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Nanoscale icosahedral quasicrystalline phase formation in a rapidly
solidified Zr 80Pt20 binary alloy
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Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

~Received 10 April 2000; accepted for publication 10 May 2000!

It is found that an icosahedral quasicrystalline phase is directly formed in a Zr80Pt20 binary alloy
during rapid solidification from the melt. The size of the icosahedral particles lies in the diameter
range below 10 nm, and the particles are distributed homogeneously. The formation of the nanoscale
icosahedral phase indicates that the icosahedral short-range order exists in the melted state of Zr–Pt
binary alloy. The strong chemical affinity between Zr and Pt contributes to the restraint of the
long-range rearrangement of constitutional elements to form a stable crystalline phase, which is the
important factor of the stabilization of an icosahedral phase. ©2000 American Institute of Physics.
@S0003-6951~00!05027-0#
ra
ro
a

as
d
ki
e
at
a
m
ra
n

ra
as
e
ys
a

et
dr

03

a
0.
am

-ray

u-

ed
o the

n

ge
ates
usly
ern
d
he
am
di-
Recently, the reproducible formation of an icosahed
quasicrystalline phase as a primary precipitation phase f
an amorphous state has been reported over a wide anne
temperature range in the Zr–Al–Ni–Cu–M,1,2

Zr–Al–Ni–M,3 Zr–Ni–M4 (M5Ag, Pd, Au, or Pt!, and
Zr–TM–Pd5 (TM5Fe, Ni, Co, or Cu! glassy alloys. It gives
a unique opportunity to clarify the kinetics6,7 and mechanism
for the transformation from amorphous to icosahedral ph
and the structural correlation8 between the amorphous an
icosahedral phases. These results suggest that the two
of atomic pairs of Zr–TM and Zr–M with strongly negativ
heats of mixing contribute to the stabilization of glassy st
and the formation of icosahedral phase through the restr
of the long-range rearrangement of constitutional ato
Very recently, we have found the formation of icosahed
phase as a primary phase through the crystallization eve
the Zr–Pd binary glassy alloy.9 It is implied that the Zr–M
pair is a dominant factor for the formation of icosahed
phase and the Zr–TM pair stabilizes the icosahedral ph
These results also suggested that icosahedral short-rang
der exists in the liquid state of Zr-noble metal-based allo
However, all the icosahedral phases are formed as a prim
phase from the glassy state in these alloy systems. This l
is intended to present the direct formation of the icosahe
phase in the Zr80Pt20 binary alloy during rapid solidification
from the melt.

The ribbon sample with a cross section of 0.
31 mm2 was produced by melt spinning from a Zr80Pt20

arc-melted alloy ingot in an argon atmosphere. Therm
properties were measured by DSC at a heating rate of
k s21. The structure of the as-quenched sample was ex
ined by x-ray diffractometry with CuKa radiation and field-
emission transmission electron microscopy~TEM! with ac-
celerating voltage of 300 kV~JEOL JEM-3000F!. The
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structure of the annealed sample was also examined by x
diffractometry.

The oxygen content of the as-quenched Zr80Pt20 ribbon
is ;700 ppm mass %, where the influence of oxygen imp
rity on the transformation behavior can be ignored.10 Figure
1 shows an x-ray diffraction~XRD! pattern of the as-
quenched sample. All the diffraction peaks can be identifi
as the icosahedral phase. No extra peaks corresponding t
crystalline phase are seen. The bright-field TEM image~a!,
selected-area electron diffraction~b!, and nanobeam electro
diffraction patterns~c!–~e! of the as-quenched Zr80Pt20 alloy
are shown in Fig. 2. Very fine particles in the diameter ran
below 10 nm are seen over the whole area. The precipit
have a nearly spherical morphology and are homogeneo
distributed. The selected-area electron diffraction patt
taken from a region of 1mm in diameter is observed as broa
rings revealing the fine grain size. In order to confirm t
structure of precipitated particles, we obtained nanobe
electron diffraction patterns of the particles with a beam

