.00 6.25
10 Cu,Mg; 2.50 6.25 15 Cu,Mg, 8.75 3.75
n Cu,Mg, 8.75 8.75 12 Cu,Mg, 5.00 5.00
12 Cu,Mg, 6.25 3.75 14 CuMg, 5.00 5.00
13 Cu,Mg, 2.50 2.50 14 Cu,Mg, 3.75 250
12 Cu,Mg, 5.00 = 14 Cu,,Mg, 2.50 -
n Cu,Mg, 3.75 2.50 14 Cu.Mg, 3.75 3.75
10 Cu, Mg, 2.50 6.25 13 Cu,Mg, 2.50 5.00
9 Cu,Mg, - 3.75 12 Cu,Mg, - 625
12 Cu,Mg, - 6.25 15 CuMg, - 2.50
14 CuMg, - 2.50
12 Cu,Mg, - 3.75

Notes: CN is the coordination number. The clusters having fraction of 2.5% are not listed.

in the amorphous state while the (03640) index (deformed fcc-like) is the most
abundant one in the liquid phase.

Figure 5 shows the positions of Cu- and Mg-centred icosahedrons in the glass
model. Most icosahedrons are not randomly distributed and they are indeed
linked to each other through vertex, edge, face or intercross sharing. The intercon-
nected icosahedra result in large clusters in the model. Subsequently, the medium
range order can be relatated to these icosahedrons as well.

The common neighbor analysis (CNA) [27] can supply valuable information
regarding the types of bonding in disordered materials. The analysis ascribes four
indices i, j, I, m to pair of atoms. The diverse CNA indices denote distinct local
structures. The hcp phase has two type pairs, 1421 and 1422. The fcc-type crystal
has predominantly 1421 bonding nature. The bcc state has both 1441 and 1661 bond
types. The 1551 and 1541 pairs represent the icosahedral ordering and the defected
icosahedral ordering, respectively. The 1431 index means fcc-like defects. The 13XX
types of bonding correspond to the rhombohedral-like ordering. The 1551, 1541
and 1431 pairs are considered to be the main bonding pairs in disordered materials.
The results of CNA are shown in Figure 6. The amorphous model largely presents
the 1551 (%30), 1541 (%18), 1431 (%22) and 1422 (11%) bond natures, suggesting
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Figure 3. (colour online) Coordination distribution of Cu and Mg atoms.

dominated icosahedral-like, defective fcc-like and hcp-like orderings. Note that the
fraction of the bec-type bonding is negligibly small in the model. In the liquid state,
the fcc-like defect (1431) is the leading bonding, and more the rhombohedral-like
ordering is presented compared to the amorphous state.

Are there any structural similarities between the glass model and the crystal-
line phases (CsCl-type MgCu and Mg, Cu)? The model has negligibly amount of
bce types bonding and no bec-like polyhedrons ((06080)). The Mg,Cu crystal
has two types of the Voronoi clusters (0012 3 0) for Mg atoms and (0280 0) for
Cu atoms. The (0280 0)-type cluster does exist in the model but its frequency is
only 5%. The (00123 0) polyhedron also forms in the model but again its fraction
is less than 4%. So we conclude that the MgCu metallic glass is locally different
than these crystals.

3.2. Mechanical properties

To calculate the bulk modulus (K) that defines the compressibility of materials,
the energy of the amorphous model and the CsCl-type MgCu (for comparison
purpose) as a function of volume is studied using the conjugant gradient vari-
able cell optimisation technique (both lattice parameters and atomic positions
are relaxed), and then the energy-volume data are fit to the third-order Birch-
Murnaghan equation of states,
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Figure 4. (colour online) Fraction of Cu-and Mg-centred Voronoi polyhedrons. Only polyhedrons
having a fraction of 5% and higher are shown in the figure.
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Figure 5. (colour online) Position of ideal icosahedrons centred Cu-and Mg-atoms at 300 K.
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Figure 6. (colour online) Fraction of bond pairs for the liquid state (1200 K) and glass state (300 K).
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Figure 7. (colour online) Energy-volume relation (top panel). Enthalpy as a function of pressure
(bottom panel).

where E and E, represent the energy and the equilibrium energy, respectively, V
and V,is the volume and the equilibrium volume, correspondingly, K is the equi-
librium bulk modulus and K' is its derivative respect to pressure. The energy-vol-
ume relations are provided in Figure 7. From the figure, one can see that the glass
model is energetically more favourable than the crystalline one. The relative energy
difference between these structures is 0.064 eV/atom. The equilibrium volume of



Downloaded by [Syracuse University Libraries] at 05:10 28 December 2017

PHILOSOPHICAL MAGAZINE (&) 9

the crystal is 15.73 A%/atom and the corresponding lattice parameter is about 3.156
A, in excellent agreement with the experimental and earlier theoretical values of
3.073-3.163 A [2,18]. The equilibrium volume of the glass is 16.73 A*/atom. So
the crystal is denser than the glass model. The K value of the CsClI-type phase
calculated is 73.3 GPa, which agrees well the other predictions of 68.7-75.25 GPa
[2,18]. The bulk modulus of glassy MgCu is estimated to be ~58.2 GPa.

