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Understanding the Effect of Oxygen ®

Check for

on the Glass-Forming Ability of Zrs5CussAlgBeg Bulk
Metallic Glass by ab initio Molecular Dynamics

Simulations

CHENG WANG, SHUN-LI SHANG, JIANG YOU, BRANDON BOCKLUND,
YI WANG, HUI-YUAN WANG, and ZI-KUI LIU

Oxygen (O) is an inevitable impurity in bulk metallic glasses (BMGs) and its influence over the
glass-forming ability (GFA) of BMGs is a longstanding controversy. The present ab initio
molecular dynamics (AIMD) simulations indicate that the GFA decreases upon introducing
0.78 at. pct O in the amorphous ZrssCussAlgBeg (at. pct), while examining the evolution of
atomic configurations and kinetic properties in BMGs. This study includes a comprehensive
analysis using pair correlation function (PCF), bond pair analysis (BPA), and Voronoi
polyhedra construction. It is concluded that the incorporation of O leads to a decline in the
closely packed icosahedral polyhedrons, where the atom O is coordinated with Be and Zr in the
first nearest shell to form the O-centered clusters with enhanced ordering. Mean square
displacement (MSD) analysis also shows that the trace O could induce remarkable acceleration
of atomic mobility, therefore increasing crystallization tendency of the ZrssCussAlyBey alloy.
The present results illuminate the role of O in the metallic glass-forming process and reveal the

underlying role of O in the GFA of the Zr-Cu amorphous alloys.
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I. INTRODUCTION

THE Zr-Cu based bulk metallic glasses (BMGs)
represent an emerging class of structural as well as
functional materials with unique physical and mechan-
ical properties as a consequence of their amorphous
nature."* It is known that oxygen (O) is an unavoid-
able impurity in BMGs, originating from both raw
materials and surrounding atmospheric conditions.
Even a small amount of O produces a dramatic effect
on both crystalline phase fraction and mechanical
properties of BMGs. The exact role of O on glass
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formation remains unknown despite considerable
research on metallic glass synthesis, due to the complex
interactions in multi-component alloys.!'# The objec-
tive of the present study is to identify the underlying
mechanisms responsible for the effect of O content on
the glass-forming ability (GFA) of Zr-Cu based BMGs.
As outlined below, interpretation of the results from
other recent studies remains controversial.

Generally, impurity O is regarded as a detrimental
component to the GFA.,’! as it may promote the
formation of crystalline phases. For instance, Qiu
et al!® deduced that increasing O impurities (0.1 to
1.0 at. pct) in the Zr-Cu-Al-Ni alloys results in an
increase of the primary crystallizing phases and hence
deteriorates the GFA. Liu er all also demonstrated
that a level of 0.3 at. pct O dramatically reduces the
GFA and thus embrittles Zr-based BMGs. However, it
was also reported that a tiny amount of O may enhance
the GFA in Fe-based®™ and Zr-based” amorphous
alloys by suppressing precipitation of the competitive
primary phases and reinforcing liquid stability.!'%!!
Wang et al'? found that the addition of O (from 0.015
to 0.075 wt pct) actually improves the GFA in the
Zr-Cu alloys for some specific compositions (e.g.,
Zrs53Cuy; and ZrsyCuyg), resulting in a transition from
the partial to fully amorphous condition.
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It is apparent that the GFA depends strongly on the
O content and the composition of BMG alloys."* The
addition of O at fairly high levels (1.5 wt pct) was shown
to preclude glass formation, but at low amounts (0.025
to 0.5 wt pct), amorphous structures were obtained.['*!
Moreover, the introduction of new components (e.g.,
0.1 at. pct B + 0.2 at. pct Si + 0.1 at. pct Pb in
Zr-based BMGs) stabilizes the glass- phdse matrix even
though it contains 0.3 at. pct levels of 0.

Despite the numerous publications on GFA in BMG
alloys, the influence of O on the GFA is still not well
understood. According to the literature, the detrimental
effect of O is normally attributed to the induced harmful
oxides, acting as heterogeneous nucleation sites for
crystalline phases However, it is also known that the
solubility of O in crystalline Zr is pretty high (eg,
~ 30 at. pct at 200 °C).') A small amount of O is
expected to dissolve uniformly into Zr alloys accord-
ingly Zr-containing oxides will not be formed.!"?! There-
fore, it is suspected that trace O influences the GFA of
amorphous alloys through inducing or su 2;])pressing the
formation of existing crystalline phases,'” rather than
heterogeneous nucleation of oxides.

