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The amorphous-to-quasicrystalline phase transformation in a Zr65Al7.5Ni10Cu7.5Ag10 metallic glass
has been investigated by monitoring the quasilattice constant and the composition of
quasicrystalline particles in the samples annealed in vacuum at 663 K for various times. It is found
that the quasilattice constant decreases with annealing time and saturates after 90 min while the
zirconium and silver contents in quasicrystalline particles differ from those in the remaining
amorphous matrix. The results provide evidence that the amorphous-to-quasicrystalline phase
transformation in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass is a nonpolymorphous reaction. © 2002
American Institute of Physics. 关DOI: 10.1063/1.1463207兴

In 1996, Koster and his co-workers1 reported the formation of icosahedral quasicrystals from Zr–Al–Cu–Ni metallic glasses. Since then, the mechanism of the amorphous-toquasicrystalline phase transformation in Zr-based metallic
glasses has been intensively studied and still remains
debated.2–17 For a Zr65Al7.5Ni10Cu7.5Ag10 metallic glass, Inoue and his co-workers,10 studied the kinetics of the transformation by performing isothermal differential scanning
calorimeter 共DSC兲 measurements. Using the Johnson–
Mehl–Avrami equation, they estimated the Avrami exponent
to be close to 4. In addition, they performed nanobeam energy dispersive x-ray 共EDX兲 analyses on quasicrystalline
particles and the remaining amorphous phase in the
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass annealed at 705 K for
60 s and found no difference in composition between the
quasicrystalline and the remaining amorphous phases. They
suggested a polymorphous transformation for the
amorphous-to-quasicrystalline
transformation
in
the
Zr65Al7.5Ni10Cu7.5Ag10 alloy. Lee et al.,11 reported that formation of quasicrystalline phase in a similar alloy
Zr65Al7.5Ni10Cu12.5Ag5 is not entirely polymorphic in nature
and may involve partitioning of the solute on the basis of
their isothermal DSC measurements. Furthermore, Jiang
et al.,14 performed in situ isothermal kinetic x-ray diffraction
共XRD兲 measurements using synchrotron radiation for the
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass. The results of the
pressure effect on crystallization temperature and the relative
volume fraction versus time at four temperatures suggested
that atomic mobility is important for the time-dependent
nucleation of quasicrystals from the metallic glass. The
Avrami exponent was found to be close to one. In this work,
we report the changes of quasilattice constant and
composition of the quasicrystalline phase during
amorphous-to-quasicrystalline phase transformation in
the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass.
a兲
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A ribbon sample of the Zr65Al7.5Ni10Cu7.5Ag10 metallic
glass with a cross section of 0.03 mm⫻1 mm was prepared
by the melt-spinning technique from a master alloy ingot
prepared by arc melting in an Ar atmosphere. The amorphous
nature of the as-quenched ribbon was confirmed by XRD and
transmission electron microscopy 共TEM兲. Thermal analysis
was performed by a DSC at a heating rate of 5 K/min under
a flow of purified argon. The alloy exhibits an endothermic
event characteristic of the glass transition, followed by two
characteristic exothermic events indicating a two-stage phase
transformation process, i.e., amorphous-to-quasicrystalline
and quasicrystalline-to-intermetallic compounds.14 It was
found that the glass transition temperature T g , estimated as
the onset temperature of the glass transition event, is 628 K,
the onset temperatures and the exothermic heats of the first
and second crystallization events, T x1 ⫽672 K, T x2 ⫽730 K
and 34.1 J/g, 40.4 J/g, respectively, and ⌬T⫽T x1 ⫺T g

