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By using a combination of state-of-the-art experimental and computational methods, the high glass
forming ability (GFA) of CuycZryAlg alloy is studied from the view of its atomic packing.
Three-dimensional atomic configuration is well established. It is found that Al atoms almost
homogeneously distribute around Cu and Zr atoms without segregation, causing the local
environment around Cu and Zr atoms in CuygZrscAlg bulk metallic glass different from that of the
major competing phase of Cu;yZr;. Furthermore, the addition of Al not only increases the amount
of icosahedronlike clusters but also makes them more homogeneous distribution, which can enhance
the GFA by increasing the structural incompatibility with the competing crystalline phases. © 2008
American Institute of Physics. [DOI: 10.1063/1.3009320]

I. INTRODUCTION

Since 1990s, many compositions of bulk metallic glasses
(BMGs) with critical size larger than 10 mm in diameter
have been discovered in different alloy systems.k3 Optimum
compositions of glass formers are usually found by trial and
error following empirical rules. Moreover, the understanding
of the glass forming ability (GFA) is also limited, usually
evaluated by some parameters, e.g., the reduced glass transi-
tion temperature® (T,y=T,/T)), the extension of the super-
cooled liquid region’ (AT,=T,~T,), the vy factor® (y
=T,/ (To+T)) , etc., where T, is the glass transition tempera-
ture, 7; is the liquidus temperature, and 7, is the onset tem-
perature of crystallization. Unfortunately, when using these
parameters to evaluate the GFA of BMGs, the contradiction
is often encountered, implying that the factors controlling the
GFA of BMGs are still undiscovered. However, the GFA is in
nature determined by the atomic arrangement and interaction
between atoms, i.e., the competition between the amorphous
phase and crystalline counterparts upon quenching.

Due to the complicated atomic arrangement in amor-
phous alloys, it is recognized that the structure of MGs can-
not be described by using a single cluster or even by Bernal’s
polyhedra.7 Though the cluster model based on face-centered
cubic packing can predict compositions of some multicom-
ponent BMGs, the deviation becomes obvious when to fit
simple systems such as Ni-B, etc.® Recently, the atomic
structures of three binary alloys in different systems have
been constructed by using their internal “quasiequivalent”
clusters.” The structure difference between them in the me-
dium range order was clearly demonstrated. Along this line,
it becomes possible to understand the structural change in
one alloy system with the change in compositions.10

Following an empirical rule, at least three components
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are commonly regarded as a necessary condition for BMG
formation. However, for a structure study, a simple system is
of great interest. It has been found that BMGs can be pro-
duced in the binary Cu—Zr system, for example, CusyZrs,
Cugs 5Zr345, etc. with critical size up to 2 mm in
diameter.'"'> On addition of Al, the critical size of ternary
Cu—Zr—Al BMGs can be above 5 mm.'*"® The significant
increase in critical size of BMGs from binary Cu—Zr to ter-
nary Cu-Zr—Al provides a suitable prototype of BMGs to
investigate the structural change behind the increasing GFA
by using available experimental and computational methods.
In this work, atomic structures of CuyeZryAlg BMG, to-
gether with binary CusgZrsy MG for comparison, have been
investigated by a combination of state-of-the-art synchrotron
radiation-based [x-ray diffraction (XRD) and extended x-ray
absorption fine structure (EXAFS)] and computational [re-
verse Monte Carlo (RMC)] techniques. The three-
dimensional (3D) atomic configuration of the ternary
CuyeZrysAlg BMG is established. The atomic arrangements
from short to medium range order are explored and a favor-
able configuration is also mapped for CuyeZrysAlg BMG with
high GFA.

