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Precipitations of icosahedral quasicrystalline and crystalline approximant phases
in Zr-Al-Ni-Cu-Ir metallic glasses
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~Received 30 October 2000; published 2 April 2001!

Metallic Zr65Al7.5Ni5Cu17.5Ir5 and Zr65Al7.5Ni10Cu12.5Ir5 glasses have been prepared and their crystallization
process has been studied with emphasis on the initial stage. The initial precipitation phase is an icosahedral
quasicrystalline phase~I phase! for the former alloy and a face-centered cubic Zr2Ni (fcc-Zr2Ni) phase for the
latter one. Structural analysis revealed that the crystal structure of fcc-Zr2Ni contains icosahedral atomic
clusters, implying that fcc-Zr2Ni can be regarded as the crystalline approximant for the Zr-based I phase. The
preferential precipitation of quasicrystalline/approximant phases in the initial crystallization stage implies the
existence of an icosahedral atomic cluster in the glassy states. The compositions of the two alloys were
obtained by adding Ir to the Zr65Al7.5Ni10Cu17.5 alloy, which is well known for the formation of a bulk
amorphous alloy. The probable existence of icosahedral atomic clusters provided an explanation for the sta-
bility of the metallic Zr65Al7.5Ni10Cu17.5 glass.

DOI: 10.1103/PhysRevB.63.172201 PACS number~s!: 61.43.2j, 64.70.Rh, 61.10.2i, 68.37.Lp
rs
s

ng
bl
u
e

d
ed
a

r

e
b

o-
di
itia

r

ar

r
f a

n

o

ie
an
s.

llic
-

f

ix-
lloy

an
n an
-ray
y
as

ope
he
lec-

ns.
tate
Zr-Al-Ni-Cu is an attractive alloy system to researche
engaged in the study of glassy alloys due to its high gla
forming ability,1,2 which is defined as the necessary cooli
rate required to avoid the formation of any detecta
crystalline/quasicrystalline phases. Preparation of a b
amorphous alloy with a diameter up to 16 mm has be
successful using the Zr65Al7.5Ni10Cu17.5 alloy.2 The differen-
tial scanning calorimetry~DSC! curve of the as-quenche
metallic Zr65Al7.5Ni10Cu17.5 glass shows a large supercool
liquid regionDTx , which is defined as the temperature sp
between the glass transition temperatureTg and the crystal-
lization temperatureTx . The appearance of the large supe
cooled liquid region at temperatures belowTx is expected to
enable the warm working of the bulk glassy alloy to a d
sired shape. In order to study the reasons for the high sta
ity of the supercooled liquid region, the crystallization pr
cess of many Zr-based metallic glasses has been stu
Two significant metastable phases were found in the in
crystallization process, i.e., the fcc-Zr2Ni ~cubic, Fd3m
~227!, a51.227 nm!3,4 and I phases. The fcc-Zr2Ni phase
was found in the initial crystallization process of several Z
Al-Ni-Cu metallic glasses.5,6 The typical alloy compositions
corresponding to the precipitation of the I phase
Zr65Al7.5Ni10Cu12.5M5 ~M5Pd, Pt, Au, and Ag!,7,8 which
were obtained via partial substitution of Cu byM in the
Zr65Al7.5Ni10Cu17.5 alloy. However, it is not clear whethe
the addition of other elements can cause the formation o
I phase. Furthermore, the role ofM metals in the formation
of an I phase and the relation of atomic configuratio
among fcc-Zr2Ni, the I phase, and the Zr65Al7.5Ni10Cu17.5
glassy state remains unclear. In the present work, the n
noble metal Ir was added to the metallic Zr65Al7.5Ni10Cu17.5
glass and its effect on the crystallization process was stud
Depending on the alloy compositions, both the I phase
fcc-Zr2Ni were found in the initial crystallization proces
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The relation of local atomic configurations among meta
Zr65Al7.5Ni10Cu17.5 glass, fcc-Zr2Ni, and the I phase was dis
cussed.

Alloys with nominal atomic percent composition o
Zr65Al7.5Ni10Cu12.5Ir5 and Zr65Al7.5Ni5Cu17.5Ir5 were exam-
ined. The alloy ingots were prepared by arc melting a m
ture of pure metals in an argon atmosphere. From the a
ingot, a ribbon with a cross section of about 0.0331 mm2

was prepared by a single roller melt-spinning method in
argon atmosphere. The melt-spun ribbon was annealed i
evacuated quartz tube. The structure was examined by x
diffraction ~XRD! and the thermal stability was evaluated b
DSC at a heating rate of 0.67 K/s. The microstructure w
examined by using a transmission-electron microsc
~TEM! JEM-3000F operated at 300 kV. The diameter of t
electron beam was focused to 1.0 nm during nanobeam e
tron diffraction.