FIG. 1. XRD patterns recorded for the as-prepared Zr65Al7.5Ni10Cu7.5Ag10
metallic glass and the samples annealed at 663 K for 10, 15, 20, 30, 60, 90,
120, and 180 min in a vacuum, using Cu K␣ radiation.
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⫽44 K. For the structural evolution, the sample was annealed at 663 K, below T x1 , for 5, 10, 15, 20, 30, 60, 90,
120, and 180 min in a vacuum of about 10⫺5 mbar. The
XRD data were collected in Bragg–Brentano scattering geometry with a Philips PW 1820/3711 diffractometer using Cu
K␣ radiation. The data were collected in the 2 range of
20° – 100° with a step length of 0.02° and a counting time of
30 s per step. TEM measurements were carried out with a
Philips CM 200 microscope operated at 200 kV. Local
chemical composition was determined using EDX analysis
on an area about 3 nm in diameter.
Figure 1 shows the XRD patterns recorded for the asprepared Zr65Al7.5Ni10Cu7.5Ag10 metallic glass and the
samples annealed at 663 K for 10, 15, 20, 30, 60, 90, 120,
and 180 min. It is clear that after 10 min, the sample is still
amorphous while the XRD pattern recorded after 15 min
shows some broad diffraction peaks. A primitive icosahedral
structure was found to be the most promising indexing
scheme.13,14 The icosahedral Miller indices are generated by
cyclic permutations of (q x , q y , q z )⫽(⫾1,⫾ ␦ ,0). Six independent vectors are expressed by: q 1 ⫽(1,␦ ,0); q 2 ⫽(1,
⫺ ␦ ,0); q 3 ⫽(0,1,␦ ); q 4 ⫽(0,1,⫺ ␦ ); q 5 ⫽( ␦ ,0,1); and q 6
⫽(⫺ ␦ ,0,1), where ␦ is the golden mean, 1.618. As an example, the 共110 000兲 peak is found at q⫽Q 0 (q 1 ⫹q 2 )
⫽(2,0,0), and Q 0 ⫽2  /a, where a is the quasilattice constant. The average quasilattice constant is found to be a
⫽4.843(5)Å. The peak (2  ⬇35.3°, q⬇2.5Å ⫺1 兲 is a choice
for the basic 共100 000兲 reciprocal lattice vector. With increasing time, the quasicrystalline diffraction peaks remain and no
new diffraction peaks were detected in the sample annealed
for 180 min. By closely examining the XRD patterns recorded, we found that diffraction peaks shift to high angles
with annealing time. Diffraction peak positions and widths
were estimated from fitting the XRD patterns taking into
account the remaining amorphous phase. The corresponding
quasilattice constant deduced from the three strongest peaks
as a function of the annealing time are shown in Fig. 2. The
quasilattice constant decreases with annealing time and remains almost unchanged after 90 min. To confirm the peak
position shift in the annealed samples, we repeated the XRD
measurements and found the same peak shifts. The 2-zero
and strain effects on the peak position shift were also considered and found that they are negligible. Furthermore, we
perform nanobeam 共3 nm in diameter兲 EDX measurements
on two samples annealed for 10 and 60 min, as summarized
in Tables I and II. Note that less than about 3% of the quasicrystalline phase in the sample annealed for 10 min is
hardly detected by XRD. It is found that in the sample annealed for 10 min by comparing with the remaining amorphous phase, the average zirconium content in the quasicrystalline phase is low while the average silver content is high
within experimental uncertainty. These discrepancies become
much larger in the sample annealed for 60 min. Other elements remain the same in the quasicrystalline and the remaining amorphous matrix within experimental uncertainty.
Note that if one considers some matrix material above and
below the quasicrystalline particles, the zirconium content in
quasicrystalline particles is still lower than that in the residual amorphous matrix. The results obtained here clearly
reveal that the amorphous-to-quasicrystalline phase transfor-
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FIG. 2. Quasilattice constant of the icosahedral quasicrystalline phase as a
function of the annealing time.

mation in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass involves
in redistribution of zirconium and silver atoms. It should be
noted that the sample used in Ref. 10 was annealed only for
1 min at 705 K while the samples studied here and in Ref. 14
were annealed for longer times. This discrepancy might indicate that the atomic redistribution effect is small, even negligible, during faster phase transformation at high temperatures while it can be detectable during slower phase
transformation at low temperatures. Furthermore, to estimate
the grain size of the quasicrystalline phase in the annealed
samples, 60 and 101 particles, from TEM micrographs, were
counted for samples annealed for 10 min and 60 min, respectively. The grain size of the quasicrystalline phase is ranging
of 5–50 nm with average grain sizes of 9.2 nm and 15.9 nm
for the samples annealed for 10 min and 60 min, respectively. The reduction of quasilattice constant may be caused
by 共1兲 the decrease of zirconium content in the particles because zirconium atom has the largest atomic size in the alloy,
and/or 共2兲 a grain size effect on quasilattice constant of the
TABLE I. Analytical compositions in quasicrystalline particles and the remaining amorphous phase in the Zr65Al7.5Ni10Cu7.5Ag10 sample annealed at
663 K for 10 min in a vacuum.
Al

