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Abstract

The local atomic structure of nano-quasicrystal-forming ZrgoPt,o binary glassy alloy was
investigated by reverse Monte Carlo modeling based on the results of x-ray diffraction. A
prepeak at Q ~ 17 nm~' originating from the unique bonding between the Pt-Pt pair is
observed in the structure factor. Voronoi analysis indicates that an icosahedral-like polyhedron
is formed around Pt. It is also found that icosahedral-like polyhedra exist around Zr; however,
the fraction of perfect icosahedra is considerably lower than that in the nano-quasicrystal-
forming Zr;9Pdso glassy alloy. A difference in the local environment between the two binary

quasicrystal-forming glassy alloys is suggested.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that Zr-based metallic glasses have a
high glass-forming ability (GFA) [1, 2]. Because nano-
quasicrystallization is observed in various Zr-based metallic
glasses such as Zr—Al-Ni—Cu, the existence of an icosahedral
local structure in the glassy state has been investigated [3—6].
Many studies based on x-ray diffraction (XRD), extended
x-ray absorption fine structure (EXAFS) measurements and
computer simulations have reported that GFA strongly depends
on the stability and number of icosahedral local structures
in the glassy state [7-11]. On the basis of these studies,
icosahedral quasicrystalline (QC) phase (I-phase) formation

7 Author to whom any correspondence should be addressed.

0953-8984/09/375104+06$30.00

has attracted attention from the viewpoint of local structure
identification in metallic glasses and/or amorphous alloys as
well as for using as reinforcing particles to improve the
mechanical properties of bulk metallic glasses (BMGs).

It has also been reported that a nanoscale I-phase is
formed in binary Zr-Pd and Zr—Pt alloys [12—14]. The results
of these studies lead to another hypothesis of the existence
of an icosahedral local structure in the corresponding binary
alloys. In particular, it is noted that the nanoscale I-phase
can be precipitated by directly quenching a melt of the Zr—Pt
alloy [15-17]. We have reported a preliminary investigation of
the local environment around Zr and Pt atoms in the glassy
and nano-QC-formed states in ZrgyPtyo (near eutectic) alloy
by radial distribution function (RDF) analysis and EXAFS
measurement [18]. In the study, we speculated that the

© 2009 IOP Publishing Ltd  Printed in the UK
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stable icosahedral local structure around the Pt atom is the
dominant structure with a minor fraction (approximately 10%)
of a ZrsPts3-like structure in the amorphous state. In contrast,
an environment of a mixture of icosahedral and ZrsPt; local
structures around the Zr atom in the amorphous state was
also proposed. Sordelet et al investigated the structure and
devitrification process of hyper-eutectic Zr,Ptjgo—x (73 <
x < 77) metallic glasses in 2008 [19]. They pointed out
that QC formation strongly depends on the Pt content, which
is attributed to the Pt-centered clusters in the glassy state.
However, identification of the local environment around Zr
and Pt atoms in relation to QC formation was not performed
in these previous studies. In this paper, we examine the
local environment around the constituent elements by Voronoi
polyhedral analysis based on a reverse Monte Carlo (RMC)
simulation result for the ZrgoPtyy glassy alloy to identify the
key clusters involved in QC formation.

2. Experimental procedure

A master ingot of the ZrggPtyy alloy was produced by arc-
melting high-purity Zr (99.9 mass%) and Pt (99.98 mass%)
in a purified argon atmosphere. A glassy ribbon was prepared
by single-roller melt spinning with a roll speed of 60 ms~'.
The oxygen content in the prepared ribbon sample was
approximately 400 ppm. The structure was examined by
field-emission transmission electron microscopy (TEM) with
an accelerating voltage of 300 kV (JEOL JEM-3000F) and
ordinary x-ray diffraction measurements using monochromatic
Mo Ko radiation of 50 kV-300 mA produced by a rotating-
anode x-ray generator.  The scattered x-ray intensities
were corrected for the effects of air-scattering, absorption,
polarization and Compton scattering, and converted to electron
units per atom by the generalized Krogh-Moe—-Norman
method [20] to obtain the structure factor, S(Q). S(Q) was
analyzed using the Faber—Ziman definition [21] as follows:
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where ¢; and f; are the concentration and atomic scattering
factor, respectively, for the x-ray diffraction of component
atom i. The pair distribution function, g(r), can be derived
from the Fourier transformation of the structure factor when Q
is less than 150 nm™~! as follows:

