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Abstract

Quasicrystalline materials constitute a new materials group with certain crystalline structural characteristics, such as the generation of Bragg
peaks in the X-ray data and points in the electron diffraction pattern, but translational symmetry is forbidden for crystalline materials. Thus,
there exists aperiodicity in the structure of quasicrystalline materials. Besides being theoretically interesting due to their complicated atomic
structure, the unique properties of quasicrystalline materials—low electrical and thermal conductivity, unusual optical properties, low surface
energy and coefficient of friction, oxidation resistance, biocompatibility and high hardness, to name a few—also make them interesting for
many practical purposes. Quasicrystalline phases are today encountered in over 100 alloy systems, of which the majority are aluminium based.
Few of the alloying elements used to form aluminium-based quasicrystals are reasonable in price, easily available and non-toxic. However,
quasicrystalline Al–Cu–Fe ternary alloys fulfill all these alloying-element criteria. In this paper, the microstructure, fabrication and properties
of quasicrystalline Al–Cu–Fe alloys are reviewed from the perspective of materials engineer. The paper discusses the microstructure and
metallurgy of quasicrystalline Al–Cu–Fe alloys. The preparation methods of quasicrystals in general and their application to the fabrication of
Al–Cu–Fe quasicrystalline alloys are considered. The characteristics of different production methods, including both conventional methods
yielding stable phases and more advanced methods introducing metastable phases, are compared in this paper. The properties of Al–Cu–Fe
quasicrystals are also reviewed, aiming at a better understanding of the basic differences between crystalline and quasicrystalline materials
with respect to structure and properties. Finally current and possible future applications of Al–Cu–Fe quasicrystals are discussed in the light
of their properties.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

In 1984[1] a phase with a long-range orientational but an
unparalleled translational order emerged in a rapidly solid-
ified Al–Mn alloy. This discovery was at first received with
considerable suspicion and criticism. However, over the last
15 years, quasicrystals have become the subject of intense
theoretical study. The reason for this broad interest lies in
the exceptional structure and properties of quasicrystals.
Thus, on the one hand, most investigations related to qua-
sicrystals have concentrated on these subfields of quasicrys-
tals in general. On the other hand, much effort has been
expended in finding new alloys capable of forming qua-
sicrystalline phases. Up to now, quasicrystalline phases have
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been observed in over a 100 different metal alloy systems;
for example, quasicrystalline alloys have been reported
based on aluminium[2], copper[3], gallium [2,4], magne-
sium [5,6], nickel [7], tantalum[8–10], titanium [2,11,12],
zinc [13–15] and zirconium[2,16–18]. As the variety of
base metallic elements forming quasicrystals is wide, the
spectrum of alloying elements is even wider. However, the
alloying elements are often toxic, not easily available or
very costly. Al–Cu–Fe alloys are an exception; these alloys
are interesting due to their lack of toxicity, easy availability
and the favorable costs of their alloying elements[19,20].

After two decades of quasicrystal studies, the focus of
research is currently shifting closer to the reality; much
interest is nowadays concentrated on finding practical pro-
duction techniques and applications for these materials. The
established technology of aluminium fabrication makes the
Al–Cu–Fe quasicrystalline alloys more attractive than many
other quasicrystalline alloys. In addition to the fabrication
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of Al–Cu–Fe quasicrystalline alloys, experience of their
processing has been gained, for example by thermal spray-
ing techniques. This allows the advantages of quasicrys-
talline Al–Cu–Fe alloys, such as their surface properties,
to be emphasised, while their disadvantages, such as their
room-temperature brittleness, can be compensated for by
the substrate material.

Despite research work recently carried out on the mi-
crostructural details, syntheses and properties of Al–Cu–Fe
alloys, no comprehensive review on them has been pub-
lished. The aim of this review paper is to provide materials
engineers with a shortcut to Al–Cu–Fe quasicrystals by con-
cisely describing their microstructure, metallurgy and fabri-
cation methods as well as their properties. The dependence
of the properties of Al–Cu–Fe quasicrystals on their mi-
crostructure is discussed compared to their crystalline coun-
terparts. This review paper also lists some current and possi-
ble future applications of quasicrystalline Al–Cu–Fe alloys.