Figure 1 shows the DSC curves of the melt-spun ribbo
The metallic glasses change to a supercooled liquid s

FIG. 1. DSC curves of the melt-spun Zr65Al7.5Ni5Cu17.5Ir5 and
Zr65Al7.5Ni10Cu12.5Ir5 ribbons.
©2001 The American Physical Society01-1
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accompanying an endothermic reaction marked with
glass transition temperatureTg , followed by two exothermic
peaks. XRD patterns of the Zr65Al7.5Ni5Cu17.5Ir5 alloy are
shown in Fig. 2. The halo ring indicates that the melt-sp
ribbon is in a glassy state. The diffraction peaks of the ribb
annealed for 2 min at 743 K were identified as an I pha

FIG. 2. XRD patterns of the melt-spun and annea
Zr65Al7.5Ni5Cu17.5Ir5 ribbons.

FIG. 3. XRD patterns of the melt-spun and annea
Zr65Al7.5Ni10Cu12.5Ir5 ribbons.
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Further annealing at the same temperature revealed the t
formation of the I phase to other regular crystalline phas
indicating that the present I phase is in a metastable s
The XRD patterns of the Zr65Al7.5Ni10Cu12.5Ir5 ribbons are
shown in Fig. 3. The diffraction peaks of the alloy annea
for 3 min at 773 K, which correspond to the low-temperatu
exothermic reaction, are identified as the fcc-Zr2Ni phase.
Since the phases of the alloy annealed at the same tem
ture for a longer time are different from fcc-Zr2Ni, the
present fcc-Zr2Ni phase is also concluded to be in a me
stable state. It should be pointed out that the above-inde
results are based on both the XRD analysis and the T
observation to be presented later.

Figure 4 shows the results of TEM observation of t
Zr65Al7.5Ni5Cu17.5Ir5 ribbon annealed for 2 min at 743 K.~a!,
~b!, and~c! are nanobeam electron-diffraction patterns cor
sponding to the five-, three-, and twofold symmetries,
spectively. From these diffraction patterns, it has been firm
established that the initial precipitation phase is an I pha
The bright-field TEM image shown in~d! indicates that the
precipitated particle size is approximately 13 nm. The res
of TEM observation of the Zr65Al7.5Ni10Cu12.5Ir5 ribbon an-
nealed for 3 min at 773 K are shown in Fig. 5. Figure 5~a! is
the observed nanobeam electron-diffraction pattern from

FIG. 4. Results of TEM observation of the Zr65Al7.5Ni5Cu17.5Ir5

alloy annealed for 2 min at 743 K.~a!, ~b!, and~c! show the nano-
beam electron-diffraction patterns, corresponding to the fiv
three-, and twofold symmetries of the I phase, respectively. T
bright-field TEM image shown in~d! indicates that the size of the
precipitated particles is approximately 13 nm.
1-2
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precipitated particle. Figure 5~b! is the simulated one base
on the crystal structure of fcc-Zr2Ni, where the incident elec
tron beam is parallel to thê111& orientation. Spots in Fig
5~b! with high intensity are in agreement with those in F
5~a!, implying that the precipitated particle has the fcc-Zr2Ni
structure. The bright-field TEM image shown in Fig. 5~c!
indicates that the particle size is approximately 7 nm.

The fcc-Zr2Ni appears to be a crystalline approximant
the Zr-based I phase. As shown in Figs. 5~a! and 4~b!, the
electron-diffraction pattern of fcc-Zr2Ni taken with the inci-
dent electron beam parallel to the^111& crystalline orienta-
tion resembles the threefold symmetry diffraction pattern
the I phase. This reminds us of the possible structural s
larity between fcc-Zr2Ni and the I phase. In the previou
report, the structure of fcc-Zr2Ni has been described as co
sisting of a tetrahedron formed by Ni atoms and an octa
dron formed by Zr atoms.3,4 These polyhedrons are shown
the upper part of Fig. 6. From the above-mentioned exp
mental results, we analyzed the crystal structure from
point of view of an icosahedral atomic cluster. It was fou
that the atoms between the Ni tetrahedron and the Zr o
hedron form an icosahedron. This portion is enlarged in
lower part of Fig. 6. One vertex of the Ni tetrahedron occ
pies the center site of the icosahedron. The Ni atom is
rounded by nine Zr and three Ni atoms, forming
Ni~Zr, Ni!12 icosahedral atomic cluster. It should be point
out that this icosahedron is distorted. On the shell of
icosahedron, the Ni-Ni interatomic distance is smaller th
that of Zr-Zr, implying that distortion of the icosahedron
mainly caused by the difference in atomic radius between
and Ni.