Furthermore, the mechanism related to how O affects
the GFA in the Zr-Cu-based alloys may be different
from other BMG alloys. For example, the addition of O
promotes the formation of the metastable Ti,Ni-type
“Big Cube” phase in the Zr-Ni alloys,["*'® which also
depends on the local cooling conditions. However, the
phases formed in the Zr-Cu BMG alloys are always
ZrCu or Zr,Cu prec Ipltates that can contain any level of
O concentration.! Accordmgly, the devitrification
pathways may be quite different in the Zr-Cu amor-
phous system in comparison with the Zr-Ni system. It is
evident that further work is required to understand the
underlying science regarding the influence of O on the
GFA of the Zr-Cu amorphous alloys, especially in the
case of alloying with other dopants.

In the present work, the prime focus is on the
topological properties and kinetics of ZrssCussAlgBeg
and ZrssCussAlgBeyO, in order to illustrate the effects of
O on the cluster structures of Zr-Cu-Al-Be alloys when
transforming from liquid to BMGs. Consequently,
ab initio molecular dynamics (AIMD) simulations have
been performed to examine the cooling process of these
two BMG alloys. Furthermore, the present work also
investigates how O influences the course of the BMG
formation in Zr-Cu-Al-Be alloys. The study reveals the
mechanism of the O-induced BMG crystallization from
ancillary first-principles and phonon calculations based
on density functional theory (DFT).

II. CALCULATIONAL METHODS

All DFT-based AIMD simulations in the present
work were performed usm% the Vienna ab initio simu-
lation package (VASP)!!”"*T based on density functional
theory (DFT). Note that ancillary first-principles and
phonon calculations were also based on the VASP code
and are presented in the Supplementary Material.
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The generalized gradient approximation (GGA) by
Perdew—Burke-Ernzerhof (PBE)!"” was employed as the
exchange correlation functional. The AIMD smlulatlons
were conducted based on the NVT ensemble,?*!
which the number of atoms (N), volume (V), and
temperature (7)) kept constant. The Nosé—Hoover ther-
mostat was utilized to control the temperature. The
equation of ion motion was solved via the velocity
Verlet algorithm with a time step of 2 fs. Only the I
point in the Brillouin zone was applied. The plane-wave
cutoff energies were adjusted by VASP, i.e., “PREC =
low” for the general AIMD simulations and
“PREC = Accurate” for the cases to estimate the zero
external pressure. The convergence of electronic energy
was smaller than 10~* eV/atom.

The Zr-Cu-Al-Be BMG alloy was described by a
128-atom cubic supercell of ZrssCussAlgBeg. One O
atom was introduced into this supercell, i.e.,
Zr55CussAlgBeyO; with O content of 0.78 at. pct, to
investigate the role of O in glass formation. In order to
obtain the initial liquid configuration of ZrssCussAlgBeg
and Zrs5CussAlgBegO, the lattice parameters were set as
13.27 x 13.27 x 13.27 A® and
13.27 x 13.27 x 13.27 A%, respectively, to coincide with
experlmentally measured den51ty of the Zr55Cu;0N15A110
22 and also ensure the external pressure is zero.
The initial structure was then equilibrated at 3000 K for
at least 10,000 ionic steps to build a random liquid
configuration. Then the cooling process was carried out
sequentially from 1200 to 300 K with an interval of
100 K, each for 2000 steps (4 ps). The configuration at
each temperature stage was all thermally annealed for at
least 6000 steps (12 ps) to get equilibrium configura-
tions; see detailed AIMD schemes in Figure 1. These
annealed configurations also act as the input model for
the next cooling process. Note that the equilibrium
volumes of supercells at each temperature were adjusted
to zero pressure using at least 3000 steps (6 ps); as
summarized in Figure 2, the volumes decrease with
decreasing temperature. Particularly, the simulated
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Fig. 1—Calculation steps including annealing and quenching for
ZrssCussAlgBey and  ZrssCussAlgBeoO, where the equilibrium
volumes are adjusted at each temperature.
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Fig. 2—Equilibrium volume per atom for ZrssCussAloBey and
Zrs55CussAloBeyO during the annealing processes.

densities of ZrssCussAlgBey and ZrssCussAlgBey-O at
300 K are 6.91 and 6.70 g/cm®, respectively, which agree
with the experimental density around 6.799 g/cm” of
ZrssCusoNisAlo.*? It should be mentioned that we
employed more supercomputer resources to perform
these time-consuming AIMD simulations (see details in
Acknowledgements). Roughly we can perform only 50
AIMD steps per hour by using 32 central processing
units (CPUs).