2. What are quasicrystals?

In solid materials composed of metallic elements, the
regularity with which the atoms are arranged with respect
to one another classifies structures into different categories.
In non-crystalline or amorphous solids there is no system-
atic or periodic arrangement of atoms over large atomic
distances. However, some signs of regularity in atom arrays
may still be identified in an atomic distance scale[21]. In
crystalline materials, in contrast, the atoms are located in
a repeating, well-organised and periodic array throughout
the whole structure. This periodicity embraces a set of spe-
cific rules, including, for example, the allowed rotational
symmetries. Only one-, two-, three-, four- and six-fold
symmetries can describe the atom stacking in crystalline
materials. In practice these symmetry rules mean that the
characteristics of the atom space remain unchanged after a
rotation of 2π

n
, wheren is one, two, three, four or six[22].

Based on this definition concerning crystalline materials,
five-fold symmetry and anyn-fold symmetry, wheren is
larger than six, are excluded[23,24].

In quasicrystalline materials, a repeating periodicity in
atom arrangement exists together with rotational sym-
metries forbidden for crystals by definition: five-, eight-,
ten- and even 12-fold symmetries have been encountered
in quasicrystals[24]. With these rotational symmetries,
the quasicrystals are composed of icosahedral, octagonal,
decagonal and dodecagonal structural units, respectively
[22,25], instead of unit cells constituting the crystals. Atoms
inside the higher symmetry units are piled in an organised
manner, yielding for example Bragg peaks similarly to crys-
talline materials. However, the inter-unit bonds orientate
more freely (but not randomly) with respect to one another
to form a quasicrystalline structure[25], giving rise to a
translational symmetry different from that of crystalline
materials. The translational symmetry indicates the amount

Fig. 1. The computer-generated diffraction pattern of an icosahedral qua-
sicrystal observed along one of its five-fold symmetry directions[24]. The
pentagonal symmetry is perfect around the center of the image and ex-
tends to infinity by introducing an irrational scaling factorτ = (1+√

5)/2,
the golden ratio. Reprinted from Ref.[24], Copyright with permission
from Materials Research Society.

of displacement between the individual atoms in the same
direction. While crystals have planes of atoms arranged peri-
odically, quasicrystals have their planes assembled aperiod-
ically. Despite the aperiodicity, the planes are indeed highly
ordered and their positions can be predicted by a specified
irrational numberτ = 2 cos(π/5) = (1 + √

5)/2 =
1.618034, called a golden ratio. The interplanar spacing
in quasicrystals may, thus, vary, but this variation is some-
what controlled and repeated, as demonstrated inFig. 1.
Thus, a long-range translational order exists in quasicrystals
[22].

Of quasicrystalline materials, icosahedral quasicrystals
show quasiperiodicity in all three dimensions. The other
classes of quasicrystals—octagonal, decagonal and dodeca-
gonal—are quasiperiodic in two directions, in the quasiperi-
odic plane, and periodic in one direction, i.e. along the
quasiperiodic axis[25]. Examples of some alloys exhibit-
ing quasicrystalline structures of icosahedral, octagonal,
decagonal and dodecagonal symmetry are collected in
Table 1.

3. Structure of Al–Cu–Fe quasicrystals

3.1. Current theoretical approaches

Al–Cu–Fe quasicrystals show a five-fold symmetry and
are, thus, icosahedrally structured. An icosahedron is a poly-
hedron having 20 equilateral triangles, as shown inFig. 2.
Today, two models are generally used to describe icosahe-
dral and other quasicrystalline structures; the Penrose model
and the quasi-unit cell theory. Previously the glass model,
random-tiling model and twinned crystal model were pro-
posed to explain the real quasicrystalline structures, but
nowadays none of them receives very much support.
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Table 1
Examples of some alloys exhibiting quasicrystalline structures of icosahedral, octagonal, decagonal and dodecagonal symmetry