1
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g(r) + 37p

/0 Q(S(Q) — DsinQrdQ, (3

where p is the average number density of atoms. The structure
factor S(Q) for a Zr-Pt binary mixture can be obtained as a
weighted sum of three partial structure factors in accordance
with the Faber—Ziman definition:

S(Q) =) wi ;Si—;(Q). )
ij
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Here w;_; is the weighting factor, defined as
cicifif
w_ ;= /72/ (5)
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EXAFS measurements to analyze the local environment
around Zr and Pt atoms in the as-quenched and QC-formed
(annealed for 300 s at 820 K) states were performed at the
SPring-8 synchrotron radiation facility on beamline BLO1B1.
All measurements were carried out in transmission geometry at
room temperature. Measured spectra were analyzed using the
REX 2000 program (Rigaku Corp.). Theoretical phase shifts
and backscattered amplitude functions were calculated using
the FEFF-8 code [22].

An RMC simulation was carried out by fitting to the
x-ray structure factor in the range of Q@ = 10-150 nm™'.
A starting configuration of 5000 atoms with an appropriate
composition, randomly distributed in a cubic box of length
4.7689 nm, was used. The r-spacing of the partial pair
correlation functions was set to 0.01 nm. To ensure a physically
realistic configuration, the closest distances between two atoms
were determined to be 0.28 nm for Zr-Zr, 0.25 nm for Zr-Pt
and 0.28 nm for Pt—Pt based on the results of our preliminary
study [18]. Atoms were randomly moved so as to minimize
the sum of x? values for respective data sets, where x is the
difference between the experimental structure factor, Sex,(Q),
and the calculated one, Sc,(Q):

1= [Sep(Q) = Sea (@] f02, ©)

i

where o is the experimental error. The value of o used in this
work was 0.01.

Voronoi polyhedral analysis was performed on the
RMC configuration. First-coordination-shell distances were
determined from the minimum positions in the partial pair
correlation functions. Similar RMC modeling and Voronoi
analysis were applied for the Zr;oPdso glassy alloy, in which
a nanoscale QC phase is also formed from the glassy state by
annealing, to compare the local environment for QC formation
between the two binary alloys.

3. Results and discussion

We have previously reported that the ZrgyPtyo alloy readily
undergoes a structural change from glassy to I-phase with
a decrease in the cooling rate [15]. In this study, we
have confirmed the existence of a nanoscale homogeneous
glassy structure in ZrgoPtyy by high-resolution TEM (HREM)
observation prior to XRD measurement. Figure 1 shows
an HREM image and the selected-area electron diffraction
(SAED) pattern of the as-quenched ZrgyPt,o melt-spun ribbon.
No significant contrast corresponding to an ordered region such
as a nanocrystalline particle is observed in the HREM image,
indicating a homogeneous glassy structure. Also, the SAED
pattern contains only a halo ring, which is consistent with the
HREM image. Figure 2 shows Fourier transformation curves
of the EXAFS measurements of the Zr K-edge (a) and Pt
L3-edge (b) in the as-quenched and QC-formed states [18].
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Figure 1. High-resolution TEM (HREM) image (a) and
selected-area electron diffraction (SAED) pattern (b) of the
as-quenched Zrgo Pty glassy alloy.

The atomic distribution changes during the precipitation of
the QC phase around the Zr K-edge, as shown in figure 2(a),
implying that the rearrangement of Zr atoms is necessary for
quasicrystallization. In contrast, the Fourier transformation
curves of the Pt L3-edge in the as-quenched and QC-formed
states resemble each other (figure 2(b)), indicating that the
local environment does not change during quasicrystallization.