In order to characterize structural evolution and
dynamic properties of ZrssCussAlyBey and ZrssCussAly.
BeyO, various methodologies including the pair corre-
lation function (PCF), bond pair analysis (BPA),
coordination number (CN), Voronoi polyhedron, and
mean square displacement (MSD) were systematically
employed.

The pair correlation function (PCF) indicates the
radial distribution for the atoms of interest, which
provides the distance information between the nearest
neighbors.”> > The PCF is also normalized by the
average density:

g(r) = n(r)/(p4nr2Ar), [1]

where g(r) stands for the PCF, n(r) the mean number of
atoms in a shell with width of Ar at distance r, and p the
average density of atoms in the system. All the PCF
results involved in the present work were obtained by
considering the average of the last 100 AIMD steps to
ensure statistic accuracy. Moreover, the AIMD-simu-
lated PCF, g(r), can be separated into the partial PCFs
for all the possible atom pairs, with respect to a specific
species. The uniqueness of PCF lies in its convenience in
comparison with experimental results from such as
X-ray and neutron diffractions. It also provides distance
information (i.e., the cutoff value) between the nearest
neighbors. However, the PCF is merely a statistical
analysis of global structure, which cannot characterize
the local structure motifs in both the liquid and
amorphous states. To better quantify topological evo-
lutions, other structural analysis methods were also used
as detailed below.

METALLURGICAL AND MATERIALS TRANSACTIONS A

The bond pair analysis (BPA) offers specific bonding
information between a central atom and its nearest
neighbors.”>2” According to the Honeycutt and
Anderson’s formula,®® the indexes (i, j, k, I) can be
used to interpret atomic local circumstance in regard to
a root pair that represents two atoms in the pair of
interest for decomposing the first two peaks of the PCF.
Here, i = 1 means there are bonds forming between the
root pair; otherwise i = 2 indicates that atomic pairs
are not the near neighbors. Parameter j denotes the
number of atoms forming bonds with the root pair.
Parameter k represents the number of bonds forming
among j atoms. Parameter / is adopted to distinguish
local structure when i, j, and k are the same. The typical
bond pairs are related to specific ordering. For example,
the (1551) bond pairs have fivefold symmetry, which
gives a measure of perfect icosahedral ordering. The
(1431) and (1541) indicate distorted icosahedral config-
uration. The (1421) and (1422) reflect the characteristics
of bond pairs of face-centered cubic (fcc) and hexago-
nal-close-packed (hcp) structures. Moreover, the (1441)
and (1661) pairs refer to body-centered cubic (bce)
structure. The other types of bond pairs are usually
classified as random structures. The BPA can distinguish
various inherent structures like icosahedral, fcc, hcp,
and bcc clusters; nevertheless, it cannot concretely tell
sufficient feature differences between the fcc and hcp
structures.

The Voronoi tessellation method is a useful tool to
analyze the local atomic environment,”**% which
describes the possible clusters relative to a central atom
spatially and visually. The Voronoi clusters are
described by utilizing the 4-integer index (n3, n4, ns,
ne), where n; represents the number of i-edge poly-
gons.®" Tiny surfaces and ultra-short edges are ignored
for model simplification. The ) n; denotes the total
coordination number (CN), which measures the number
of the contacted neighboring atoms. The general atomic
packing principle in BMGs/liquids is to maximize the
fivefold packing,** and therefore the indexes with larger
ns values are more prone to stabilize the amorphous
structure. For example, the Voronoi index of (0, 0, 12,
0) corresponds to a polyhedron of ideal icosahedral
type. Moreover, the icosahedral clusters also tend to
form the (0, 2, 8, 1), (0, 1, 10, 2), (0, 2, 8, 2 ) and (0, 3,
6, 3 ) polyhedrons, which are usually regarded as the
icosahedra-like structures. In terms of the ideal fcc/hep
structures, it has an index of (0, 12, 0, 0) and the (0, 6, 0,
8) is related to bec clusters.***¥ The uniqueness of the
Voronoi polyhedron is that it is a three-dimensional
(3D) approach and can be utilized to analyze the
medium-range ordering based on the connection of
coordination polyhedra. Nevertheless, this methodology
cannot indicate the saturability of the bonding pairs,
and there are some deviations in the description of local
structures with high symmetries to some extent.

The diffusion behavior of BMG during liquid cooling
is further investigated by exploring the mean squared
displacement (MSD) values. Note that the MSD is a
measure of the deviation of the position of a ?article
with respect to a reference position over time:**
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where R; stands for the position of atom i, N the
number of atoms to be averaged, and ns the number of
time origins.

