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We use a combination of classical molecular dynamics simulation and neutron diffraction to identify the
atomic structure of five different Mg—Zn—-Ca bulk metallic glasses, covering a range of compositions
with substantially different behaviour when implanted in vitro. There is very good agreement between
the structures obtained from computer simulation and those found experimentally. Bond lengths and
the total correlation function do not change significantly with composition. The zinc and calcium
bonding shows differences between composition: the distribution of Zn-Ca bond lengths becomes
narrower with increasing Zn content, and the preference for Zn and Ca to avoid bonding to themselves
or each other becomes less strong, and, for Zn-Ca, transforms into a positive preference to bond to

Received 13th May 2016, each other. This transition occurs at about the same Zn content at which the behaviour on implantation

Accepted 3rd March 2017 changes, hinting at a possible structural connection. A very broad distribution of Voronoi polyhedra are
also found, and this distribution broadens with increasing Zn content. The efficient cluster packing

model, which is often used to describe the structure of bulk metallic glasses, was found not to describe
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1 Introduction

Since their discovery over 50 years ago," bulk metallic glasses
(BMG) have been extensively studied.> They are of significant
fundamental and technological interest due to their exceptional
physical, chemical and mechanical properties. Their amorphous
structure means that they are not limited to specific stoichiometries,
resulting in a wide range of possible glass compositions. This also
implies that their macroscopic properties could be continuously
variable, hence tunable, within a certain range by changes in the
glass composition. One field in which this is potentially very useful
is biomedicine.>”

In this work, we investigate Mg-Zn-Ca glasses which are
promising candidates for use as medical implants. They consist
of elements found within the human body and the glasses
themselves are known to be biocompatible.®” Their density and
elastic modulus are comparable to that of human bone,® which
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minimises stress mismatch for orthopaedic applications.
In addition, Mg-Zn-Ca glasses have a very good glass-forming
ability (GFA); the addition of calcium substantially enhances
the GFA over that of Mg-Zn binary glass compositions.’

When crystalline magnesium and its alloys are implanted in
the body, unwanted and harmful hydrogen gas pockets are
generated by the corrosion reaction, which limits the use of
these alloys for biomedical implantation. It was recently
shown?® that Mg-Zn-Ca glasses rich in zinc (> 28 at% Zn) form
a passivating surface layer which prevents the release of hydrogen,
implying that these glasses “hold much promise for improving
next-generation biodegradable implants”."’

In order to optimise these glasses for use as biomedical
implants, or indeed for any other application, we need to understand
how the macroscopic properties of interest depend on the atomic
structure of the glass and its composition. Due to the potential large
impact of these glasses, this has attracted substantial attention, but
the structural studies of Mg-Zn-Ca metallic glasses are far from
complete. Several recent works showed that the short-range
order (SRO) in these glasses is formed to some extent with
icosahedral and icosahedral-like structural units,>**™** but it is
clear that distinguishing the subtle changes in SRO with glass
composition is difficult. Based on ab initio molecular dynamics
(MD) it was also proposed that a percolated network formed
with Zn-centered structural units in Zn-rich Mg-Zn-Ca glasses
(i.e. the medium-range order (MRO)) can promote a homogeneous
corrosion behavior on the alloy surface.”
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Much of this previous work relies on ab initio MD.>' "3
Ab initio MD has the great advantage that is free from a priori
established assumptions about interatomic interactions, but
the associated very high computational expense means that it is
restricted to small models, typically a few hundred atoms. This
prohibits the possibility of analysing the structure at larger
length scales. There has also been very little attempt to complement
these computational investigations with experimental study of the
glass structure, despite the potential for substantial new insight into
the glass properties through a combined modelling and experiment
approach.

In this work, we present for the first time, an investigation of
the structure of Mggo.xZnss_,Cas, (x = 0, 7, 12, 14, 20 at%) bulk
metallic glasses by both classical molecular dynamics and neutron
diffraction. This allows us to characterise in detail the local
structure, including total and partial coordination numbers,
coordination polyhedra distribution and the extent of any
preferential bonding. We are able to reveal some subtle structural
changes which could explain the compositional dependence of the
biodegradable properties of these compositions of bulk metallic
glass. The use of the large models accessible through classical
MD also allows us to investigate the medium-range order (MRO)
in these glasses.

2 Methods

2.1 Experimental

Neutron diffraction expriments were performed for two
compositions: MgeoZnszsCas and Mg,,Zn,;Cas. Bulk metallic
Mg-Zn-Ca glasses were prepared using high-purity elements:
magnesium (99.8%), zinc (99.99%) and calcium (99.5%), all
purchased at Sigma Aldrich, UK. The metals were weighed to
give the desired stoichiometry and mixed thoroughly in a glove
box to avoid air before being placed in a boron nitride crucible.
Ingots of Mg-Zn—-Ca alloys were fabricated using an inductively
heated furnace which was initially evacuated to 8 x 10~> Torr
and backfilled with flowing argon. The metals were melted and
then held at temperature to homogenise before cooling. Rapidly
quenched ribbons were produced by remelting the ingots in
quartz crucibles, and ejecting with an overpressure of 40 kPa
through a nozzle of the quartz crucibles onto a copper wheel
rotating with a surface velocity of 25 m s™'.