Structure of quasicrystal Alloys

Icosahedral Al–Cu–Fe, Al–Mn, Al–Mn–Si, Al–Mn–Cu, Al–Mn–Zn,
Al–Cu–Ru, Al–Cu–Os, Al–Cr, Al–V–Si, Al–Pd–Ru,
Al–Pd–Mn, Al–Pd–Re, Al–Pd–Mg, Al–Li–Cu, Al–Mg–Zn,
Al–Rh–Si, Ti–Fe–Si, Ti–Zr–Ni, Mg–Li–Al, Mg–Zn–Y,
Mg–Zn–Ho, Cd–Mg–Tb

Octagonal Ni–Cr–Si, Ni–V–Si, Mn–Si

Decagonal Al–Mn, Al–Fe, Al–Pd, Al–Pd–Fe, Al–Pd–Ru, Al–Pd–Os,
Al–Os, Al–Co–Ni, Al–Cu–Co, Al–Cu–Fe–Co, Al–Cu–Co–Si,
Al–Co–Fe–Cr–O, Al–Cr–Si, Al–Ni–Fe, Al–Ni–Rh,
Al–Cu–Rh, Zn–Mg–Y, Zn–Mg–Sm, Zn–Mg–Ho

Dodecagonal Ni–Cr, Ni–V, Ni–V–Si, Ta–Te, Co–Cu, Al–Co–Fe–Cr

The Penrose model suggests that quasicrystals are com-
posed of two or more unit cells, tilings, that fit together
according to specific matching rules. Two most common
Penrose tilings are thin and fat rhombuses, with equal edge
lengths as well as angles of 36◦ and 144◦, and 72◦ and
108◦, respectively. These Penrose tilings have pentagonal
orientational symmetry[26]. Generally, certain empirical
rules known as matching rules can be employed to fill the
plane. Besides matching rules, geometrical methods can be
used to treat the existing tilings with different mathematical
algorithms[27–33] to fill the space efficiently.

When Penrose tilings are put together to fill the plane,
they give rise to a five-fold pattern in a four-dimensional re-
ciprocal space. This is due to the fact that the projection of

Fig. 2. The shape of an icosahedron from different projections according
to Ref. [43]. (a) A general view, (b) along the five-fold axis, (c) along
the three-fold axis, (d) along the two-fold axis. Reprinted from Ref.[43],
Copyright with permission from Elsevier.

periodic sequence in two dimensions can yield an aperiodic
sequence in one dimension[22]. Two-dimensional aperiodic
Penrose tilings are, thus, presented in a four-dimensional
space by five basic vectors, four of which are indepen-
dent. When the whole space is covered by Penrose tilings
instead of a plane, a three-dimensional icosahedral lattice
may be embedded in a six-dimensional space. Sometimes
this six-dimensional space can be thought to be consti-
tuted of two three-dimensional orthogonal subspaces, one
of which is real and called a physical space E||. The other
subspace, consisting of the remaining three dimensions,
is called a perpendicular space E⊥ [22,34]. However, the
structure giving rise to a six-dimensional reciprocal space
cannot be treated by the conventional indexing method,
which is based on a three-dimensional reciprocal lattice.
Thus, the Miller indices do not suffice for the structures
of icosahedral symmetry. A new method for indexing the
icosahedral structure in a six-dimensional space has been
proposed by Bancel et al.[35]. This new means of indexing
makes use of six independent vectors, which point to the
vertices of an icosahedron. They are generated by cyclic
permutations of (qx, qy, qz) = ( ± 1, ± τ, 0), yielding vec-
torsq1 = (1, τ, 0), q2 = (1, −τ, 0), q3 = (0, 1, τ), q4 =
(0, 1, −τ), q5 = (τ, 0, 1)andq6 = (−τ, 0, 1), where τ

is the golden mean, (1+√
5)/2. This indexing can be em-

ployed when studying the structure of icosahedral phases
by using either X-ray or electron diffraction patterns.