III. RESULTS AND DISCUSSION

A. Pair Correlation Function (PCF) and Understanding
Metal-Oxygen Bonding

Figure 3 summarizes the partial PCFs of the O-cen-
tered bonds in ZrssCussAlgBeyO at different tempera-
tures. The first major peak on the O-related PCF curves
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Fig. 3—Partial PCFs for O-containing bonds in ZrssCussAlgBegO at different temperatures: (a) 1100 K, (b) 1000 K, (¢) 900 K, (d) 800 K, (e)

700 K, and (f) S00K.
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depicts the nearest neighbors of O atom. The peak value
and the corresponding distance (bond distance) can be
used to characterize atomic stacking configuration and
reflect chemical affinity between atoms. At 1100 K in
Figure 3(a), Zr has the largest probability to coordinate
with O, with the nearest bond distance of 2.15 A and the
highest peak value. The static structure of the O-cen-
tered cluster is stabilized as temperature further cooling
down from 1000 K to 500 K, with no significant change
in the PCF distribution. At 1000 K, Be atoms aggregate
around O efficiently and form the strong O-Be bonds, as
proved by the rapid decrease of the O-Be distance
(1.55 A at the peak PCF position) and the incline of the
related peak g(r) value. Meanwhile, the O-Zr bonds are
weakened slightly (corresponding to the decreased peak
value and enlarged bond distance), since the O-related
bonding is partially assigned to Be. This bonding
transition can be interpreted from the alternation or
adjustment of atoms due to the requirement of atomic
dense packing and chemical effect. It is obvious that
O-Be forms the strongest bonds in the temperature
range from 1000 K to 500 K, because the O-Be curve
possesses the maximal intensity of the major peak
among the O-related partial PCF curves; see
Figures 3(b) through (d). In addition, this strong chem-
ical affinity can also be illustrated by the average bond
distance between O-Be at the peak RDF position,
valuing 1.60 A in the range of 1000 K to 500 K, which is
almost equal to the sum of covalent radii of O
(0.66 ABS]) and Be (0.96 ADS) Besides, it also presents
a strong bonding tendency between Zr and O due to the
corresponding small bond distance (2.27 A) though Zr
possesses a relatively large covalent radius of 1.75 Gl
as compared to Be.

As for O-Cu and O-Al, they both have larger bond
distances at the peak PCF positions than the sum of the
corresponding covalent radii (Cu: 1.32 A, Al: 1.21 A, O:
0.66 A; see Table I), indicating there is no signal to form
O-containing bonds with Cu and Al (see Figure 5 for the
reason from force constants). The intensity of the first
peak of the O-Al PCF is larger than that of the O-Cu
PCF, indicating a stronger chemical affinity for the
former case. Based on the above analyses, we conclude
that O is surrounded by Be and Zr in an O-centered
cluster at 500 K, while keeping Cu and Al from the inner
shell.

Table 1.

To further reveal the O-related bonding tendency in
the Zr-Cu-Al-Be-O system from the electronic structure,
we calculated the projected electronic densities of states
using one of the AIMD configurations at 500 K as
depicted in Figure 4. It can be seen that both the
Zr-total DOS (mainly from d-electrons) and the Be-p
DOS have peaks aligned with those of oxygen, indicat-
ing their strong hybridization with O atoms.

The existence of Be in Zr-Cu-based metallic glasses
significantly reduces the probability of bonding between
Zr and O due to the larger chemical affinity of Be with
0. As for the Zr-Cu metallic glasses without Be, Wang
et al" reported the effects of oxygen impurities on
glass-forming ability in the Zr2Cu alloy by ab initio
molecular dynamics. They reported that the partial PCF
of Zr-O shows the first sharp peak at both 1156 and
300 K in Zr-33Cu-10 (at.pct), indicating the formation
of Zr-O bonds. It should be noted that the amplitudes of
the Zr-O partial PCFs are around 7.5 and 11 at 1156
and 300 K in their work. In the present Zr-Cu-Al-Be,
the amplitudes of the Zr-O partial PCFs are 4.8 and 5.2
at 1100 and 500 K, respectively. Chemical affinities
between the oxygen-metal (O-M) atoms can be under-
stood using (i) the global properties of oxides such as
bulk modulus (Bj), melting points (7,,), and the
negative values of enthalpy of formation at 298 K
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Fig. 4—Electronic DOS for ZrssCussAlgBegO at 500 K (Zr- and
Cu-states are mainly from d-electrons).