Neutron diffraction spectra of the resultant glasses were
collected using the GEM diffractometer™ at the ISIS spallation
neutron source at the Rutherford Appleton Laboratory, UK. The
glasses were broken into small pieces and placed inside an 8.3 mm
diameter vanadium foil container. Spectra were collected for each of
the samples inside the container, the empty container, a vanadium
rod of 8.34 mm diameter, and the empty GEM instrument in order
to perform the appropriate corrections. Data reduction and
corrections were performed using the GUDRUN program."” The
corrections involve the removal of background and container
scattering, normalization, correction for absorption, inelastic and
multiple scattering effects, and subtraction of the self-scattering
term."
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Following these corrections, the resultant coherent scattering
intensity, i(Q) is defined by

i(Q) =D D eicbiby[py(Q) — 1], M

where c; is the atomic concentration, b; is the coherent scattering
length of the chemical species 7, and p;{Q) is the partial structure
factor for species i and j. The Fourier transform of i(Q) generates
the total correlation function, 7(r), given by

70) = 1°0) + 2| oito)m(@)sintondo. @)

where M(Q) is a Lorch window function'® that takes into account
the finite maximum experimentally attainable value of Q and
T°(r) is the average density term, given by

2
T°(r) = 4nrp° (Z c,—b,-) , (3)

where r is the distance from an arbitrary atom at the origin and
p° is the bulk number density.

The total correlation function 7(7) is related to the total pair
distribution function G(r) by

1(r) = 4nrp(G(r) — 1), )

where the total pair distribution function is a function of the
partial pair distribution functions (PDFs):

n n

G(r) =" cibieibi(gi(r) — 1), (5)

=1 j=1
where the partial PDFs g;(r) are defined as

- 1 d}’l,:]‘(r)
T dnrleipy dr

&;i(r) (6)
where dn; are the number of elements of type j between
distances r and r + dr from an element of type i.

2.2 Simulation

For the classical MD simulations, we used a recently developed
many-body, tight-binding (TB) potential>"” of the form

s {psenfa( )} g oenlol)
(7)

where ¢ is an effective hopping integral, ry; is the distance
between the atoms 7 and j, and r, is the expected first neighbour
distance. Simpler pair potentials cannot adequately reproduce
some basic features of metallic systems.'”'® The essential band
character of the metallic bonding, which comes from the
electrostatic interaction of the electron cloud of delocalized
electrons and positively charged metal ions, should be taken
into account. The TB method is a relatively simple scheme for
relating the atomic and electronic structure in metallic systems
without resorting to expensive first-principles calculations. It
describes the ion-ion interaction as made up of an effective
band term (the first term in eqn (7)) plus a short-range
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repulsive pair potential (the second term in eqn (7) in a
Born-Mayer form).'” The parameters of the TB potential for
Mg-Zn-Ca system are given in ref. 12.

Classical MD simulations were performed using the DLPOLY
Classic code.'® All glass models were prepared using the melt-
and-quench method: firstly, the starting configuration was
equilibrated at high temperature, well above the melting
temperature of the glass, and then continuously cooled down
to room temperature. The starting configurations for each
model were obtained by randomly placing 2000 atoms of the
appropriate composition into a cubic periodic simulation box.
The size of the box was defined so as to obtain a correct glass
density and was about 34.5 A depending on glass composition.
The densities of MgeyZnszsCas and Mg,,Zn,;Cas were obtained
experimentally in this work (3.24 and 2.63 g cm ™ * respectively,
see Section 3.1), those of Mge,Zn,sCas and Mg,,Zn,;Cas were
taken from the literature,®'* and the density of MggyZn,sCas,
which was not available experimentally, was estimated at
2.32 g cm >, However, in order to simulate the glass models
under realistic conditions, we used the NPT (constant number
of particles, pressure and temperature) ensemble allowing the
box size to change throughout the simulation. This approach
could be more computationally expensive than NVT (constant
number of particles, volume and temperature) MD but it helps
to avoid high pressures during high-temperature annealing and
it was successfully used to obtain glass models consistent with
experimental data for other glass compositions.>® Hence, the
final glass densities are slightly different from the initial densities,
which will be discussed in more detail in Section 3. To ensure that
these models were large enough, we also constructed 10 000-atom
models of two compositions; there were no statistically significant
differences in the structure between the two sizes.