The Gibbs free energy, G = E + PV — TS, allows us to determine the stability
of different phases of a material. Since our simulations for the optimisation are
achieved at zero temperature, the entropic contribution is disregarded such that
the Gibbs free energy becomes the static enthalpy H = E + PV. We can have pres-
sure (P) by the differentiation of the energy volume curvesi.e., P= —dE/dV. Figure
7 gives the estimated enthalpy values of the glass and crystalline forms of MgCu
as a function of pressure. Crossing of two enthalpy curves suggests a potential
structural phase transformation between two phases. The two curves cross at
around 11 GPa, implying a pressure-induced crystallisation of the MgCu glass
into a CsCl-type structure at this pressure. The CsCl phase was experimentally
prepared at 800 °C under 6 GPa [2] and thus our transition pressure is in the
acceptable limits. This is a first-order phase transformation and involves ~7%
volume reduction.

In order to evaluate the Poisson’s ratio, we apply a uniaxial stress along one of
the diagonal terms of the simulation cell vectors and set the other stress compo-
nents zero. Both atomic coordinates and simulation cell vectors are optimised.
The application of a uniaxial stress frequently leads to an enlargement in the other
directions, which is described by the Poisson’s ratio defined as:

ALi/Li
l)i. = —
I~ TALJL

where L (i,j = x,),2, j is the compressed direction and i is the transfer directions)
are the length of the simulation cell vectors. These procedures are repeated for all
three diagonal directions. The variation of AL,/L; and AL, /L, for some uniaxial
compressions is given in Figure 8. The Poisson’s ration is estimated from the slope
of the best fitting straight line; six different values ranging from 0.12 to 0.33 are
achieved for the glass model. The averaged Poisson’s ratio is estimated to be 0.18.
Due to the cubic symmetry, the crystalline structure is compressed only along
x-direction and a value of 0.28 for the Poisson’s ratio is acquired, which is objec-
tively comparable with the earlier calculations of 0.27 (GGA-calculation)-0.32
(LDA-calculation) [19]. Note that due to the linear fitting, we certainly anticipate
some errors in our estimated Poisson’s ratios. Since six different values are pro-
jected from the fitting for the glass model, the error is expected to be more for it.
Also unlike the crystal, under compression, the simulation cell of the amorphous
model undergoes easily deformations (the simulation cell vectors of the amor-
phous model are not orthogonal). Such a small deformation can yield some errors
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Figure 8. The variation of (a) ALy/Ly as a function of AL /L and (b) AL, /L, as a function of AL /L..
From a linear fit, the Poisson’s ratio is estimated to be 0.33 (a) and 0.13 (b).

in our computed Poisson’s ratio as well. Consequently we believe that we have
some uncertainties in the predicted Poisson’s ratio of the glass model.

The Young’s modulus (E) expressed as the resistance of a material to elas-
tic deformation under loading is estimated to be 96.4 GPa for the crystal and
111.3 GPa for the glassy MgCu using the following relation:

E =3K®1 -2v).

The predicted value for the CsCl phase is in good agreement with the other calcula-
tion results of 88 (LDA) and 95 (GGA) [19]. It should be pointed out here that the
estimated E value of the glass is fairly close to 96 GPa measured for the amorphous
Mg,0.4Clse
phase, relative to the crystal, is probably due to the errors in the Passion’s ratio.
If we assume that we have no error in our computed the bulk modulus, to have a
Young’s modulus less than 96.4 GPa for the glass model, its Poisson’s ratio must
be bigger than 0.225 that we call the corrected Poisson’s ratio hereafter.

The shear modulus (u), determining the stiffness of materials, is projected to
be 37.66 GPa for the crystal and 47.1 GPa (39.1 GPa the corrected Poisson’s ratio)
for the glass state using the following equation:

_E
T 2(14v)

systems [17] as well. The higher Young’s modulus of the amorphous

u
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where u was reported to be 55-58 GPa for the CsCl-type phase in the previous
investigation [18], which is rather higher than our estimation.
We eventually evaluate the Vickers hardness using Chen’s equation [28]

0.585
H= 2(%) — 3(GPa)

n

where 7 is the Pugh’s ratio (n = K/u). The hardness is estimated to be 11.98 GPa
(less than 7.7 GPa for the corrected Poisson’s ratio) for the glass configuration and
4.69 GPa for the crystal structure. The hardness of the amorphous Mg, ,Cu,,  sys-
tems was measured to be 4.3 + 0.1 GPa [17] that is in the range of our predictions.

The Pugh’s ratio is linked to brittle or ductile behaviour of materials. If # is
higher (less) than1.75, then a material is ductile (brittle). »n is 1.22 (1.48 for the
corrected Poisson’s ratio) for the glass state suggesting its brittle behaviour and
it is 1.93 for the CsCl crystal implying its ductile behaviour. In a stark contrast
to our prediction, however, the earlier study found # to be in the range of 1.26-
1.42 [19] and the crystal is brittle. This controversy can be clarified by additional
experiments.

4, Conclusions

We have performed first-principles MD simulations to create a MgCu glass model
from its melt and revealed that the liquid and glass forms of MgCu have marginally
dissimilar short-range order. In both states, Cu atoms form 10-12 coordinated
configurations and most of which are the ideal and defective icosahedrons. Mg
atoms, on the other hand, tend to form 12-15 coordinated configurations. The
local structure of the amorphous model is different than the crystalline phases.
From the enthalpy investigations, we propose a possible pressure-induced phase
transformation from the MgCu glass to a CsCl-type structure at about 11 GPa
with a first-order nature. The mechanical properties of the crystal and amorphous
phases are found to be comparable with each other.
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