Fundamental Properties of Metal (M) Elements and Binary Metal Oxides Including (i) Covalent Radii of M Elements

(rM in A),I Sl (ii and iii) Melting Points (Tm in K), and Enthalpies Of Formation at 298.15 K (AH298 in kJ/mole atom) of Metal
Oxides Based on the SSUB5 Database,! (iv) BOVO Values (in eV) of Oxides, (v and vi) Oxygen-Metal Bond Lengths (dOM in A)
Based on the Present DFT Calculations of Oxides (see details in Supplemental Material) and the Present AIMD Simulations at
500 K for ZrssCussAloBeoO, and (vii) the Equilibrium fSFCd%)M Values (in eV) Based on the Present Phonon Calculations of Oxides

M or Oxide I’%/[ Tm AH298 BO V() dOM (DFT) dOM (AIMD) _fSFCdzoM
Al (ALLO;) 1.218% 232788 —335.1 2083 1.86 4.95 19.4
Be (BeO) 0.96!3 285168 — 304.7 1485 1.64 1.55 14.0
Cu (CuO) 13283 150008 - 1779 1618 1.92 3.29 22.5
Zr (Zr0,) 17583 2983038) — 366.8 2520 2.06 2.26 28.5

#Covalent radius of oxygen is 0.66 AP
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(—AHjyg), and (ii) the local O-M bonding strength in
terms of the stretchmg force constants (fspc) from
phonon calculations.®®! Tt is believed that the larger the
values of those propertles the stronger the O-M
bonding energy & will be,”

& X B() V() o RTm o 7AH298 o<fSFCd]2\/[Oa [3]

where V) is the equilibrium volume, R the gas constant,
and dom the bond length of O-M atomic pair. These
properties are listed in Table I and the Supplementary
Table SI based on the data in the literature and the
present first-principles and phonon calculations; see
Supplementary Material. It is worth mentioning that the
O-M bonding strength decreases rapidly with increasing
the dow value. Figure 5 shows that the fsgc Values of the
O-M bonds decrease from around 5 to 7 eV/A to zero
with increasing the O-M bond length. When the bond
length is greater than 2.3 A at 0 K, there is almost no
O-M bonding. Table II summarizes the trends of O-M
bonding energy, i.e., the M-O affinity. It shows that the
O-Zr bond possesses the largest affinity based on all the
criteria in Eq. [3], indicating the O-Zr pairs are
dominant around oxygen in ZrssCussAlgBegO than the
Cu-O pairs (see Figure 3), albeit the covalent radius of
Zr (1.75 A) is quite larger that of Cu (1.32 A). For the
minor alloying elements Al and Be in Zrs5Cus;AlgBegO,
Table II shows different O-Be(Al) bonding trends based
on different criteria. However, Be has the smallest
covalent radius (0.96 A), making it easy to diffuse and
hence forming the Be-O bonds in ZrssCussAlgBesO
(approved by the present AIMD study, see below).
According to the results in Figure 5 and Table I
together with the simulated dyio (AIMD) values in
Figure 3, we conclude that only the atoms Zr and
especially Be are attracted by oxygen and forming the
O-Be and O-Zr bonds in ZrssCussAlyBegO, while the
interactions of Al and Cu with oxygen are weaker and
they will not form the O-Al and O-Cu bonds.

The snapshots of ZrssCussAlgBey and ZrssCussAlg.
BeyO at 500 K are illustrated in Figure 6. Both of them

T T T T T T T T T
R o ® A O-Be based on BeO
= 6 g O O-Al based on Al,O;| |
T % O O-Cu based on CuO| A
S 4L # # O-Zr based on ZrO, | |
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Q L -
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) [ SRR -
0 m]
hor A 40 o, #g 4
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M-O bond length (A)

Fig. 5—Predicted oxygen-metal (O-M) stretching force constants
based on the present phonon calculations; see details in
Supplementary Material.
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are amorphous due to the random distribution of atoms
under the cooling rate of 2.5 x 10" K/s. Figure 6(b)
shows that O addition affects the local cluster structure
significantly. According to the atomic configuration, Be
(yellow) and Zr (green) atoms are gathered around O
(red) as the nearest neighbors, while Cu (blue) and Al
(purple) atoms are in the outer shell. Local distribution
of O-centered cluster is in accordance with the results of
O-related partial PCFs, see Figure 3, which are affected
by the compositions in BMG, atomic sizes, and the O-M
bond strengths. Since Zr is 6 times the concentration of
Be in this BMG system, the O atom is most likely to
bond with Zr atoms.