FIG. 1. X-ray diffraction pattern of the rapidly solidified Zr80Pt20 alloy.
© 2000 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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ameter of 2.4 nm. The three kinds of electron diffracti
patterns reveal the five-, three- and twofold symmetr
which can be identified as the icosahedral structure. Furt
more, no extra reflection spots corresponding to a crystal
phase are seen. Thus, it is found that the icosahedral s
phase is directly formed in the rapidly solidified Zr80Pt20

binary alloy. The size of the icosahedral phase is below
nm, being considerably smaller than that~about 20 nm!
transformed from the Zr70Ni10Pt20 glassy alloy.4

We also examined the thermal stability of the icosa
dral phase. Figure 3 shows a DSC curve of the melt-s
Zr80Pt20 alloy. A single exothermic peak is observed and t
onset temperature,Tx of the exothermic peak is 895 K, im
plying that the exothermic reaction corresponds to a trans
mation from icosahedral to crystalline phase. Figure 4 sho
an x-ray diffraction pattern of the Zr80Pt20 alloy annealed for
3.6 ks at 1000 K. The diffraction peaks are identified as
ZrPt, and Zr3Pt5 phases. Since neither diffraction peaks
icosahedral phase nor broad peak due to the amorp
phase are recognized, the icosahedral phase obtained i

FIG. 2. Bright-field TEM image~a!, selected-area electron diffraction pa
tern ~b! and nanobeam electron diffraction patterns~c!–~e! of the rapidly
solidified Zr80Pt20 alloy. The beam diameter for electron diffraction is;1
mm in ~b! and is 2.4 nm in~c!–~e!.

FIG. 3. DSC curve of the rapidly solidified Zr80Pt20 alloy.
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melt-spun alloy is a metastable phase. The exothermic p
is, therefore concluded to result from the transition from t
icosahedral phase to the stable crystalline phases of Zr, Z
and Zr3Pt5. The onset temperature of the exothermic peak
considerably higher than that of the transformation fro
icosahedral phase to crystalline phase~;845 K! for the
Zr70Ni10Pt20 alloy, implying the higher thermal stability o
the icosahedral phase in the melt-spun Zr80Pt20 alloy.

We have previously reported the formation of the icos
hedral phase in the Zr–Ni–M (M5Pd, Au or Pt! and Zr–
TM–Pd (TM5Fe, Ni, Co, or Cu! ternary systems.4,5 In these
icosahedral alloys, one has pointed out the correlation
tween the existence of an icosahedral short-range orde11,12

and atomic configurations due to the chemical affinity
constitutional elements. Very recently, it has been found t
the icosahedral phase is formed even in the Zr–Pd bin
glassy alloy,9 suggesting the structural correlation betwe
the icosahedral phase and the short-range ordering in
glassy state under the only strong chemical pair of Zr–
The heat of mixing for Zr–Pt atomic pair also has an e
tremely large negative value of2376 kJ mol21.13 The for-
mation of the icosahedral phase in the melt-spun Zr–Pt
nary alloy indicates that an icosahedral short-range or
exists in the liquid state and the strong atomic pair s
presses the long-range rearrangement of atoms to form
stable crystalline phase, leading to the stability of the ico
hedral short-range order. The precipitation of nanosc
icosahedral particles also reflects the stability of the icosa
dral short-range order and difficulty of the long-range re
rangement for grain growth through the crystallization. Th
the icosahedral short-range order is expected to be stab
the Zr-noble metal-based alloys, which is an important fac
for the appearance of the supercooled liquid state in the
loys.

The nanoscale icosahedral phase was found to be for
in the rapidly solidified Zr80Pt20 binary alloy. The icosahe-
dral particles have a nearly spherical morphology with a
ameter range below 10 nm. The icosahedral phase has a
thermal stability and transforms to the crystalline Zr, ZrP
and Zr3Pt5 phases at 895 K at the heating rate of 0.67 k s21.
The direct formation of the icosahedral phase from the liq

FIG. 4. X-ray diffraction pattern of the Zr80Pt20 melt-spun ribbon annealed
for 3.6 ks at 1000 K.
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



st
ic

rd
ic

ys

ra

rai,

rai,

, J.

ms

75Appl. Phys. Lett., Vol. 77, No. 1, 3 July 2000 Saida, Matsushita, and Inoue
phase suggests that an icosahedral short-range order exi
the melt of Zr–Pt binary alloy and the long-range atom
rearrangements for the transition from the icosahedral o
to the periodic order is suppressed by the strong chem
affinity between Zr and Pt.
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