Each model was firstly equilibrated at 1500 K for 300 ps and
then continuously cooled down to room temperature in 100 K
steps being equilibrated for 100 ps at each temperature. Finally,
each model was run for 300 ps at 300 K. The MD timestep was
1.0 fs, and the pressure set to zero. The cooling rate of these
glasses is 0.7 K ps~ ', which is considerably slower than that used
in ab initio MD simulations of similar BMG.*">'* Although this is
still orders of magnitude larger than cooling rates achieved
experimentally, simulations using cooling rates of this order have
been successful in generating glass structures in agreement with
experiment.”*>* Whilst the structures generated using this
methodology are in agreement with experimental values, some
properties of the glass, such as glass transition temperature, are
more difficult to reproduce using simulation methods. We have
not attempted to compute the glass transition temperature of
our models, but instead we computed structures and diffusion
constants to check that the simulations were liquid at high
temperature and solid at low temperature, and hence that the
final run had equilibrated into an appropriate disordered solid
state. The configuration at the final timestep was used for
further analysis and only the pair-distribution function data
were averaged over the final room-temperature run. Data supporting
this paper are available via the Loughborough University Data
Repository with DOI: 10.17028/rd.1boro.4733263.
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3 Results
3.1 Density

Table 1 gives the densities for the final configurations of all
glass structures. The densities are given in g cm™> and atoms A—*
and compared with available experimental data. There is a good
agreement in calculated and experimental values that demonstrates
the reliability of the interatomic potential, NPT ensemble, and
melt-and-quench procedure used to obtain our glass models.
The largest discrepancies are observed for the Mge,Zn,gCas and
Mg,,Zn,,Cas compositions, however, it is worth noting that the
experimental densities™ for these compositions were extrapolated
from data reported elsewhere.®

3.2 Pair-distribution functions

Fig. 1 shows the experimental and calculated total correlation
functions 7(r) for both compositions which we measured with
diffraction: Mg5,Zn,;Cas and MgeoZn;sCas. In general, there is
very good agreement between the simulated and experimental
T(r) implying that our simulated structures are consistent with
those observed experimentally. The peaks of the calculated 7(r)
for Mg;,Zn,;Cas occur at very slightly smaller values of r than
those seen experimentally, due to the slight (~ 3%) overestimation of
the calculated atomic density with respect to experiment (Table 1).

For both compositions, the intensity of the simulated first
peak in T(r) is larger than for experiment, and the broad peak at
4-7 A is narrower. This higher first peak is often a feature of
simulated correlated functions compared to the broadened
data extracted from experimental data. The double nature of
the second peak is well-reproduced, which is important as it is
a well-known feature of the pair-correlation function of several
metallic glasses.>?”*® The oscillations seen in the experimental
T(r) at larger length scales, 7-12 A, are also present in the
simulated 7(r).

The first peak in 7(r) corresponds to interatomic distances
in the first coordination shell. It is relatively broad (2.5-4.0 A)
for both compositions and has contributions from overlapping
correlations from all the six atom-atom pairs (see Table 2); due
to this complexity we have made no attempt to extract partial
coordination numbers from the experimental spectrum. Neither
the experimental or simulated 71(r) differ significantly when the Zn
concentration is increased from 23 to 35 at% Zn. In Fig. 2 we
show the total distribution functions G(r) for all of our simulated
compositions, and see that there is no significant difference
across this range of compositions, nor is there substantial

Table 1 The simulated and experimentally observed densities of the
Mg-Zn-Ca glasses. The experimental densities for the Mgg;Zn,gCas and
Mg74Zn,1Cas compositions are extrapolated from the data reported in
ref. 8

pcalca Peale Pexp 1000/0(pcalc/

(at' A73) (g Cmis) (g Cm73) pcxp - 1)
MggoZn,5Cas 0.0459 2.38 2.32 (est.) N/A
Mg;,Zn,,Cas 0.0469 2.62 2.481% 5.78
Mg;,Zn,;Ca; 0.0472 2.71 2.63 3.02
Mgg,Zn,5Cas 0.0480 2.92 2.811" 3.85
MgeoZn;5Cas 0.0491 3.22 3.24 —0.76
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Fig. 1 Total correlation functions T(r) obtained with MD simulations (red)
and compared with the neutron diffraction data (black) for (a) Mg7,Zn,3Cas
and (b) MgGOZn35Ca5.

variation in the bond lengths, which are given in Table 2, and
discussed further below. As discussed in the introduction, these
compositions exhibit very different behaviour in terms of their
biocompatibility, so to understand this, we must study their
structures in more detail.