As Zr and Cu are the master components in the
present alloys, we investigate the total (g(r)) and partial
(ng—Cu(r)’ ng—Zr(r) and gCu—(,‘u(r)) PCFs in
Z155CussAlgBey and ZrssCussAlgBegO at different tem-
peratures, as displayed in Figure 7. The PCF curves
exhibit the BMG character due to dispersive distribu-
tions of atoms.>?”! In Figure 7(a), the first peak of g(r)
becomes narrower and higher with decreasing temper-
ature, which is a signal of local ordering.**”! Note that
the total PCF curves shift to the right slightly. This
originates from the expansion of supercell volume (per
atom) induced by O addition (Figure 2). Similar phe-
nomena have also been found in the partial PCFs.
Moreover, the second peaks of gz._cu(r) (Figure 7(b)),
8zr-z:(r) (Figure 7(c)), and gcy.cu(r) (Figure 7(d)) show
a larger tendency to split in ZrssCussAlgBeyg (solid lines)
compared to those in ZrssCussAlgBeyO (dashed lines),
especially for the Cu-Cu interactions.

The splitting of the second peak is believed to be
inherent and not related to the new local ordering
during BMG transformation.”*** However, the differ-
ences in the second peaks of gz._cu(r), gz.z:(r), and
gcu-cu(r) are distinct between the alloys with and
without O even at low temperatures, implying that
there exists a large probability of short-range ordering in
Zrs55CussAlgBeo, which is a signal of BMG formation. In
other words, the addition of O deteriorates the GFA to
some extent. This deduction will be further analyzed
using the BPA and Voronoi polyhedron below.

B. Bond Pair Analysis (BPA)

Figure 8 presents the percentages of bond pair types
for ZrssCussAlgBey (filled symbols) and ZrssCussAly.
BeyO (open symbols) as a function of temperature. The
statistic results for BPA originate from the average of
the last 100 AIMD steps. For both alloys, the icosahe-
dral (ICO) bonds are the largest portion of total
amounts. Moreover, the percentage of icosahedral
bonds increases gradually in the cooling process, while
that of the random types reversely decrease. In terms of
crystal characteristics of bec, fec, or hep, the proportion
fluctuates with no obvious trend with changing temper-
ature. Accordingly, the icosahedron-type bonds are
predicted to transform from the random bonds with
decreasing temperature. Note that the icosahedral
ordering exhibits compact atomic ordering compared
to the remaining clusters in the liquid, and therefore
plays a critical role in the formation of amorphous
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Table II. The Trend of O-M Bonding Energy Based on Eq. [3] and the Data in Table I, Where the Local Criterion (fspcdﬁ,lo)
Should be More Reliable

Properties O-M Bonding Energy from High to Low; See Eq. [3]
Ssrediy 0O-Zr —» 0-Cu — O-Al - O-Be
ByVy O-Zr — 0-Al - O-Cu — O-Be
Tw 0O-Zr - 0-Be —» 0-Al - O-Cu
—AH>g 0-Zr — 0-Al - O-Be — O-Cu

— T~
/
/ \
| Be |
\ /
~N //

Type Color Radius (A)
Zr 1.75
aw @ 132
Al - 1.21
Be 0.96

o o 0.66

Fig. 6—Snapshots of AIMD simulations at 500 K for the (a) ZrssCussAloBey and (b) ZrssCussAlgBeyO alloys.

structure. Hence, the increased fraction of icosahedral
bonds implies a transition to BMG structure for both
alloys at low temperatures.

In addition, the percentage of icosahedral bonds is
smaller in  ZrssCussAlgBegO  than  those in
ZrssCussAlgBeg over the entire temperature range.
However, the random-type bonds occupy larger pro-
portions in alloy with O than those without O. With
regard to the crystal bec, fcc, and hcp bonds, the
amounts are close between the two alloys, and the
variations are not significant during the solidification
process. This observation indicates that though amor-
phous structures still exist when O is introduced, the
GFA of Zrs5CussAlgBeyO declines to some extent.
These BPA results verify the above analyses by PCF.

