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The effect of pressure on the structural stability of icosahedral Zr–Al–Ni–Cu–Ag quasicrystals
forming from a Zr65Al7.5Ni10Cu7.5Ag10 metallic glass with a supercooled liquid region of 44 K has
been investigated byin situ high-pressure angle-dispersive x-ray powder diffraction at ambient
temperature using synchrotron radiation. The icosahedral quasicrystal structure is retained up to the
highest hydrostatic pressure used~approximately 28 GPa! and is reversible after decompression.
The bulk modulus at zero pressure and its pressure derivative of the icosahedral Zr–Al–Ni–Cu–Ag
quasicrystal are 99.1061.26 GPa and 4.2560.16, respectively. The compression behavior of
different Bragg peaks is isotropic and the full width at half maximum of each peak remains almost
unchanged during compression, indicating no anisotropic elasticity and no defects in the icosahedral
Zr–Al–Ni–Cu–Ag quasicrystals induced by pressure. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1394951#

Recently, after the discovery of the formation of icosa-
hedral quasicrystals from Zr–Al–Cu–Ni metallic glasses,1

quasicrystals have been found by crystallization in many Zr-
based alloy systems, such as ZrM~M5Pd and Pt!,2,3 ZrNiM
~M5Pd, Au, Pt, and Ti!,4,5 ZrCuM ~Al and Pd!,6,7

ZrAlCuPd,7 ZrCuNiPd,7 ZrAlNiM ~M5Cu, Pd, Au, and
Pt!,1,8–10ZrAlNiCuM ~M5Ti, Au, Pt, Pd, and Ag!,7,11–17and
ZrTiCuNiBe.18 Inoue and co-workers15 further found that
bulk quasicrystalline ZrAlNiCuM~M5Pd and Ag! alloys ex-
hibit high strength and good ductility. The formation of qua-
sicrystals in these alloys becomes very interesting. It has
been demonstrated from several groups that Zr-based quasi-
crystals have a phase transformation into intermetallic com-
pound~s! at high temperatures. In this work, we report the
structural stability of the icosahedral Zr–Al–Ni–Cu–Ag
quasicrystals forming from a Zr65Al7.5Ni10Cu7.5Ag10 metallic
glass under hydrostatic pressure up to approximately 28 GPa
by in situ high-pressure angle-dispersive x-ray powder dif-
fraction ~XRD! at ambient temperature using synchrotron ra-
diation. It should be mentioned that stable quasicrystals
against higher pressures on various conventional Al- and Ti-
based systems have been reported.19–26 In most cases, the
full width at half maximum~FWHM! of the Bragg peaks
increases with pressure. It was suggested that the defects
induced during compression stablize the quasicrystalline
structure. However, the results obtained here show that the
quasicrystalline structure could be intrinsically stable during
compression of about 17% volume contraction.

A ribbon sample of the Zr65Al7.5Ni10Cu7.5Ag10 metallic
glass with a cross section of 0.03 mm31 mm was prepared
by the melt-spinning technique from a master alloy ingot
prepared by arc melting in an Ar atmosphere. Thermal analy-

sis of the as-prepared amorphous ribbon was performed in a
differential scanning calorimeter~DSC! at a heating rate of 3
K/min under a flow of purified argon. The alloy exhibits an
endothermic event characteristic of the glass transitionTg