Fig. 3 shows the calculated partial PDFs for all compositions.
Gmg-mg(7); Gmg-zn(r) and Gug_ca(r) partial PDFs do not change
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Fig. 2 Total distribution functions obtained with MD simulations for all
Mg-Zn-Ca alloys.

significantly with changing composition, indicating that the Mg
environment does not depend on composition. As Zn content
increases, the first peak of Gz, zn(r) and Gy, ca(r) sharpens
and becomes more intense; similar features were found in
ab initio MD simulations of these and related Mg-Zn-Ca glass
compositions.'*'* The Gg,_c.(r) partial PDF has considerable
variations in peak shape at larger distances (6-12 A). This effect
has never been considered before as the amount of Ca atoms
in models generated with ab initio MD is very low, so that the
Ca—-Ca partial PDF is liable to strong statistical noise. To check
that these variations were not due to remnants of the initial
configuration, we computed the Ca diffusion constant at 1500 K,
and found it to be about 2 x 10~® m* s, implying an average Ca
atomic displacement of ~60 A during the 300 ps run at 1500 K.
This is the same order of magnitude as the size of the model,
meaning that any memory of the starting configuration will
have been destroyed even by the end of the 1500 K part of the
trajectory. Statistical noise due to the low Ca content of these
models seems the most likely explanation.

Table 2 gives the interatomic bond distances estimated from
the first maxima of the simulated partial PDFs. The interatomic
bond distances for all pairs of atoms stay virtually constant

Table 2 The interatomic bond distances (ry, A), that correspond to the position of the maximum intensity of the first peak in the respective partial PDFs of
all compositions. The calculated distances are accurate to 0.025 A. The metallic, r., and covalent, r., bond distances,?>2® bond distance values averaged
for the five compositions, (rj)aver, and their deviations from r, and r. are also given

ry (A)

Mg-Mg Mg-Zn Mg-Ca Zn-7Zn Zn-Ca Ca-Ca
MgsoZn;5Cas 3.025 2.825 3.425 2.725 3.175 3.725
Mg;4Zn,,Cas 3.025 2.825 3.425 2.675 3.175 3.775
Mg,5Zn,;Ca; 3.025 2.825 3.425 2.675 3.175 3.775
Mgs;Zn,5Cas 3.025 2.825 3.425 2.675 3.175 3.775
MgeoZn;sCas 3.025 2.825 3.425 2.675 3.175 3.725
(Tg)aver 3.025 2.825 3.425 2.685 3.175 3.755
T'm 3.20 2.94 3.57 2.68 3.31 3.94
100%(Faver/Tm — 1) —5.47 -3.91 —4.06 0.19 —4.08 —4.70
Te 2.82 2.63 3.17 2.44 2.98 3.52
100%(Fayer/Te — 1) 7.27 7.41 8.04 10.04 6.54 6.68
Crystalline 3.05-3.18 3.04 3.62 2.53-4.15 3.14-4.17 3.61-4.32
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Fig. 3 Partial radial distribution functions for all simulated Mg—Zn-Ca compositions.

across this range of composition. This is contrary to other
studies®'*'*?*® where, for example, the Zn-Zn interatomic
bond distance changes significantly, by up to 0.1 A. The average
interatomic distances, (rj)aver, are generally slightly shorter for
the Mg-rich compositions we consider in this system than for
the Ca-rich compositions considered in other work,* which
implies a more dense and efficient packing, as we discuss
below in Section 3.3.

The values of our calculated interatomic bond distances lie
in between covalent, r., and metallic, r,, bond distances
(Table 2). Only the Zn-Zn nearest-neighbour distance is outside
this range as it is slightly larger than the corresponding ry,.
Characteristic bond lengths for several crystalline binary
compounds®®*® are also given in Table 2. The bond distances
for Mg-Mg, Mg-Zn and Mg-Ca are considerably shorter than
those in crystals and those for Zn-Zn, Zn-Ca and Ca-Ca are
close to the minimum distance values for crystals indicating
that the absence of the long-range order constraints allows

8508 | Phys. Chem. Chem. Phys., 2017, 19, 8504-8515

shortening of interatomic distances between the nearest-neighbour
atoms in the amorphous structure.?

3.3 Coordination numbers

The distributions of the total simulated coordination numbers
(CN) for all compositions are given in Fig. 4, and the partial CNs
for all pairs are given in Table 3. The coordination number of
the atom is defined with Voronoi polyhedra analysis, which will
be described further in Section 3.5. The average CN for all
species very slightly increases with increasing Zn content: from
14.11 to 14.45 (an increase of 2.4%) for Mg, from 12.38 to 12.84
(an increase of 3.7%) for Zn, and from 17.2 to 17.84 (an increase
of 3.5%) for Ca. The largest proportional effect is for Zn atoms.
We see from Table 3 that as Mg content decreases and Zn
content increases, the number of Mg atoms in the first coordination
shell of all species decreases, to be replaced by an increase in
the number of Zn atoms, e.g., CNyg7, increases from 2.08 to
5.19, CNz,_ 7, from 0.81 to 3.21, and CN¢,_z, from 1.4 to 5.08.
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Fig. 4 Distributions of Mg-centered, Zn-centered, and Ca-centered clusters
by their total coordination number for all simulated compositions.