Ni

3.9⫾1.1

9.8⫾0.7

12.3⫾0.6 59.7⫾0.3 14.2⫾0.8

4.1⫾1.1
4.3⫾1.0
4.4⫾1.1
4.1⫾1.0

9.4⫾0.7
9.6⫾0.6
9.7⫾0.6
9.8⫾0.6

10.2⫾0.7
10.0⫾0.6
10.4⫾0.6
10.0⫾0.6

Average

4.2⫾1.1

9.7⫾0.6

10.6⫾0.6 62.1⫾0.3 13.5⫾0.8

Amorphous
matrix

4.4⫾1.2 10.4⫾0.7 11.4⫾0.7 64.3⫾0.4

9.3⫾1.2

5.1⫾1.0
5.3⫾0.9
4.4⫾1.1
4.6⫾1.0

65.5⫾0.3
63.8⫾0.3
65.8⫾0.3
65.0⫾0.3

9.0⫾1.0
9.5⫾0.9
9.3⫾1.1
9.3⫾1.0

4.8⫾1.0 10.4⫾0.6 10.7⫾0.6 64.9⫾0.3

9.3⫾1.0

Quasicrystalline
particle

Average

10.0⫾0.6
10.6⫾0.6
10.1⫾0.7
10.7⫾0.6

Cu

10.5⫾0.6
10.8⫾0.6
10.5⫾0.7
10.3⫾0.6

Zr

63.5⫾0.3
64.5⫾0.3
60.6⫾0.3
62.0⫾0.3

Ag

12.8⫾0.9
11.5⫾0.9
14.9⫾0.8
14.1⫾0.8
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TABLE II. Analytical compositions in quasicrystalline particles and the
remaining amorphous phase in the Zr65Al7.5Ni10Cu7.5Ag10 sample annealed
at 663 K for 60 min in a vacuum.
Al

Ni

Cu

3.6⫾1.2

6.6⫾1.5

8.3⫾1.5

61.4⫾0.3 20.1⫾0.5

3.6⫾1.2
3.7⫾1.2
4.1⫾1.2
4.1⫾1.2
3.3⫾1.3
3.9⫾1.3
4.2⫾1.2
3.5⫾1.3
4.1⫾1.3

6.7⫾1.5
7.4⫾1.5
7.4⫾1.5
7.9⫾1.5
5.9⫾1.5
6.6⫾1.5
8.0⫾1.5
6.1⫾1.5
7.1⫾1.5

7.5⫾1.5
9.1⫾1.5
9.3⫾1.5
8.6⫾1.5
7.5⫾1.5
7.8⫾1.5
10.1⫾1.5
7.5⫾1.5
8.1⫾1.5

56.4⫾0.3
61.5⫾0.2
60.0⫾0.2
58.8⫾0.2
51.7⫾0.3
61.2⫾0.3
60.0⫾0.3
55.5⫾0.3
57.2⫾0.3

Average

3.8⫾1.3

7.0⫾1.5

8.4⫾1.5

58.4⫾0.3 22.5⫾0.6

Amorphous
matrix

5.0⫾1.2

9.1⫾1.4

9.4⫾1.5

68.4⫾0.3

4.9⫾1.2 8.6⫾1.4
4.8⫾1.2 8.4⫾1.4
4.9⫾1.2 7.3⫾1.4
5.2⫾1.2 7.7⫾1.4
4.7⫾1.3 10.4⫾1.4
4.0⫾1.3 5.9⫾1.4
5.7⫾1.2 8.2⫾1.4
5.4⫾1.2 9.1⫾1.4
5.3⫾1.2 8.7⫾1.4
5.9⫾1.2 7.2⫾1.4

8.5⫾1.5
8.9⫾1.5
8.5⫾1.5
9.0⫾1.5
9.2⫾1.5
7.1⫾1.5
9.2⫾1.5
9.3⫾1.5
9.0⫾1.5
8.7⫾1.5

70.3⫾0.2 7.6⫾1.3
69.9⫾0.3 8.1⫾1.3
69.9⫾0.3 9.4⫾1.2
67.9⫾0.3 10.2⫾1.2
67.3⫾0.3 8.4⫾1.3
69.9⫾0.3 13.0⫾1.2
67.3⫾0.3 9.5⫾1.2
68.1⫾0.3 8.1⫾1.3
68.2⫾0.3 8.7⫾1.2
69.5⫾0.2 8.7⫾1.3

5.1⫾1.3

8.8⫾1.5

68.8⫾0.3

Quasicrystalline
particle

Average

8.2⫾1.4

Zr

Ag

25.9⫾0.6
18.4⫾0.6
19.2⫾0.5
20.6⫾0.6
31.6⫾0.6
20.4⫾0.6
17.6⫾0.6
27.4⫾0.5
23.5⫾0.6

8.1⫾1.3

9.1⫾1.3

quasicrystalline phase because the size dependence of lattice
parameter in nanocrystals has been reported in the literature
due to a large fraction of surface atoms.18,19 Why should the
zirconium content in quasicrystals decrease with the annealing time? The quasicrystalline phase could be formed in a
range of compositions. During annealing, atoms diffuse in
and out of quasicrystals so that the zirconium content in
quasicrystals could vary with annealing time. The experimental results obtained here will trigger further investigation
on the relationship of composition, quasilattice constant, and
grain size of the quasicrystalline phase.
In conclusion, the amorphous-to-quasicrystalline phase
transformation in the Zr65Al7.5Ni10Cu7.5Ag10 metallic glass
has been investigated by monitoring the quasilattice constant
and the composition of quasicrystalline particles in the

samples annealed at 663 K for various times. We found that
quasilattice constant decreases with annealing time and saturates after 90 min while the zirconium content in quasicrystalline particles decreases whereas silver content increases.
The results suggest a nonpolymorphous reaction for the
amorphous-to-quasicrystalline phase transformation in the
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass. This is in consistent
with the conclusion derived in the literature.11,14
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