Il. EXPERIMENTAL METHODS

Prealloyed ingots of nominal compositions CusyZrs, and
CuyeZrysAlg were prepared by arc melting Cu, Zr, and Al
with purities higher than 99.9% under a Ti-gettered purified
argon atmosphere. From the ingot, a 1 mm thick sheet and a
30 wm thick ribbon were prepared for both alloys by copper
mold suction and single roller melt-spinning techniques, re-
spectively. The amorphous nature of the as-cast samples was
ascertained by XRD (Philips X Pert) with Cu K« radiation
and differential scanning calorimetry (DSC) (Netzsch DSC
404c). Systematic high quality XRD was measured by using
synchrotron radiation with an energy of 100 keV (A
=0.123 98 A) at the BW5 station, HASYLAB/DESY, Ham-
burg. Using an image plate detector (Mar345) the two-
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FIG. 1. DSC traces of as-cast CusyZrsg and CuyeZrysAlg MGs at a heating
rate of 20 K/min.

dimensional intensity distribution was collected up to a large
wave-vector transfer. The radially averaged scattering inten-
sity I(q) (g=4 sin 6/\) was extracted by using the software
package FIT2D."* From I(g), the structure factor S(¢) and the
pair distribution function (PDF) G(r) could be obtained by
using PDFGETX2."” EXAFS spectra at the Cu K-edge (8979
eV) and the Zr K-edge (17 998 eV) were collected in trans-
mission mode at the beamline X1 at HASYLAB. Standard
data analysis was carried out by the program package
VIPER.]6

lll. RESULTS
A. Difference in glass forming ability

Figure 1 shows the DSC curves of as-cast CusyZrs, and
CuyeZrseAlg MGs at a heating rate of 20 K/min. It is seen
that the samples of CuysZrycAlg MG in the shape of 30 wm
thick ribbon and 1 mm thick sheet basically exhibit the same
glass transition temperature T, and crystallization onset tem-
perature 7,, which are obviously higher than those for
CusyZrsy MG, indicating that the ternary CuygZrycAlg MG is
more stable than the binary CusyZrs, MG. Figure 2(a) shows
the XRD patterns of as-cast CusgZrs, and CuygZrysAlg MGs
measured on the 1 mm thick sheets. Sharp peaks correspond-
ing to Bragg diffraction of crystalline phases are clearly ob-
served in the CusgZrs, alloy. The phases are identified,
mainly Cu;¢Zr; phase with minor share of CuZr and CusZr.
However, only a broad diffraction maximum is detected for
the CuygZrygAlg alloy, indicating its fully amorphous nature.
As such, it is clear that the addition of Al significantly pro-
motes the GFA of the ternary CuygZr,sAlg alloy. To compare
the phase formation in both MGs, the ribbon samples were
heated by DSC to the temperature where the crystallization
events just initiated, and also to the temperature the events
were complete, then cooled down to ambient temperature.
Unlike rapid quenching, the phase that precipitated in both
MGs is Cu;yZr;, as shown in the XRD patterns displayed in
Fig. 2(b). We conclude that the phase Cu;yZr;, as the major
competing phase, can be more easily precipitated upon cool-
ing and heating in CusyZrs, alloy than in CuyeZrsAlg alloy.
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FIG. 2. XRD patterns for (a) 1 mm thick as-cast samples and (b) fully
crystallized ribbon samples of CusyZrs, and CuyeZrygAlg MGs.

In other words, the addition of Al changes the atomic ar-
rangement of Cu and Zr atoms and suppresses the formation
of the orthorhombic Cu,yZr; phase in CuygZrysAlg.