C. Coordination Number (CN) and Voronoi Polyhedron

Figure 9(a) and (b) illustrates the distributions of CN
for ZrssCussAlgBeg (filled bars) and ZrssCussAlgBesO
(open bars) at selected temperatures. The CN propor-
tions are counted based on the average of the last 100
AIMD steps. It shows that CN = 11 and 12 are
dominant, followed by CN = 14, 15, and 13. The
clusters with CN > 13 are mainly contributed by the
Zr-centered polyhedrons, while clusters with CN < 13
mainly originate from the Be-, Cu-, and Al-centered
configurations. The different distributions of CN derive
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from the size differences between the smaller atoms of
Be, Cu, Al, and the large one of Zr. Moreover, the broad
distribution of the CN values, ranging from 8 to 16,
suggests that the local arrangements cannot be modeled
by a uniquely prescribed stereochemical structure.

Furthermore, the major Voronoi polyhedrons are
examined for ZrssCussAlgBey (filled bars) and
Zr55CussAlgBeO (open bars) at selected temperatures,
as shown in Figure 10(a) and b, respectively. In accor-
dance with the CN analysis, the fractions of polyhe-
drons with CN = 12 and 11 are the largest. Of all
polyhedrons, the icosahedra-like CN:11 <0, 2, 8, 1>,
CN:12 <0, 2, 8, 2>, CN:12 <0, 3, 6, 3> as well as the
ideal icosahedron CN:12 <0, 0, 12, 0> are the predom-
inant structures in liquid. The icosahedral clusters are
still dominant in the cooling process, implying a
tendency to stabilize the liquid structure. Besides, one
can see the five-edged faces are also overwhelming
among Voronoi polyhedrons with CN = 10, 13, 14 and
15, e.g., represented by <0, 1, 10, 2>, <0, 2, 8, 0>, and
<0, 1, 10, 3>. The existence of Voronoi icosahedrons
with high fractions indicates the formation of BMG for
both alloys, which is in consistent with the above PCF
and BPA results.

By comparison, the dominant icosahedral clusters,
e.g., CN:11 <0, 2, 8, 1>, CN:12 <0, 2, 8, 2>, CN:12 <0,
0, 12, 0> have higher fractions in Zrs;sCussAlgBeo (filled
red column) than those in ZrssCussAlgBeoO (open red
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Fig. 8—Bond Pair Analyses (BPA) at different temperatures in
ZrssCussAloBeyO  (filled symbols) and ZrssCussAlgBesO (open
symbols).

column) at 1100 K. With decreasing temperature,
though the fractions of different Voronoi polyhedrons
fluctuate, the alloys without O (filled blue column)
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exhibit larger probability to form icosahedrons in
general, such as <0, 0, 12, 0> and <0, 2, 8, 2> at
500 K. This implies that the addition of 0.78 at. pct O
may diminish the GFA in Zrs5sCussAlgBeg, by decreas-
ing the fraction of the icosahedral clusters. Furthermore,
the fractions of the FCC type polyhedrons with Voronoi
indexes of <0, 3, 6, 4> and <0, 3, 6, 5> increase with the
addition of oxygen, which could reduce the GFA by
lowering the barrier for crystallization. As such, the
studies of atomic configurations provide a basis for the
analysis of diffusion kinetics from the liquid state to the
glass state.

D. Diffusion Kinetics

To explore the diffusion behavior of BMG during
cooling, the mean squared displacement (MSD) of Zr,
Al, Cu, Be and O in ZrssCussAlgBey and ZrssCussAlg.
BeyO are studied and summarized as a function of time
in Figure 11. The entire cooling processes are consid-
ered, where the configurations at different temperatures
are marked by various colors. According to the Einstein
relation, the self-diffusion coefficient is proportional to
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the first derivative of the corresponding MSD values
relative to time. Some previous researches illustrate that
the MSD needs to be over 4 A in order to obtain any
statistically significant information on the self-diffusivity
coefficient.®” To eliminate misunderstanding, we use the
trends of the MSD values to compare diffusivity rather
than self-diffusion coefficient in the present work.
Noticeably, the MSD values of Zr, Al, Cu, Be and O
increase over time in both ZrssCussAlgBey and
Zr55CussAlgBeoO due to their diffusions. There exists a
transition point around 5 ps when applicable in all cases,
before which the MSD values climb rapidly and nearly
linearly, while afterward the increasing rates slow down.
This phenomenon roughly corresponds to the transfor-
mation from liquid to glass phases, as the self-diffusion
rate in a liquid is much higher than in BMGs. With
regard to ZrssCussAlgBeo, the transition temperature of
MSD appears at around 1100 K for Zr, Al and Cu, and
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at about 900 K for Be. In terms of ZrssCussAlgBegO,
the turning points shift to 800 K for the Zr- and
Cu-related MSD curves, while at around 900 K for Al
and Be. Therefore, we conclude that the introduction of
0.78 at. pct O decreases the glass formation tempera-
ture, which is not beneficial to freeze the liquid structure.
This is because the liquid structure lasts for a longer
period of time once doping one O atom, which provides
more chances for the cluster ordering and hence
increases crystallization potency. In addition, the MSD
values of Zr, Al, Cu and Be are larger in Zrs5sCussAlg.
BeyO than those in ZrssCussAlgBeg in the whole cooling
process. It is known that the glass state is suppressed,
given that the crystallization process is facilitated in
undercooled liquid. It is found that 0.78 at. pct O acts as
stimulus to diffusion for all components in
Zr55CussAlgBey, which plays a positive role for the
nucleation and growth of crystalline phases. Therefore,
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it is detrimental to the GFA of the Zr-Cu amorphous
glasses by the incorporation of trace O.