5628 K, followed by two characteristic exothermic events
Tx15672 K andTx25730 K, and 34.1 and 40.4 J/g, respec-
tively, indicating two-stage amorphous-to-quasicrystalline
and quasicrystalline-to-intermetallic phase transformation
processes, which are consistent with data reported in the lit-
erature for the alloy.11–17 Subsequent annealing for prepara-
tion of Zr-based quasicrystals was performed on the as-
quenched amorphous ribbon in a vacuum of 131026 Torr at
663 K for 2 h. The icosahedral quasicrystalline structure of
the annealed sample was confirmed by x-ray powder diffrac-
tion and transmission electron microscopy. The average grain
size of the icosahedral quasicrystals was approximately of 45
nm. A flake ~approximately 20mm! of the annealed sample
was loaded into a diamond-anvil cell with a Re gasket of 150
mm in hole. In order to insure the hydrostatic conditions up
to 30 GPa, liquid He~2000 atm! was used as the pressure
transmitting medium. The actual pressure was calculated
from the wavelength shift of the ruby line using the non-
linear pressure scale of Maoet al.27 In situ high-pressure
angle-dispersive x-ray powder diffraction measurements of
the annealed sample were performed at the BL10XU beam-
line, SPring8, Japan, with a wavelength of 0.49592 Å. The
diffraction patterns were recorded using an image plate,
which provides complete information in the form of a pos-
sible preferential orientation of diffracting grains and a better
sample averaging by integrating the Debye–Sherrer rings by
means of a two-dimentional data analysis program.

A large number of XRD patterns were recorded at pres-
sures ranging from 0 to approximately 28 GPa at ambient
temperature. In the annealed sample, the two-dimensional
diffraction patterns recorded did not show any preferential
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orientation of the diffracting grains either at ambient or high
pressure (P<28 GPa). Figure 1 shows some selected XRD
patterns recorded at various pressures. The icosahedral
Miller indices are generated by cyclic permutations of
(qx ,qy ,qz)5(61,6d,0). Six independent vectors are ex-
pressed byq15(1,d,0), q25(1,2d,0), q35(0,1,d), q4

5(0,1,2d), q55(d,0,1), andq65(2d,0,1), whered is the
golden mean, 1.618. As an example, the~110000! peak is
found atq5Q0(q11q2)5(2,0,0) andQ052p/a, where a
is the quasilattice constant. The quasilattice constant at am-
bient pressure is found to bea54.8307(1) Å. The peak
(2u'11.2°) is a choice for the basic~100000! reciprocal
lattice vector. The Bragg peaks shift monotonously to the
higher two theta angles~or lowerd-spacing values! when the
pressure increases, as shown in Fig. 2 for the three most
strongest Bragg peaks. No peak disappears, nor does any
new peak appear, so that the alloy remains icosahedral. After
release of pressure~from 28 GPa!, Bragg peaks recover their
initial positions. The relative intensity and FWHM of the
three peaks~Fig. 3! remain almost unchanged within experi-
mental uncertainty in the sample under pressures or after
decompression. These results indicate that~1! the icosahedral

Zr–Al–Ni–Cu–Ag quasicrystals are intrinsically stable up
to 28 GPa;~2! no defect, dislocation, and phason were in-
duced during compression; and~3! no preferential orienta-
tion of any symmetry lines was detected during compression.
A question of particular interest is whether the sample exhib-
its anisotropic elasticity. To address this question, we have
plotted the compressibility, in our caseV(P)/V(P50) was
taken to be equal to@d(P)/d(P50)#3, for the three most
distinguishable Bragg peaks~100000, 110000, 101000! as a
function of pressure. Table I lists the zero-pressure bulk
modulus (B0) and its pressure derivative (B08) for the Bragg
peaks as well as the averaged values of the three peaks for
the icosahedral Zr–Al–Ni–Cu–Ag quasicrystals using the
Birch–Murnaghan equation.28 Figure 4 plots compression
data obtained by averaging the three Bragg peaks. It is clear
that the compressibility is equivalent in all directions within
experimental uncertainty. This infers no distinguishable
anisotropies in the icosahedral Zr–Al–Ni–Cu–Ag quasicrys-
tals.

In conclusion, the effect of hydrostatic pressure~up to

FIG. 1. Pressure dependence of the x-ray diffraction patterns at various
pressures of the icosahedral Zr–Al–Ni–Cu–Ag quasicrystals.

FIG. 2. Pressure dependence ofd spacing for three Bragg peaks of the
icosahedral Zr–Al–Ni–Cu–Ag quasicrystals.

FIG. 3. Pressure dependence of the FWHM for three Bragg peaks of the
icosahedral Zr–Al–Ni–Cu–Ag quasicrystals. FWHM of the@110000# and
@101000# peaks are added with 0.1° and 0.25°, respectively.