Although the content of Ca atoms does not change for this
range of compositions, CNz,_c, and CNg,_c, partial CNs both
increase significantly, while CNy;,_c, remains unchanged. This
result can indicate some preferences in Zn-Ca and Ca-Ca
bonding and will be discussed in Section 3.4 in more detail.

The exact partial CNs available from the simulated data
allow us to calculate the local atomic packing efficiency using
the approach of Miracle.?"** For all of the simulated structures,
the packing efficiency for Mg atoms is about 100%, for Zn
atoms about 113%, and for Ca atoms about 105% (we note that
a £10% accuracy is anticipated in the calculation of the local
packing efficiency®®), implying that the atoms in the glass are
packed extremely efficiently. This implies that all available
space in the first coordination shell of all species is fully
occupied contrary to CagyMg,Zn,_ glasses® where the packing
efficiency does not reach its maximum value for the largest Ca
atoms. The packing efficiency correlates with glass forming
ability (GFA).**** The maximum packing efficiency found for
our simulated glasses agrees with the experimentally known
good GFA of these glasses.’
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Table 3 Partial and total coordination numbers of Mg, Zn and Ca atoms in
modeled Mg-Zn-Ca glass structures

Composition Mg-Mg Mg-Zn Mg-Ca Mg total
MggoZn,5Cas 11.09 2.08 0.94 14.11
Mg54Zn,,Ca; 10.20 3.00 0.98 14.18
Mg;,7Zn,;Cas 9.97 3.30 0.97 14.24
Mg, Zn,5Cas 9.29 4.05 0.97 14.31
MggoZn;5Cas 8.28 5.19 0.98 14.45
Composition Zn-Mg Zn-7n Zn-Ca Zn total
MggoZn,sCas 11.10 0.81 0.47 12.38
Mg,,Zn,,Ca; 10.57 1.34 0.60 12.51
Mg-,Zn,;Cas 10.32 1.66 0.61 12.59
Mgg,Zn,sCas 9.69 2.29 0.67 12.65
MggoZn;5Cas 8.90 3.21 0.73 12.84
Composition Ca-Mg Ca-Zn Ca—Ca Ca total
MggoZn,5Cas 15.1 1.4 0.7 17.2
Mg,,7n,,Cas 14.5 2.5 0.78 17.78
Mg;,Zn,;Cas 13.95 2.8 0.9 17.65
Mg, Zn,5Cas 12.99 3.73 0.96 17.68
MggoZn;5Cas 11.74 5.08 1.02 17.84

3.4 Local chemical order

To characterise the local chemical order, one can define a
chemical short-range order (CSRO) parameter o j), which for
a ternary glass takes the form*’

ai(jk) =1 — (CNU + CN,]C)/((CJ + Ck)CNl') for i # J # k, (8)

where CNj; is the partial CN of species j around species i, ¢; is
the atomic fraction of the species i, and CN; is the total CN of
species i. The equivalent form for a binary glass is*®

o = 1-— CNIJ/[CJCNI) (9)

Negative values of «; imply a preference for that bonding, and
positive values an avoidance. The binary and ternary CSRO
parameters are related by

i = (1 — l/Ci)O(i(jk), [10)
and so o; < 0 indicates an increased concentration of like
atoms in the first coordination shell of atom i.

The CSRO parameters «; and o are given in Tables 4 and 5.
ovgmg aNd avezn are close to zero indicating the absence of CSRO
in the distribution of Mg and Zn atoms around Mg atoms,
whereas the strongly negative values of oygeca indicate an
increased local concentration of Ca atoms in the first coordination
shell of Mg.

For Zn and Ca atoms the local environment is far from
neutral: negative oz,v, values and positive oz,7, values indicate
an enrichment in Mg atoms and a deficit of Zn atoms in
Zn-centered clusters. This deficit decreases with increasing Zn
content but even for the Mge,Zn;;Cas composition, it remains
significant (07,7, = 0.29). A similar situation is observed for
the local environment of Ca: a slight enrichment in Mg atoms
and a deficit of Zn atoms, which reduces with increasing
Zn content.
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Table 4 Chemical short range parameters, «; for Mg-, Zn-, and Ca-centered clusters in the Mg-Zn—-Ca amorphous systems

O Mg-Mg Mg-Zn Mg-Ca Zn-Mg Zn-Zn Zn-Ca Ca-Mg Ca-Zn Ca-Ca
MggoZn,5Cas 0.02 0.02 —0.34 —0.12 0.56 0.25 —0.10 0.46 0.19
Mg,,Zn,,Cas 0.03 —0.01 —0.38 —0.14 0.49 0.05 —0.10 0.33 0.12
Mg;,Zn,;Cas 0.03 —0.01 —0.36 —0.14 0.43 0.03 —0.10 0.31 —0.02
Mgg,Zn,5Cas 0.03 —0.01 —0.35 —0.14 0.35 —0.05 —0.10 0.25 —0.09
MgeoZn;5Cas 0.05 —0.03 —0.35 —0.16 0.29 —0.13 —0.10 0.19 —0.14

