American Mineralogist, Volume 100, pages 2412–2418, 2015

Crossroads in Earth and Planetary Materials

Quasicrystals at extreme conditions: The role of pressure in stabilizing icosahedral
Al63Cu24Fe13 at high temperature
Vincenzo Stagno1,2,3,*, Luca Bindi4, Changyong Park5, Sergey Tkachev6,
Vitali B. Prakapenka6, H.-K. Mao1,7, Russell J. Hemley1, Paul J. Steinhardt8
and Yingwei Fei1
Geophysical Laboratory, Carnegie Institution of Washington, Washington, D.C. 20015, U.S.A.
2
Geodynamics Research Center, Ehime University, Matsuyama 790-8577, Japan
3
Earth-Life Science Institute, Tokyo Institute of Technology, Tokyo 152-8550, Japan
4
Dipartimento di Scienze della Terra, Università di Firenze, Via La Pira 4, I-50121 Florence, Italy
5
HPCAT, Geophysical Laboratory, Carnegie Institution of Washington, Argonne, Illinois 60439, U.S.A.
6
Center for Advanced Radiation Sources, University of Chicago, Chicago, Illinois 60637, U.S.A.
7
Center for High Pressure Science and Technology Advanced Research, Shanghai 201203, P.R. China
8
Department of Physics and Princeton Center for Theoretical Science, Princeton University, Princeton, New Jersey 08544, U.S.A.
1

Abstract
Icosahedrite, the first natural quasicrystal with composition Al63Cu24Fe13, was discovered in several
grains of the Khatyrka meteorite, a CV3 carbonaceous chondrite. The presence of icosahedrite associated with high-pressure phases like ahrensite and stishovite indicates formation at high pressures
and temperatures due to an impact-induced shock. Previous experimental studies on the stability of
synthetic icosahedral AlCuFe have either been limited to ambient pressure, for which they indicate
incongruent melting at ~1123 K, or limited to room-temperature, for which they indicate structural
stability up to about 35 GPa. These data are insufficient to experimentally constrain the formation
and stability of icosahedrite under the conditions of high pressure and temperature that formed the
Khatyrka meteorite. Here we present the results of room-temperature, high-pressure diamond-anvil
cells measurements of the compressional behavior of synthetic icosahedrite up to ~50 GPa. High P-T
experiments were also carried out using both laser-heated diamond-anvil cells combined with in situ
synchrotron X‑ray diffraction (at ~42 GPa) and multi-anvil apparatus (at 21 GPa) to investigate the
structural evolution and crystallization of possible coexisting phases. The results demonstrate that the
quasiperiodic order of icosahedrite is retained over the P-T range explored. We find that pressure acts
to stabilize the icosahedral symmetry at temperatures much higher than previously reported. Direct
solidification of AlCuFe quasicrystals from an unusual Al-Cu-rich melt is possible but it is limited to
a narrow temperature range. Alternatively, quasicrystals may form after crystallization through solidsolid reactions of Al-rich phases. In either case, our results show that quasicrystals can preserve their
structure even after hypervelocity impacts spanning a broad range of pressures and temperatures.
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Introduction
Quasicrystals (QC; Levine and Steinhardt 1984; Shechtman
et al. 1984) represent a class of solids characterized by quasiperiodic translational order and crystallographically forbidden
rotational symmetries and are now observed in nature (Bindi et
al. 2009). These symmetries include the icosahedral (i) symmetry
exhibited by AlxCuyFez alloys, where x varies between 61 and
64, y is 24–26, and z 12–13 at% (Bancel 1999). This chemical
interval corresponds to the compositional range at which the
i-QC solely is stable up to ~1023 K at ambient pressure. Above
this temperature the stability field of the quasicrystal decreases
to a very narrow chemical composition up to ~1123 K, where the
i-QC with composition Al62.5Cu25Fe12.5 coexists with a liquid + (l)
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monoclinic phase with composition Al13Fe4 (Tsai 2013; Zhang
and Lück 2003a, 2003b, 2003c, 2003d, 2003e). At temperatures
above ~1200 K, i-QC has been shown to be unstable, such that
the liquid only coexists with the l phase. At approximately 1300
K the system is totally molten and the liquid composition reflects
that of the starting QC.
Experimental studies of the phase relationships at ambient
pressure have been the only available tool to date to constrain the
origin of the first natural quasicrystal, icosahedrite Al63Cu24Fe13
(Bindi et al. 2009, 2011). However, textural and petrographic
evidence suggest that the natural quasicrystal formed in outer
space under pressures and temperatures considerably higher
than 1 bar and 1300 K (Bindi et al. 2012; Hollister et al. 2014).
Recently, Stagno et al. (2014) performed in situ high P-T X‑ray
diffraction studies and showed that the icosahedral symmetry
of the AlCuFe QC is retained at 5 GPa and temperatures up
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