Figure 3(a) shows the experimental structure factor, S(Q),
obtained by XRD measurements (solid line) and RMC fitting
(broken line) for the ZrgoPtyo glassy alloy. Partial structure
factors, S;;(Q), derived from the RMC model are also shown
in the figure. Since S(Q) obtained from the RMC model is
in excellent agreement with the experimental result of XRD
measurements, we can verify the validity of RMC modeling.
As shown in figure 3(a), a prepeak at Q ~ 17 nm~! is observed
in the structure factor, which is denoted by an arrow. We
found that the prepeak originates from the unique bonding
between the Pt—Pt pair (also shown by an arrow), as can be
verified by the corresponding partial structure factors, S;;(Q).
This feature suggests the existence of a strong chemical
short- or medium-range order around the Pt atom [23]. The
total pair distribution function, g(r), calculated from XRD
measurements and partial pair distribution functions, g;_;(r),
calculated from the RMC model are shown in figure 3(b). The
position of the first peak is estimated to be at 0.31 nm for Zr—
Zr, 0.28 nm for Zr-Pt and 0.33 nm for Pt-Pt. These results
are reasonably consistent with those obtained from the RDF
analysis in previous reports [19, 23, 24], implying the success
of the simulation. The intensity of the second peak in the Pt—Pt
pair is high, which may be reflected by the prepeak observed
at O ~ 17 nm~! in S(Q). We speculate that the long-range
correlation of the Pt atoms may exhibit a unique medium-range
atomic configuration such as an icosahedral cluster. Recently,
it has been reported that such Pt-centered clusters may also be
related to the ZrsPt; structure coordinated by nine Zr and two
Pt atoms [19, 25].

We examined the local structure around Zr and Pt atoms
using Voronoi polyhedra analysis of the preferential structure
models obtained. Figure 4 shows the fractions of Voronoi

[ (2)
[Zr K-edge

QOC-formed |

M0 |
— Pt L3-edge QC-formed -
;/\’\/\M Glassy -
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Figure 2. Fourier transformation curves of the EXAFS
measurements of the Zr K-edge (a) and Pt L3-edge (b) in the
as-quenched and QC-formed states of the ZrgoPtyy glassy alloy.

polyhedra around Zr (a) and Pt (b) atoms in the ZrgoPty glassy
alloy. A Voronoi polyhedron is denoted by a set of indices
(n3 n4 ns ng n7 ng), where n is the number of faces with i
vertices. The fraction of icosahedral-like polyhedra such as (0,
2,8,2,0,0),(0,1,10,2,0,0),(0,2,8,1,0,0)and (0, 3, 6, 3, 0,
0), of which the coordination numbers are in the range of 11—
13, is high; however, the perfect icosahedron with a Voronoi
index of (0, 0, 12, 0, 0, 0) appears less frequently in the local
environment around the Zr atom. These results indicate that the
distorted icosahedral local structure is mainly formed around
the Zr atom. Moreover, polyhedra with higher coordination
numbers such as (0, 2, 8, 4, 0, 0), (0, 1, 10, 3, 0, 0) and
0, 3, 6,5, 0, 0) are simultaneously and frequently observed.
We have suggested the existence of a ZrsPt; crystalline-like
local environment around the Zr atom via simulation analysis
based on EXAFS measurements [18]. ZrsPt; is known to be
one of the crystalline phases formed by the decomposition of
the I-phase [13], and its local atomic configuration is shown in
figures 4(c)—(e). There are two atomic configurations around
Zr with coordination numbers of 14 (¢) and 15 (d) and a single
configuration with a coordination number of 11 around Pt (e).
It is speculated that these polyhedra with higher coordination
numbers may correlate with other local environments such as,
for example, a ZrsPts-like structure. Actually, the (0, 1, 10, 3,
0, 0) polyhedron has a strong correlation with the ZrsPt;-like
local environment with a coordination number of 15, as shown
in figure 4(d). This local environment is related to that of the
(0, 1, 10, 3, 0, 0) polyhedron when it is distorted slightly.

In contrast, the Voronoi polygon with an index of (0, 2,
8, 1, 0, 0) with icosahedral-like geometry is dominant around
the Pt atom as shown in figure 4(b). This polyhedron has
also been investigated by an ab initio molecular dynamics
simulation [25]. It is known that this polyhedron corresponds
to the local environment around Pt in the ZrsPt; crystalline
phase shown in figure 4(e) [24]. These results imply
that the cluster can be thermodynamically stable through
the entire transformation process from glass to QC and
from QC to ZrsPt;. Actually, the EXAFS measurements
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Figure 3. (a) Experimental structure factor, S(Q), of the ZrgoPtyo glassy alloy obtained by XRD measurements (solid line) and RMC fitting
(broken line), and partial structure factors, S;; (Q), derived from the RMC mode. (b) Total pair distribution function, g(r), calculated from
XRD measurements and partial pair distribution functions, g;_; (), calculated from the RMC model.
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Figure 4. Fractions of Voronoi polyhedra around Zr atom (a) and Pt atom (b) in the ZrgyPtyy glassy alloy. Local atomic configurations around