Table 5 Chemical short-range order parameters, o, for Mg-, Zn-, and
Ca-centered clusters in the Mg—Zn—-Ca amorphous systems

“i(jk)y i= Mg Zn Ca

MggoZn,5Cas —0.07 —0.10 —0.01
Mg4Zn,,Cas —0.08 —0.13 —0.01
Mg5,Zn,;Cas —0.07 —0.13 0.00
Mge,Zn,5Cas —0.06 —0.14 0.00
MgeoZn;sCas —0.07 —0.15 0.01

Remarkable changes are observed for az,ca and caca. With
increasing Zn content, these parameters change from 0.25 and
0.19 for MggyZn,sCas to —0.13 and —0.14 for Mge¢Zn;zsCas, ie.,
a strong deficit in Ca around Zn and Ca transforms to a slight
enrichment as Zn content increases. Remarkably, oz,c. and
Ocaca Values cross from positive to negative at Zn content of
23-28 at%, ie., near the threshold value where Mg-Zn-Ca
glasses forms the amorphous Zn- and oxygen-rich layer which
prevents the harmful release of hydrogen on immersion into
the body.” Across the same range of compositions, oz, and
Umgca Temain unchanged. This allows us to speculate that
Zn—-Ca and Ca-Ca bonding play an important role in structural
changes which occur with changing Zn content and affect the
biocompatibility of Mg-Zn-Ca glass.

The o5 values in Table 5 demonstrate the absence of
significant clustering in Mg-Zn-Ca amorphous alloys. All values
are zero or slightly negative, indicating no CSRO around Ca and
slightly increased order around Mg and Zn respectively.

3.5 Voronoi polyhedra distribution

Voronoi analysis can be used to further characterise the order
of BMG providing important information on atoms first
coordination shell.>” The Voronoi polyhedron for a given atom
is defined as the region of space which is closer to that atom
than to any other. Each polyhedron can be described by its
signature, (v3, V4, Vs, Vs,. . .), where v, is the number of faces on
the polyhedron containing m edges. For example, the icosahedral
motif, which is important in BMGs, has twelve pentagonal (m = 5)
faces and therefore has a Voronoi signature of (0, 0, 12, 0).

One can define the coordination number of an atom directly
from its Voronoi polyhedron as CN =) v,, by defining

m

nearest-neighbour atoms as two atoms which have common
faces in their Voronoi polyhedra.®® This gives a different
definition of the CN to that often used, where two atoms are
nearest neighbours if they are closer than a given cutoff. The
coordination number defined in this way is very sensitive to the
choice of the cutoff value if the bond length distribution is
broad®® as it often is for metallic glasses. Moreover, comparison
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with other results becomes more difficult if a different cutoff
value was used.

In this work, the Voro++*° code was used to perform the
Voronoi analysis. An example of a simulation box with calculated
Voronoi polyhedra is given in Fig. 5.

The distributions of different types of Mg-, Zn-, and
Ca-centered coordination Voronoi polyhedra are given in Fig. 6.
Note that for Mg- and Zn-centered clusters only polyhedra with
>2% population in all compositions are given, whereas for
Ca-centered clusters polyhedra with > 2% population in at least
one composition are given.

It is clear that the distributions for all elements are very
broad and it is difficult to distinguish a dominant type of
coordination polyhedra. However, for Mg-centered clusters,
(0, 2, 8, 4) and (0, 1, 10, 2) polyhedra make up 6-9% and
5-8% respectively of the total population. For Zn-centered
clusters, the (0, 2, 8, 2) and (0, 0, 12, 0) polyhedra dominate
with 9-17% and 8-14% respectively of the total population. For
Ca-centered clusters, it is not possible to define a dominant
type of coordination polyhedra for all compositions.

Although the distribution of coordination polyhedra is
very broad, it is possible to highlight some trends which
occur with changes in composition. In Zn-poor compositions
(MggoZn,5Cas and Mg,,Zn,;Cas) the distribution of polyhedra
is narrower: the fraction of Zn-centered (0, 2, 8, 2) and (0, 0, 12, 0)
polyhedra is highest (17% and 14%) and for Ca-centered clusters the
fraction of two types of polyhedra ((0, 2, 8, 6) and (0, 8, 8, 7)) reaches
8%. By contrast, for the Zn-rich composition Mgg,Zn;sCas, the
maximum value of fraction for any polyhedron type does not exceed
9% and 4% for Zn- and Ca-centered clusters respectively. For
Mg-centred polyhedra, no clear tendencies could be found.