The Penrose model was among the first to explain the
quasiperiodic structures. However, it has difficulties ex-
plaining the atom-scale growth processes involved in the
build-up of a quasicrystalline structure. In contrast, discov-
eries concerning the formation of quasicrystalline structure
are explained well by the quasi-unit cell theory, which is
quite a recent approach to treat quasicrystalline structures.
In quasi-unit cell theory, quasicrystals are described in
terms of a single, closely-packed repeating cluster of low
energy[36]. The repeating cluster is equivalent to the unit
cell in periodic crystals. The key difference from the Pen-
rose model, however, is that the atomic arrangement in the
case of quasicrystals is constrained to allow atom sharing
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among neighboring clusters[37–40]. This atomic sharing
works for only special atom arrangements and causes clus-
ters to orientate according to certain rules or randomly
with respect to another. This random orientation violates
the Penrose model, since the symmetry conservation is not
fulfilled. Besides the atom sharing, individual clusters can
overlap to adjust to required geometries. It is also proposed
that these intercluster bondings are weaker than those hold-
ing the individual clusters together[40]; the advantages of
the quasi-unit cell theory include its ability to separate the
inter- and intra-cluster bonds, which are in the key role for
the formation of the quasicrystalline structure.

3.2. Real structures of quasicrystalline Al–Cu–Fe alloys

Regardless of existing theoretical models to study the qua-
sicrystalline structure, there are no unambiguous solutions
as to why and how these aperiodic quasicrystalline struc-
tures form in reality. According to Dmitrienko et al.[41],
quasicrystals consist of large atomic clusters in a melt state,
while the degree of clustering is decreased in the quasicrys-
tal solidification process. During nucleation, the local atomic
order is supposed to be similar to that found in crystalline
materials, whereas the quasiperiodic long-range structure
develops during the growth process according to statis-
tical and energetical criteria[41]. Thus, not surprisingly,
the driving force for quasicrystal formation is suggested
to be the minimisation of the system free energy[42,43].
According to Chattopadhyay et al.[43], quasicrystals grow
in a faceted manner. The faceted quasicrystalline interface
grows stepwise, the growth step being much larger than for
crystalline materials. Furthermore, the morphology of qua-
sicrystals often reflects the inherent non-crystallographic
symmetry.

Icosahedral quasicrystalline structures are known to be
composed of a quasiperiodic arrangement of icosahedral
atomic clusters[44,45]. The icosahedral packing of atoms
may take place in two ways. The atom stacking can, ac-
cordingly, be categorised into clusters of either Mackay
icosahedron (MI) type or triacontahedron (TC) type. The
MI-type icosahedral clusters contain aluminium and tran-
sition metal atoms, and there are glue atoms between in-
dividual clusters. It is generally admitted that Al–Cu–Fe
quasicrystals represent a face-centered icosahedral struc-
ture of Mackay icosahedral type[46,47]. In contrast, the
TC-type quasicrystals contain simple sp-metal elements in-
stead of transition metal elements. In the TC-type the unit
of packing is a triacontahedral atom cluster and the packing
does not require any glue atoms[47]. The classification of
icosahedral structures into MI- or TC-types is related to
differences in structure stability; specific intermetallic com-
pounds arise preferentially in the characteristic ranges of the
valence concentratione/a, known as the Hume-Rothery rule
[48–51]. The icosahedral structure of Mackay type (MI)
shows typical electron-to-atom ratio values of 1.6–1.8, while
triacontahedron type (TC) icosahedral structures are formed

by conforming to the electron-to-atom ratio of 2.1–2.25
[44,47,51]. The narrow range of the valence concentration
for icosahedral quasicrystals implies that the stable qua-
sicrystals are essentially formed by the Hume-Rothery elec-
tron mechanism[47]. This also allows the determination of
alloy compositions capable of quasicrystal formation[50].
However, although the Hume-Rothery rule is shown to work
for Al–Cu–Fe icosahedral quasicrystals, this is not the case
for all quasicrystalline structures. For example, some stable
decagonal quasicrystals form over a wide compositional
range, throwing doubt on the exact determination of the
position of quasicrystalline phases in phase diagrams[51].
Still, the Hume-Rothery rule offers an interesting approach
to study existing quasicrystalline structures and to find new
quasicrystalline phases.