B. Structure difference by synchrotron radiation x-ray
diffraction

The effective atomic arrangement is determined by the
interaction between atoms that can be described by an effec-
tive size attributed to each element. In the Cu—Zr—Al system,
the Goldschmidt atomic radii of components are 1.28 A for
Cu, 1.6 A for Zr, and 1.43 A for Al. The heat of mixing of
Cu—Zr, Cu-Al, and Zr-Al is =23 kJ/mol, —1 kJ/mol, and
-44 kJ/ mol,17 respectively. Thus, the addition of Al, due to
the intermediate atomic size and strong interaction with Cu
and Zr atoms, can increase the packing density and suppress
the movement of atoms. By using high energy synchrotron
radiation x-ray, we measured the diffraction data up to high ¢
values (16 A~') and transformed them into the PDFs G(r)
for two MGs, as shown in Fig. 3. The G(r) curves of both
MGs are quite analogous. However, CuygZr,sAlg in bulk (1
mm sheet) shows slightly higher local ordering since the
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FIG. 3. (Color online) PDF G(r) for CusyZrs, and CuyeZrssAlg MGs. The
inset is the local magnification of the first peak in G(r) of two MGs with the
weight factors w;; of atomic pairs in the nearest neighbor shell.
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amplitude in G(r) is a little higher compared with the
CusyZrs, alloy (ribbon) on several neighbor shells. Also,
from the inset in the figure showing the local magnification
of the first peak in G(r), one can find that the shoulder be-
tween Cu—Zr and Zr-Zr pairs becomes smeared out in
CuyeZr,sAlg when compared with CusgZrsy. The weight fac-
tors reflect the contribution of partial atomic pairs to the total
PDF, which can be calculated from the atomic form factor
f(g) by using the following equation:'®

_ (2- @j)CiC;fi(CI)f;(CI)
> i cicifil@f(a)

where c is the concentration of each component and &; is the
Kronecker delta. The value of weight factors and the lengths
of different pairs (evaluated by the model of hard spheres)
are also listed in the inset of Fig. 3, showing that the inter-
mediate positions are filled with Cu—Al, Al-Al, and Zr—Al
atomic pairs.

C. Structure simulation by RMC

In order to get a more reliable atomic structural configu-
ration, we performed RMC simulations by using three ex-
perimental data set simultaneously [one S(g) and two EX-
AFS spectra]. The simulation box contained 10 000 atoms.
The length of the box used was 54.983 A for CusyZrs, MG
and 54.970 A for CuysZrsAl; BMG according to their
atomic densities. The cutoff distances of Cu-Cu (2.3 A),
Cu-Zr (2.45 A), Zr-Zr (2.8 A), Cu-Al (2.35 A), Zr-Al
(2.5 A), and Al-Al (2.4 A) were adopted throughout the
simulation runs. Figures 4(a) and 4(b) display the compari-
son in S(g) and EAXFS spectra (Cu and Zr K-edge) between
experimental data (solid line) and simulated ones (dotted
line) for CuyeZr,sAly BMG, showing good agreements be-
tween them. Similar fitting results were obtained for
CusyZrso MG (not shown here). The 3D atomic structure for
both MGs resulting from the fitting procedure is shown in
Fig. 4(c).

IV. DISCUSSION
A. Voronoi tessellation analysis

To further deduce the local structure of clusters, the
Voronoi method was employed setting a cutoff distance of
3.5 A." Total fractions of various clusters centered by Cu,
Zr, and Al atoms with different coordination numbers (CNs)
in these two MGs are shown in Fig. 5(a) while clusters with
their fractions less than 1% are not considered. It is clear that
icosahedronlike clusters with CN=12 are dominant in both
MGs. However, polyhedra with CN=12 and 13 are found in
larger amounts in CuyZryAlg than in CusgZrsy MG. Others
with CN=(9,10,11) and (14,15) are less.

The average number of nearest neighbors around Cu at-
oms is of about 11.5 and about 12.8 around Zr atoms, leading
to the totally average CN of 12.1 for CusyZrsy MG. Accord-
ingly, the total value of the CN for Cuy¢ZrssAlg is of about
12.2 and partial coordination values of about 11.8 around Cu
atoms, 12.6 around Zr atoms, and 11.4 around Al atoms. In
details, Fig. 5(b) demonstrates the distribution of polyhedra
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FIG. 4. (Color online) (a) and (b) Comparison in S(g) and EXAFS spectra
of experimental data (solid line) with RMC simulated data (dotted line) for
CuyeZryeAlg BMG, respectively. (c) 3D atomic configurations (red: Cu,
gray: Zr, and yellow: Al) for CusyZrsy MG and CuygZryAlg BMG.