3.6 Bond-angle distribution

The bond-angle distributions (BAD) for Mg-X-Mg (X = Mg, Zn,
Ca) are given in Fig. 7. There are no significant changes in these
BADs with composition. The Mg-Mg-Mg and Mg-Zn-Mg BADs
have two broad peaks at ~57° and 106° and ~63° and 117°
respectively. The ideal icosahedral bond angles are ~63.5° and
116.5°, indicating that Zn-centered clusters are more likely to
form icosahedral and related motifs than Mg-centered clusters.
This confirms the results of Voronoi tesselation analysis
discussed above. The Mg-Ca-Mg BAD has peaks at &~50° and
95°, which corresponds to the higher Ca atom CN (17.2-17.84)
and a larger fraction of polyhedron faces with six edges.

3.7 Medium-range order

Structural studies of BMGs over the past decades have shown
that many glasses exhibit not just short-range order (SRO) but
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Fig. 5 A snapshot of the final configuration for MgggZnisCas glass with calculated Voronoi polyhedra. Mg, Zn and Ca atoms are represented with the

spheres coloured with respect to different coordination numbers.

also order at larger length scales, so-called medium-range order
(MRO).2?%>40"44 Generally, MRO in glasses is shown by a pre-
peak in the neutron or X-ray scattering structure factor.” There
is no unique explanation of the origin of this feature. Some
suggest that icosahedral clusters are the source of MRO,*>*®
however, such a pre-peak was also observed from neutron
scattering data on a Zr-Ni liquid*” which is reported not to have
dominant icosahedral short-range order. It has been suggested**
that “a pre-peak is a manifestation of chemical and topological

This journal is © the Owner Societies 2017

ordering originating from the most common polyhedral cluster
in each system, icosahedral or otherwise”.

The extent of MRO in Mg-Zn-Ca glasses is likely to be rather
small. Fig. 8 shows the experimental total neutron scattering
structure factors for Mge,Zn;sCas and Mg,,Zn,;Cas metallic
glasses. For our samples, a pre-peak at about 1.2 A~* is barely
resolved.

The efficient cluster packing (ECP) model has been recently
developed for the structural description of metallic glasses™
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Fig. 6 Distribution of different types of Mg- (top), Zn- (middle) and
Ca- (bottom) centered coordination polyhedra in all simulated compositions.

and applied to the structure of Ca-Mg-Cu glasses,*® where it
was shown that the MRO can be explained as a face-centered-
cubic (FCC)-like local ordering of Cu-centered clusters. In our
glasses, the Zn-centered clusters could play this role of the MRO
formers. Icosahedral (0, 0, 12, 0) and icosahedral-like ((0, 2,
8,2), (0,1, 10, 2) and (0, 2, 8, 1)) clusters make up about 33% of
the Voronoi polyhedra for Mg5,Zn,;Cas, for example, and can
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tions in the simulated compositions.

40 60 80

be considered as SRO forming structural units, consistent with
previous results.""'* Hence, we assume that Zn-centered clusters
form the FCC motif and try to explain the Zn-Zn partial PDF
profile, gznzq(7) (Fig. 3), with the ECP model.*>>*° In particular, we
are interested in the broad double peak in G(r) at ~4-6 A. For
conciseness, the analysis is only shown for the Mg,Zn,;Cas
composition.

Within the ECP model,***° the FCC lattice has four o sites
occupied with Zn-centered clusters and four octahedral (B) and
eight tetrahedral (y) interstitial sites which could be also
occupied by alloying elements. The average number of atoms
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MggoZnzsCas (dotted line) and Mg7,Zn,3Cas (solid line) metallic glasses.
The arrow indicates a barely resolved pre-peak at ~1.2 A%,

in each Zn-centered cluster is 13.6 (CNz, + 1) and so we can
estimate the number of atoms forming the FCC “super-cell” as
between 54.3 (no interstitial sites occupied) and 66.3 (all
interstitial sites occupied). By using the calculated density, this
implies a supercell volume of 1150.5 to 1404.5 A*, and hence a
lattice parameter between 10.5 A and 11.2 A. The distance
between neighbouring Zn-centred clusters, r., is the lattice
parameter divided by v/2, hence between 7.4 A and 7.9 A. The
third peak of the simulated Zn-Zn partial PDF, gz,,,(7) (Fig. 3),
is at 7.525 A and, hence, is consistent with this r. value.

By using this calculated value, the super-cell parameter is
refined to 10.6 A, which corresponds to 22% of interstitial sites
in a super-cell being occupied. For this value of a., we expect
to find the peak corresponding to the octahedral site at 5.3 A
(=a./2) and the peaks corresponding to the tetrahedral sites at
4.6 A (= V3a./4) and 8.7 A (= V/11a./4). The positions for the
second and the third peaks in gznzn(r) are at about 4.73 A and
5.48 A respectively. Hence, the second peak could possibly be
assigned to the distance between the Zn atom in the center of
the cluster and a Zn atom in the nearest tetrahedral position.
However, the third peak is further from the predicted distance
between o and B (octahedral) sites. The magnesium atom could
occupy the octahedral interstitial sites, however, the Mg-Zn
partial PDF, gygzn(r) (Fig. 3), demonstrates that there are no
peaks corresponding to the predicted distances. This implies
that Mg-Zn-Ca metallic glasses do not possess a MRO which
could be described well with the ECP model.