Inside the atomic clusters, the location of individual atoms
is of interest. Sadoc[52] has compared how the different
atoms cluster in various stable aluminium-based quasicrys-
talline alloys containing copper or iron. The short-range
order in Al–Cu–Fe quasicrystals is different around Cu
and Fe atoms. The environment of Cu atoms in Al–Cu–Fe
looks like that found around V atoms, but differs from that
around Cu atoms, in Al–Cu–V. The neighborhood of an Fe
atom, instead, resembles that obtained around Mn in Al–Mn
and Al–Mn–Si quasicrystals, or even around Fe and Cr in
Al–Fe–Cr or Cu in Al–Cu–V. This could only result from
the existence of at least two different atomic sites. The fact
that Cu and Fe atoms do not occupy the same sites is best
explained by their different valence electron counts[52].
In contrast to Sadoc, Müller et al.[53] have compared the
atomic decoration and short-range order of the icosahedral
Al–Cu–Fe alloys to those of its crystalline counterparts.
According to Müller et al., the short-range order in the
icosahedral phase has some similarity with that occurring
around iron sites with ten nearest neighbors being alu-
minium atoms in the crystalline structure of Al13Fe4. Brand
et al. [54,55], in turn, have established that in icosahedral
Al62Cu25.5Fe12.5 alloy, the Cu atoms are surrounded by 12
Al atoms on an icosahedron and 20 Al, Cu and Fe atoms
on a dodecahedron. This structure forms a cluster of 33
atoms. Iron and copper have different places and effects on
the structure, which is reflected in different jumping times
during diffusion and other atom movements; iron atoms
jump two orders of magnitude slower than copper. Thus,
there is generally consensus on the different positions or
Cu and Fe atoms inside atomic clusters.

Not only the structural arrangement on an atomic level, but
also the electronic structure of quasicrystals is quite unusual.
For quasicrystalline materials, in general, a pseudogap, i.e.
an extended depression, is assumed in the density of electron
states[47], in contrast to crystalline materials. For Al–Cu–Fe
quasicrystals, this pseudogap is observed to be extremely
deep, which is suggested to be due to its characteristic value
for the Hume-Rotherye/a ratio[44,56]. Thus, the local order
characteristics of quasiperiodicity have a pronounced effect
on electronic confinement[57,58].
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4. Synthesis of quasicrystals

The structural characteristics of quasicrystals influence
their synthesis and processing methods. Earlier it was
mentioned that the Hume-Rothery rule is applicable to cer-
tain stable quasicrystals. However, not every quasicrystal
is stable; thermodynamically metastable quasicrystalline
phases also exist. Al–Cu–Fe happens to be stable, but can
be obtained in a metastable form by suitable synthesising
methods.

The formation of stable quasicrystals may normally be
predicted by equilibrium phase diagrams. They can, thus,
be prepared by conventional equilibrium processes utilising
melting and solidification procedures[24,51]. In contrast,
the metastable phase is in a non-equilibrium state, which,
despite the fact that it may persist for a very long time[21],
cannot be treated by thermodynamical equilibrium rules.
Therefore, metastable quasicrystals can only be synthesised
by employing more advanced methods.

Altogether, the preparation methods known to produce
quasicrystalline materials include the solidification of
molten alloys, rapid quenching techniques such as melt
spinning and gas atomisation, mechanical alloying, elec-
trodeposition, physical vapor deposition, gas evaporation,
laser- or electron-beam superficial fusion and electron ir-
radiation. In addition to these methods to directly produce
quasicrystalline materials, the low-temperature annealing
of amorphous phases or the high-temperature heat treat-
ment of crystalline intermetallic phases or even stacks of
pure-element layers can be used to yield quasicrystalline
phases[23,59–68]. The characteristics of the four most
common fabrication methods of Al–Cu–Fe quasicrystals,
i.e. melting accompanied by solidification obeying ther-
modynamic principles, rapid solidification in the form of
melt spinning and gas atomisation as well as mechanical
alloying, are compared inTable 2.