TABLE I. Zero-pressure bulk modulus (B0) and its pressure derivative (B08)
for three Bragg peaks as well as the averaged values of the three peaks for
the icosahedral Zr–Al–Ni–Cu–Ag quasicrystals using the Birch–
Murnaghan equation, together with data reported in the literature.

B0 ~GPa! B08

100000 100.0461.19 4.1560.15
110000 98.0461.21 4.4160.16
101000 99.2561.52 4.2060.19
Average 99.1061.26 4.2560.16
Al–Cu–Fea 155 2
Al–Pd–Mnb 128 4.2
Al–Cu–Ruc 128 5
Al–Pd–Rec 180 5
Al–Ni–Cod 120 5
Al–Pd–Mne 100612 5.360.9
Ti–Zr–Nif 130610 5.561
Ti–Zr–Ni–Hf 105610 5.561
Ti–Zr–Nig 17365 2.360.5

aReference 20. eReference 24.
bReference 21. fReference 25
cReference 22. gReference 26.
dReference 23.
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approximately 28 GPa! on the structural stability of the
icosahedral Zr–Al–Ni–Cu–Ag quasicrystals forming from a
Zr65Al7.5Ni10Cu7.5Ag10 metallic glass has been investigated
by in situ angle-dispersive x-ray powder diffraction at ambi-
ent temperature using synchrotron radiation. It is found that
the icosahedral quasicrystalline structure in the sample is in-
trinsically stable up to 28 GPa. The bulk modulus at zero
pressure and its pressure derivative of the icosahedral Zr–
Al–Ni–Cu–Ag quasicrystal is 99.1061.26 GPa and 4.25
60.16, respectively. The compression behavior of different
Bragg peaks is isotropic and the full width at half maximum
of each peak remains almost unchanged during compression,
indicating no anisotropic elasticity and no defects in the
icosahedral Zr–Al–Ni–Cu–Ag quasicrystals induced by
pressure.

The authors would like to thank Spring8 in Japan for use
of the synchrotron radiation facilities. Financial support from
the Danish Technical Research Council, the Danish Natural
Sciences Research Council, and SPring8 is gratefully ac-
knowledged.

1U. Koster, J. Meinhardt, S. Roos, and H. Liebertz, Appl. Phys. Lett.69,
179 ~1996!; U. Koster, J. Meinhardt, S. Roos, and A. Rudiger, Mater. Sci.
Forum225, 311 ~1996!.

2J. Saida, M. Matsushita, and A. Inoue, Appl. Phys. Lett.77, 73 ~2000!.
3B. S. Murty, D. H. Ping, and K. Hono, Appl. Phys. Lett.77, 1102~2000!.
4J. Saida, M. Matsushita, C. Li, and A. Inoue, Appl. Phys. Lett.76, 3558
~2000!.

5S. Yi and D. H. Kim, J. Mater. Res.15, 892 ~2000!.

6B. S. Murty, D. H. Ping, K. Hono, and A. Inoue, Appl. Phys. Lett.76, 55
~2000!.

7B. S. Murty, D. H. Ping, K. Hono, and A. Inoue, Scr. Mater.43, 103
~2000!.

8U. Koster, J. Meinhardt, S. Roos, and R. Busch, Mater. Sci. Eng., A226,
995 ~1997!; D. Zander, R. Janlewing, A. Rudiger, and U. Koster, Mater.
Sci. Forum307, 25 ~1999!.

9A. Inoue, J. Saida, M. Matsushita, and T. Sakurai, Mater. Trans., JIM41,
362 ~2000!.

10J. Eckert, N. Mattern, M. Zinkevitch, and M. Seidel, Mater. Trans., JIM
39, 623 ~1998!.

11L. Q. Xing, J. Eckert, W. Loser, and L. Schultz, Appl. Phys. Lett.73, 2110
~1998!; L. Q. Xing, J. Eckert, W. Loser, and L. Schultz,ibid. 74, 664
~1999!.