It is usual to assume that the largest solute in a multicomponent
glass would be the primary structure-forming solute.”® In our
system, the largest solute atom is Ca and its concentration is too
small. However, for Ca-Mg-Cu glasses, it was suggested that
elements with the strongest chemical interaction with solvent atoms
form the structure-forming clusters.>® The order of interaction
energy in Mg-Zn-Ca system can be estimated with heats of
mixing,*® which suggest that the Ca-Zn interaction (—22 kJ mol )
is much stronger than the Ca-Mg and Mg-Zn interactions
(=6 kJ mol™" and —4 kJ mol?, respectively). In such a way,
in our systems, the dominant solute Zn atoms have the weakest
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interaction with the solvent Mg atoms. This could possibly be a
reason why our systems do not exhibit the explicit medium-
range ordering seen in Ca-Mg-Zn?*° and Ca-Mg-Cu®’ glasses,
where the solute atoms interact more strongly with solvent
atoms than with other solute atoms.

The formation of chain-like fragments in the modeled glass
structure can be considered as a certain degree of a MRO.
Indeed, our calculations demonstrate that the Zn-Zn connectivity
strongly increases with increasing Zn content. In agreement with
ab initio MD simulations,'? the number of Zn atoms connected
to two other Zn atoms dramatically increases for zinc-rich
compositions (Mgs,Zn,gCas and Mge,Zn;5Cas), and the number
is of course largest for the compositions richest in zinc. In such
a way, our calculations confirm the proposed idea'® that
“Zn-centered cluster(s) could eventually form a percolated net-
work” and that this can determine the physical and chemical
properties of the bulk materials.

4 Conclusions

In this work, we have presented a combined simulation-experiment
study of the atomic structure of Mg-based bulk metallic glasses
intended for biomedical applications. A good agreement in
calculated and experimental densities and in pair-correlation
functions for two compositions (MggoZnssCas and Mg5,Zn,;Cas)
let us conclude that our models of glass structure are realistic,
and so we studied five different compositions of potential
biomedical relevance. There is no significant change in the total
pair-correlation functions or in the bond lengths for the range
of compositions studied. There were only small increases in
the total coordination numbers with increasing zinc content.
The bond lengths for all pairs of atoms are smaller or close to
minimum bond distances found in crystalline compounds,
indicating a dense and efficient packing of atoms within an
amorphous system and the bond distance shortening caused by
the absence of the long-range order. This is confirmed by calculated
packing efficiencies of about 100%, which also corresponds to these
compositions’ known good glass-forming ability.

The greatest variation in the bonding with composition was
in the zinc and calcium bonding, which we have characterised
by calculating the local chemical short-range order parameter
using the partial coordination numbers extracted from our
structural models. At low zinc content, zinc and calcium prefer
to avoid each other and themselves in their first coordination
shell. As zinc content increases, this avoidance becomes less
prevalent and in the highest-zinc-content glasses, zinc and
calcium prefer to bond to calcium. This is also visible in the
sharpening of the first peaks in the Zn-Ca and Ca-Ca partial
pair-correlation functions, and the increase in the Zn-Ca and
Ca-Ca coordination numbers. The crossover between avoidance
and preference occurs at zinc contents of 23-28%, close to the
threshold value of 28% where Mg-Zn-Ca glasses change their
bio-compatible properties. This implies that the suggestion that
the corrosive elements (Mg, Ca) are removed in the body to leave
the passive zinc is too simplistic, and that there is substantial
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preferential bonding in these systems, which will strongly affect
the passivation.

The distribution of Voronoi polyhedra is very broad for all
simulated glasses and there is no single unambiguously dominant
structural unit. Icosahedral and icosahedral-like coordination
polyhedra are always present. In Zn-poor glasses, these (0, 2, 8, 2)
and (0, 0, 12, 0) coordination polyhedra make up 14-17% of
the population of polyhedra and their content decreases with
increasing Zn content. This indicates a sort of degradation of
the short-range ordering in Zn-rich Mg-Zn-Ca glasses.

In the last section of this paper, we have applied the efficient
cluster packing model in order to investigate the medium-range
order in these glasses. We conclude that this model cannot describe
the MRO in our amorphous systems. This is also confirmed by our
experimental total neutron scattering structure factor which does
not have the explicit pre-peak which usually indicates the presence
of MRO. The only evidence of the MRO for Mg-Zn-Ca glasses is the
increasing amount of chains formed with Zn-centered clusters in
Zn-rich Mg-Zn-Ca metallic glasses. Our result confirms an earlier
suggestion™ that Zn-centered clusters could form a percolated
network and that this can determine the physical and chemical
properties of the bulk materials.
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