The most common method for preparing stable quasicrys-
tals in the laboratory is to melt the pure constituents and
cast the melt into ingots. Tube-like shapes have also been
fabricated[69]. Generally, the casting process is carried
out under vacuum or inert atmosphere, since many alloys,
including Al–Cu–Fe alloys, capable of forming quasicrys-
talline phases are easily oxidised. For most known alloys
and compositions, quasicrystalline phases form by peritectic
solidification of high temperature crystalline phases reacting
with the residual liquid. This process is necessarily slow,
and most usually some crystalline constituent is retained in
the sample at room temperature together with the quasicrys-
tal. Also, since crystals and quasicrystals exhibit significant
composition and atomic volume differences, pores usually
form at this stage with sizes distributed up to micrometer
range[70,71]. To overcome the difficulties linked with the
co-existence of crystalline and quasicrystalline phases and
the uncontrolled development of pores, a powder mixture
of the desired composition may be sintered above the peri-
tectic reaction temperature. Sintering is a simple technique

to prepare bulk specimens of controlled microstructure,
including single-phase icosahedral Al–Cu–Fe samples of
stoichiometric composition. Desired mixtures of quasicrys-
tals and crystals may also be produced by adjusting the
composition of the initial powder or using a mixture of var-
ious powders[71]. Besides the preparation of polycrystals,
the growth of quasicrystalline single crystal samples from
melt is also possible for stable quasicrystal-forming systems
[13,51,72,73], but requires a careful process control.

All quasicrystalline phases are not thermodynamically
stable, as previously discussed. Therefore, purely quasicrys-
talline material cannot always be fabricated by conventional
casting and heat treatment procedures. Instead, the rapid
solidification techniques of the melt can be applied[74].
Rapid solidification may introduce substantial extension
into the solid solubility of alloying elements into the base
metal and yield new non-equilibrium structures, thus allow-
ing the production of metastable quasicrystals[75]. Rapid
solidification techniques aim to retain the high-temperature
microstructure at lower temperatures, generally at room
temperature, by solidifying the melt so rapidly that the
microstructural changes have no time to take place. Melt
spinning is the most commonly used rapid solidification
technique at present and, for example, the only method for
the preparation of some metastable quasicrystalline alloys
such as Al–Mg–Cu[76–78]. It was also the first method
utilised to produce quasicrystalline materials[51].

Melt spinning is a rapid quenching technique for molten
alloys, where the liquid metal is ejected from a nozzle and
impinges on the outer surface of a rotating copper roller.
Typical quenching rates reached by the melt-spinning tech-
nique are∼104–107 ◦C/s [51]. Rapid solidification of the
melt is aimed at producing a continuous ribbon[79], al-
though the quasicrystals thus prepared are typically in the
form of brittle ribbons or flakes[69,80]. This somewhat
makes their further preparation in bulk samples quite dif-
ficult [69]. However, the microstructure and properties of
melt-spun ribbons are very sensitive to processing parame-
ters[79,80], introducing the means to pursue the formation
of quasicrystals of desired structure. The quenching rate of
the melt-spinning process may be increased by increasing
the wheel speed, by changing the ambient gas, by decreas-
ing the temperature of the melt or by increasing the ejection
pressure[79]. A higher quenching rate produces thinner
ribbons and a finer quasicrystalline microstructure[80].