Therefore, the initial precipitation phase in the pres

FIG. 5. Results of TEM observation of the Zr65Al7.5Ni10Cu12.5Ir5

alloy annealed for 3 min at 773 K. The nanobeam electr
diffraction pattern~a! is in agreement with the simulated one~b!,
which was obtained based on the crystal structure of fcc-Zr2Ni. The
bright-field TEM image shown in~c! indicates that the size of th
precipitated particles is approximately 7 nm.
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Zr-Al-Ni-Cu-Ir alloys is characterized by the possession
icosahedral atomic clusters in their local atomic configu
tions. This suggests icosahedral atomic clusters exist in
glassy alloys with compositions around Zr65Al7.5Ni10Cu17.5.
The existence of such icosahedral atomic clusters in the
tallic glass provides the seeds for the precipitation of both
I phase and fcc-Zr2Ni. The precipitation of an fcc-Zr2Ni
phase in the metallic Zr65Al7.5Ni10Cu12.5Ir5 glass is due to its
compositional similarity to fcc-Zr2Ni. Stable Ti2Ni and Hf2Ir
crystalline phases with the same structure as fcc-Zr2Ni were
reported.9 However, such phases were not reported in allo
containing Cu and Al. Therefore, it is assumed that Ni and
are suitable to the Ni site in the fcc-Zr2Ni crystal, and Al and
Cu are not suitable. The Zr atomic concentration in t
present alloys remains as 65 at. %, which is approxima
the same as that required from the chemical formulas
fcc-Zr2Ni. The Ni sites in the fcc-Zr2Ni crystalline phase
should be occupied by Ni, Cu, Al, and Ir atoms. For t
Zr65Al7.5Ni10Cu12.5Ir5 alloy, the atomic percent of elemen
suitable to the Ni site is 15 at. %, which is higher than that
Zr65Al7.5Ni10Cu17.5 ~10 at. %! and Zr65Al7.5Ni5Cu17.5Ir5 ~10
at. %!. This explains why the metastable fcc-Zr2Ni phase was
found in Zr65Al7.5Ni10Cu12.5Ir5 and was not found in the
other two alloys. On the other hand, the atomic concentra

-

FIG. 6. Schematic drawing of the fcc-Zr2Ni crystal structure.
The upper part is the unit-cell view. The enlarged portion shown
the lower part illustrates the relationship among the Ni tetrahed
Zr octahedron, and icosahedron.
1-3
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of elements suitable to the Ni site is 10 at. % for t
Zr65Al7.5Ni5Cu17.5Ir5 alloy, which may be too low for the
precipitation of an fcc-Zr2Ni-type crystalline phase. Furthe
the atomic radius of Ir~0.135 nm! is larger than that of Ni
~0.125 nm!.10 This makes the Ni tetrahedron distorted a
the icosahedral atomic cluster less distorted. As a result,
I phase precipitates in the initial crystallization process. N
ticing the atomic radii of Ir~0.135!, Pd ~0.137!, Au ~0.144!,
and Ag ~0.144 nm!,10 the above discussion based on t
atomic size effect should apply to the I-phase precipitation
metallic Zr65Al7.5Ni10Cu12.5M5 ~M5Pd, Pt, Au, and Ag!
glasses, which has been reported previously. With respe
the Zr65Al7.5Ni10Cu17.5 alloy, the precipitation of fcc-Zr2Ni is
retarded because of the low concentration of elements
able to the Ni site. The precipitation of the I phase is retard
because of the lack of elements, making the icosahe
atomic cluster less distorted. The glassy state translate
rectly to the stable crystalline phases.11 The precipitation of
i

to

J

r
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these stable crystalline phases from the glassy matrix
quires the elemental redistribution across the icosahe
atomic cluster, which is difficult. The low atomic mobility in
the metallic glass contributes to the high thermal stability
the supercooled liquid.

In summary, the initial precipitation phases are the I ph
and fcc-Zr2Ni for the Zr65Al7.5Ni5Cu17.5Ir5 and
Zr65Al7.5Ni10Cu12.5Ir5 metallic glasses, respectively. Ir i
verified to be effective in promoting the formation of a Z
based I phase, adding to the previously reported noble m
als. Structural analysis revealed that fcc-Zr2Ni serves as the
crystalline approximant for the Zr-based I phase. Preferen
precipitation of the I phase and its crystalline approxima
leads to the speculation that icosahedral atomic clusters e
in the glassy alloys in the vicinity of Zr65Al7.5Ni10Cu17.5.
This suggestion provides an explanation to the high ther
stability of the supercooled liquid state of metall
Zr65Al7.5Ni10Cu17.5 glass.
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