12M. W. Chen, T. Zhang, A. Inoue, A. Sakai, and T. Sakural, Appl. Phys.
Lett. 75, 1697~1999!; M. W. Chen, A. Inoue, T. Zhang, A. Sakai, and T.
Sakural, Philos. Mag. Lett.80, 263 ~2000!.

13A. Inoue, T. Zhang, J. Saida, M. Matsushita, M. W. Chen, and T. Sakural,
Mater. Trans., JIM40, 1137~1999!; 40, 1181~1999!; A. Inoue, T. Zhang,
M. W. Chen, and T. Sakural,ibid. 40, 1382~1999!.

14J. Saida, M. Matsushita, T. Zhang, A. Inoue, M. W. Chen, and T. Sakural,
Appl. Phys. Lett.75, 3497~1999!; M. Matsushita, J. Saida, T. Zhang, A.
Inoue, M. W. Chen, and T. Sakural, Philos. Mag. Lett.80, 79 ~2000!; J.
Saida, M. Matsushita, C. Li, and A. Inoue,ibid. 80, 737 ~2000!.

15A. Inoue, T. Zhang, M. W. Chen, T. Sakurai, J. Saida, and M. Matsushita,
Appl. Phys. Lett.76, 967 ~2000!.

16J. K. Lee, G. Choi, D. H. Kim, and W. T. Kim, Appl. Phys. Lett.77, 978
~2000!.

17J. Z. Jiang, Y. X. Zhuang, H. Rasmussen, J. Saida, and A. Inoue, Phys.
Rev. B ~in press!.

18N. Wanderka, M.-P. Macht, M. Seidel, S. Mechler, K. Sta˚l, and J. Z. Jiang,
Appl. Phys. Lett.77, 3935~2000!.

19Y. Sato-Sorensen and L. B. Sorensen, Phys. Rev. B39, 2654~1989!.
20S. S. Kang and J. M. Dubois, Europhys. Lett.18, 45 ~1992!; A. Sadoc, J.

P. Itie, A. Polian, S. Lefebvre, M. Bessiere, and Y. Calvayrac, Philos. Mag.
B 70, 855 ~1994!; S. Lefebvre, M. Bessiere, Y. Calvayrac, J. P. Itie, A.
Polian, and A. Sadoc,ibid. 72, 101 ~1995!; J. P. Itie, S. Lefebvre, A.
Sadoc, M. J. Capitan, M. Bessiere, Y. Calvayrac, and A. Polian, inPro-
ceedings of the 5th International Conference on Quasicrystals, edited by
C. Janot and R. Mosseri~World Scientific, Singapore, 1996!, p. 168; J. L.
Joulaud, M. J. Capitan, D. Hausermann, S. Lefebvre, and Y. Calvayrac,
Phys. Rev. B59, 3521~1999!.

21Y. Amazit, B. Perrint, M. Fischer, J. P. Itie, and A. Polian, Philos. Mag. A
75, 1677~1997!.

22A. Sadoc, J. P. Itie, A. Polian, C. Berger, and S. J. Poon, Philos. Mag. A
77, 115 ~1998!.

23M. Hasegawa, A. P. Tsai, and T. Yagi, Philos. Mag. Lett.79, 691 ~1999!.
24M. Hasegawa, A. P. Tsai, T. Kondo, T. Yagi, and T. Kikegawa, J. Non-

Cryst. Solids250, 849 ~1999!.
25A. Sadoc, J. P. Itie, A. Polian, J. Y. Kim, and K. F. Kelton, Mater. Sci. Eng.

294, 804 ~2000!.
26R. Nicula, A. Jianu, U. Ponkratz, and E. Burkel, Phys. Rev. B62, 8844

~2000!.
27H. K. Mao, P. M. Bell, J. W. Shaner, and D. J. Steinberg, J. Appl. Phys.49,

3276 ~1978!.
28F. Birch, J. Appl. Phys.9, 279 ~1938!; Phys. Rev.71, 809 ~1947!.
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50)#3, of the icosahedral Zr–Al–Ni–Cu–Ag quasicrystals. The solid line
is the fit of the Birch–Murnaghan equation.
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