Zr ((c), (d)) and Pt (e) in ZrsPts.

denoted in figure 2 indicate that the local environment
changes considerably around the Zr atom but does not change
significantly around the Pt atom during the precipitation
of the I-phase. We suggest that the non-icosahedral local
order existing around the Zr atom contributes to the change
in the environment upon quasicrystallization. Meanwhile,
no significant rearrangement of atoms is necessary for QC

precipitation owing to a dominant and stable icosahedral-like
environment around Pt.

Moreover, a difference in the local atomic environment
is observed between the present ZrgoPtyo alloy and the QC-
forming Zr;oPds alloy. Takagi et al performed a Voronoi
polyhedra analysis for the glassy and QC-formed states in the
Zr79Pds( alloy by electron diffraction measurement [26]. They
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Figure 5. Fractions of Voronoi polyhedra around a Zr atom (a) and a Pd atom (b) in the Zr;(Pd;, glassy alloy.

clarified that a prism-like environment with Voronoi indices of
0, 2, 8, 0,0, 0) and (0, 3, 6, 0, 0, 0) is mainly observed and
that few icosahedral-like polyhedra appear around the Pd atom,
which is clearly different from the polyhedra observed around
Pt in the present study. In contrast, the local environment
around the Zr atom seems to be the same for both alloys,
in which the dominant local environment consists of an
icosahedral-like configuration. We also evaluated the local
environment by Voronoi analysis based on the XRD results as
shown in figure 5. Similar results, i.e. the dominant formation
of icosahedral-like polyhedra such as (0, 2, 8, 2, 0, 0), (0,
2,8, 1,0, 0), (0, 1, 10, 2, 0, 0) and (0, 3, 6, 3, 0, 0),
were observed around the Zr atom as shown in figure 5(a),
which are consistent with those in the previous study described
above [26]. However, in our study, we found that the perfect
icosahedron with a Voronoi index of (0, 0, 12, 0, 0, 0)
appears with greater frequency in the Zr;oPdso alloy than in
the ZrgoPtyy alloy. A prism-like local environment is also
observed around the Pd atom in our analysis (figure 5(b)).
According to these investigations, it is suggested that there is a
different mechanism of QC formation for the two binary alloys.
In the Zr-Pd binary alloy, the QC phase may originate from
the icosahedral local order with considerably more ordered
geometry around the Zr atom. Such icosahedral local order
is stabilized thermodynamically with Pd-centered prism-like
local order, which is related to the strong chemical affinity
between Pd and Zr. Also, icosahedral-like local order around
the Pt atom as well as around the Zr atom is thought to
contribute to the formation of the QC phase in the ZrgoPty
glassy alloy. It is well known that the QC phase can be formed
directly from the melt of ZrgoPtyy by cooling at an appropriate
rate [15]. Since this phenomenon is not observed in the
Zr79Pds glassy alloy, we can point out the difference between
the local structures of the two alloys. The ZrgoPtyy glassy
alloy has a tendency to form an icosahedral-like environment
around both Zr and Pt atoms, leading to the easy growth of
the QC phase without any significant rearrangement of the
constituent elements [13]. The results of our investigation are
also supported by the finding that the QC phase can precipitate
from the amorphous state with a low activation energy [27].

4. Conclusion

In the present study we have described the results of the
local structural evaluation of QC formation in the ZrgyPty
glassy alloy by XRD measurements and RMC modeling. We
observed unique bonding between the Pt—Pt pair, suggesting
the formation of specific local ordering around the Pt atom.
Actually, Voronoi analysis indicates the formation of an
icosahedral-like polyhedron around Pt. We found that the
corresponding icosahedral-like cluster has high stability, which
remains during the decomposition as well as the precipitation
of the I-phase. It was also found that icosahedral-like local
order exists around Zr; however, the fraction of perfect
icosahedra is low. We conclude that the local environment and
the mechanism of QC formation in the ZrgoPtyy glassy alloy
are different from those in the similar QC-forming Zr;9Pdsg
glassy alloy. In particular, a significant difference in the local
environment around the noble metal is observed. This feature
results in a different mechanism of QC formation for the two
alloys.
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