with different coordinates centered by atoms of each compo-
nent for both MGs. The polyhedra with CN=11 around Cu
atoms and CN=13 around Zr atoms constitute the majority
in CusyZrsy MG. On addition of Al, the amount of 10 and
11-coordinated polyhedra centered by Cu atoms greatly de-
creased, while the polyhedra with high CN, such as 12, 13,
and 14-coordinated, become favorable in CuyeZr,sAlg BMG.
However, the variation in polyhedra around Zr atoms is just
vice versa. It is obvious that Al addition makes the distribu-
tion of polyhedra centered by Cu and Zr atoms more concen-
trated, approaching 12 and 13-coordinated structures in
CuyeZrysAlg BMG. Interestingly, when checking the distribu-
tion of Al atoms in the nearest neighbor shell of Cu and Zr
atoms, it is found that the distribution of Al is almost half-
and-half, as demonstrated in Fig. 5(c), rather than having a
stronger segregation to Zr atoms at present concentration,
although the affinity between Zr and Al is much stronger
than between Cu and Al

The dominant polyhedron with CN=11 is (0,2,8,1),
which amounts to 9.13% in CusgZrs, and 7.72% in
CuyeZryeAlg. In both MGs, the amount of the ideal icosahe-
dron of (0,0,12,0) is rather low. Most of polyhedra with
CN=12 are icosahedronlike or distorted icosahedra with in-
dex of (0,2,8,2) and (0,3,6,3). From atomic configurations
obtained from RMC, the quasiequivalent clusters are de-
duced and packed to fill the 3D space in these two MGs by
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FIG. 5. (a) Total fraction of each kind of polyhedron and (b) fraction of
polyhedra centered by Cu, Zr, and Al atoms with different CNs in CusyZrs,
MG and CuyeZr,sAlg BMG, respectively. (c¢) Distribution of Al atoms on the
polyhedra around Cu and Zr atoms in CuygZrycAlg BMG.

face, edge, and vertex sharing. It is found that the medium
range order is changing from atom to atom. However, the
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FIG. 6. (Color online) Packing of quasiequivalent clusters showing the
medium-range order in (a) CusyZrsy MG and (b) CuyeZrssAly BMG.

medium range atomic packing, i.e., icosahedra companying
with 11 and 14-coordinated polyhedra such as CugZrg,
CusZr;, Cu,Zrg, CugZry, etc., is often found in CusyZrsy MG,
while in CuygZr,sAlg BMG the atomic packing, more icosa-
hedral clusters companying with 12-coordinated polyhedra
such as CugZr;, CugZrsAl,, etc., is detected with high prob-
ability, as illustrated in Figs. 6(a) and 6(b).

B. Local structure in CusZr and Cu,yZr; phases

Upon uniaxial compression of CusyZrs, BMG, the phase
of CusZr was detected in the shear bands by high resolution
transmission electron microscopy (HRTEM),” suggesting
that it may be the primary or metastable phase induced by
deformation. The space group of this phase is Fj3,, (No. 216)
with lattice parameter of a=6.87 A. Using the cutoff of r
=3.5 A, the outside environment of its three nonequivalent
atoms, one Zr and two Cu, is 16 Cu atoms, 9 Cu plus 3 Zr
atoms, and 12 Cu plus 4 Zr atoms, respectively. In addition,
the phase Cu,yZr;, as a major competing phase upon the
glass formation, has the space group Aba, (No. 41) and lat-
tice parameters a=9.3467 /0\, b=9.3163 A, and ¢
=12.6729 A" In this phase, there are ten nonequivalent
sites of five Zr atoms and five Cu atoms. By checking the
nearest neighbor environment of these ten nonequivalent at-
oms within r=3.5 A, the different atomic configurations of
the nearest neighbor are obtained and listed in Table I. It is
confirmed that the CNs are of 10 and 11 around Cu atoms
and 12, 14, and 16 around Zr atoms. Comparing with the

TABLE I. CNs and the type of atoms in the nearest neighbor around ten nonequivalent sites of the Cu;yZr,

phase.