The diffusion rate in a liquid is sequenced as Be >
Cu>Al>Zr for both ZrssCussAlyBesO and
Zr55CussAlgBey, which corresponds to the increasing
order of ByVy, i.e., O-Be < O-Cu < O-Al < O-Zr; see
Tables I and II. Nevertheless, no significant differences
in solid diffusion rates are shown between elements,
since the rates during solid diffusion are pretty low. The
variation of O-related MSD does not have a strong
regularity, as there is only one O atom acting as a
statistical object. However, it is found the MSD values
of O are very low, indicating the inactive diffusion of O.
This may be due to the strong bonding of O with its
neighboring atoms.

Combined with diffusion kinetics and analyses of
atomic configurations, we conclude that the reacts are
extremely sensitive with the incorporation of O in the
melt. The O-centered cluster tends to be surrounded by
Zr and Be in the inner shell, while keeping Al and Cu in
the outer shell. The feature of Be around O, on the one
hand, relies on the strong Be affinity with O and, on the
other hand, is also contributed by the rapid diffusion
rate of Be in liquid than those of other metals (Al, Cu,
and Zr). Hence, though the Be component has a small
percentage, the atomic ordering induced by Be diffusion
is very significant, leading to the formation of Be-O
bond pairs. Meanwhile, the segregation of Zr around O
is mainly due to the strong affinity of Zr with O (see
Reference 36 as well as Table I) and also the large
proportion of Zr in BMG alloys. Moreover, the
diffusion ability of Zr is also enhanced by O addition,
as evidenced by the increased MSD in Figure 11.
Therefore, the weakened glass formation ability with
O contamination is attributed to the local segregation
induced by the active diffusion behavior of solutes and
the strong affinity of O-solutes, hence resulting in the
formation of O-related clusters with enhanced ordering.

35
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Fig. 11—Mean squared displacements (MSD) at different
temperatures in ZrssCussAlgBeg and ZrssCussAlgBegO.
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In the present work, the strong chemical affinity of O
with Zr and Be leads to the formation of O-centered
coordination polyhedrons. We can reasonably assume
that with increasing O content more O-centered coor-
dination polyhedrons will appear in liquid, leading to a
decline of the stable ICO polyhedrons and a low GFA
due to higher crystallization tendency.

IV. CONCLUSIONS

The topological and kinetic properties of
ZF55CU55A]9B69 and Zr55Cu55A19BeQO during solidifica-
tion have been systematically investigated by AIMD
simulations. The specific aim is to reveal the effects of O
on the glass-forming ability (GFA) of the
Zrs55CussAlgBey alloy. It is evident that the amorphous
structure exists in  both ZrssCussAlgBey and
Zr55CussAloBeyO under the present cooling rate of
2.5 x 10"} K/s, implying the formation of BMG in both
alloys. The introduction of trace O results in a decrease
in the dense icosahedral polyhedrons and an increase in
the crystallization potency of the current alloy. This is
based on results from the pair correlation function
(PCF), bond pair analysis (BPA), and Voronoi polyhe-
dra construction. Considering the evolution of kinetic
properties, the trace O addition increases the diffusivities
of Be, Zr, Cu, and Al, implying that the O-containing
liquid is less likely to be vitrified. The origin of the
enhanced ordering in ZrssCussAlgBeyO stems from the
formation of O-centered clusters with Be and Zr
gathering around O as the nearest neighbors due to
the strongest O-Zr bonding energy (compared to those
of O-Al, O-Be, and O-Cu) and the smallest covalent
radius of Be (compared to Al, Cu, and Zr), while Cu and
Al locate in the outer shell. The results presented reveal
the underlying mechanism of O-induced BMG crystal-
lization, and provide a reference for the design of new
BMG alloys with tailored GFA.
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