Sites Zr, Zr, Zrs Zr, Zrs Cu,y Cu, Cuy Cuy Cus
CN 12 16 16 14 16 10 11 11 11 10
Atoms  CugZr, CugZrg CujgZrg CugZrg CuygZrg  CusZrs CuyZr; CugZr; CugZr;  CuyZrg
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FIG. 7. (Color online) Distribution of icosahedronlike clusters in (a)
CusyZrsy and (b) CuyeZrssAlg MGs represented by the position of their cen-
tral atoms viewed along an edge of simulation box.

distribution in CN centered by atoms of different elements
for both MGs in Fig. 5(b), it is found that the local structure
in Cu,Zr; phase is much closer to the atomic configuration
of CusgZrsg MG. This might indirectly explain why Cu;Zr;
phase easily precipitates in CusyZrs, MG. In addition, by
performing Rietveld refinement of the XRD patterns in Fig.
2, the lattice parameters obtained are a=9.4127 A, b
=9.2879 A, and ¢=12.7360 A for Cu,yZr, phase in
CuspZrsy MG and a=9.4586 A, »=9.3277 A, and ¢
=12.7988 A for Cu,(Zr; phase in CuyeZrs Al BMG, re-
spectively. The increase in lattice parameters for the Cu;yZr,
phase in CuyZryAlg BMG indicates that Al atoms prefer-
ably replace Cu atoms, which most likely hinders the move-
ment of Cu and Zr atoms during crystallization to form
proper short range order, leading to the high stability of this
BMG accordingly. A similar conclusion was also reported for
the effect of Al in Zr—Cu-based alloys.22

C. Distribution of icosahedra

The icosahedron was first proposed as a structure unit
for liquids.23 Later it was experimentally confirmed that it
exists in liquids,24 amorphous alloys,25 and quasicrystals as
well, and plays important roles in the properties of these
materials. In the Cu—Zr alloy system, fivefold icosahedral or
icosahedronlike clusters are found to be dominant over a
wide composition range, which increase the structural in-
compatibility with the competing crystalline phases, result-
ing in the high GFA of this alloy system.'®*® As mentioned
above, the amounts of 12-coordinated clusters are dominant
in both MGs, amounting to 30.1% in CusyZrsy and 32.4% in
Cuy¢ZrysAlg. The distribution of icosahedronlike clusters in
both MGs is further examined by checking the position of
central atoms. Only those icosahedronlike clusters are con-
sidered that show face, edge, and vertex sharing. It is found
that the distribution of these clusters is more homogeneous in
CuygZrs6Alg BMG than in CusyZrsy MG where they are more
inclined to segregate together, as shown in Fig. 7, along an
edge of the simulation box. Thus, other polyhedra could be
separated by icosahedronlike clusters in CuyeZrysAlg BMG.
This possibly increases the energy barrier in forming crystal-
line phases, contributing also to the high stability and GFA of
CuygZr,sAlg BMG.

V. CONCLUSIONS

Atomic structures of BMG-forming CuyeZrycAlg to-
gether with the binary CusyZrsy metallic glasses have been
studied by a combination of state-of-the-art experimental and
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computational techniques. By elucidating the structure differ-
ence in 3D atomic configuration between two MGs, we at-
tempted to explain high GFA of ternary CuyqZrysAlg alloy
from three aspects of atomic structure: (1) rather homoge-
neous distribution of Al atoms around Cu and Zr atoms, (2)
modifying the environment around Cu and Zr atoms away
from the local structure of the competing crystalline phase,
and (3) increasing the amount of icosahedronlike clusters
and making their distribution more homogeneous among dif-
ferent polyhedra in 3D space. We believe that the results
obtained here will trigger more atomic structure studies to
uncover the nature of the GFA for various systems.
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