Gas atomisation is another available rapid solidification
technique. The quenching rates attainable by gas atomi-
sation are somewhat higher that those reachable by melt
spinning. Gas atomisation can be described simply as the
break-up of a molten metal into fine droplets, typically
smaller than 150�m. Increasing the superheat of the melt
introduces a finer particle size[81]. Many of the avail-
able commercial quasicrystalline powders are produced by
gas atomisation because of its ability to generate powders
of circular form and good flowing properties. Due to the
sphericity of the produced powder particles, gas atomised
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Table 2
Comparison of the common fabrication process characteristics of quasicrystals

Melting and Melt spinning Gas atomisation Mechanical
solidification alloying

Suitable for Stable Metastable Metastable Metastable
quasicrystals of
thermodynamical
stability

Phase structure of Single-phase Single-phase Single-phase Single-phase
quasicrystalline structure structure structure structure
products generally achievable both achievable both achievable both

achieved by directly and directly and directly and
successive by successive by successive by successive
heat treatment heat treatment heat treatment heat treatment

The shape of Desired Thin ribbon Powder with a A fine powder
quasicrystalline grain size with a layered
products smaller than structure

150 �m

Quality of produced High, sharp Broadening of Generally high, Broadening of
quasicrystals X-ray diffraction X-ray peaks sharp X-ray X-ray peaks

peaks, pores may occur; diffraction may occur,
may exist in phasons peaks phasons; the
the structure if ordering of the
crystalline face-centered
phases coexist structure may

not be complete

Contamination Air Air Air Air, grinding
resources media, grinding

vessel

Further processing Heat treatment Compaction, Thermal Compaction,
possibilities grinding and spraying, thermal

compaction, compaction, spraying, (heat
(heat treatment; sintering, treatment)
quasicrystalline mechanical
phases may alloying, (heat
decompose treatment)
during
annealing)

powders can be used in thermal spraying processes and
other powder metallurgical processes such as compaction
and sintering as well as mechanical alloying.

Besides the rapid solidification methods, mechanical al-
loying is another method to extend the solubility limits of
the alloying elements into the base material[82,83]. Accord-
ingly, metastable quasicrystalline materials can be directly
prepared by mechanical alloying of elemental powders
[83–86]. In addition, mechanical alloying allows alloying of
powder in the solid state, avoiding melting and solidifica-
tion. Mechanical alloying begins by charging the elemental
powder mixture (quantities according to the composition of
the expected product), grinding media (generally steel balls)
and the process-controlling agent into the grinding vessel.
The mill then starts to vibrate causing the steel balls to
collide with each other, the powders being located between
the colliding balls. Ball milling produces powder of the
expected composition with a layered microstructure. The
latter forms as a result of the millings becoming repetitively

fractured and welded together[75,83]. For the formation
of quasicrystalline powders, interdiffusion is necessary in
addition to sequential fracturing and welding[87]. How-
ever, although the powder mixtures of quasicrystal-forming
elements are mechanically alloyed, no quasicrystalline
phases necessarily form, as demonstrated by Ji et al.[82].
The milling conditions strongly influence phase selection.
With low milling intensity, an amorphous phase instead
of a quasicrystalline phase forms. High-intensity milling
conditions or milling for too long results in the formation
of a crystalline powder. In between, suitable conditions
for quasicrystal formation exist[86–88]. In some cases,
post-annealing treatment of the milled powder has to be
performed to obtain the quasicrystalline structure[74].

Industrial methods to make quasicrystalline products
generally use existing quasicrystalline powders. Commer-
cial quasicrystalline powders prepared by gas atomisation
are already available. Thick coatings can be obtained by
plasma spraying the powder onto the substrate material.



156 E. Huttunen-Saarivirta / Journal of Alloys and Compounds 363 (2004) 150–174

This plasma-sprayed coating is substantially a composite
material, comprising not only of the deposited quasicrystals
but also pores, cracks and oxides[70,89]. Another method
to use quasicrystals on an industrial scale is the manufac-
ture of bulk composites. A precipitation-hardened steel, an
Al-based alloy, which can be formed by rapid solidification
and powder processing, and metal–matrix composites incor-
porating quasicrystalline powders into an aluminium-based
alloy have been proposed[19,70,90,91]. New industrial
processes for preparing quasicrystalline materials are also
currently being sought.

5. The Al–Cu–Fe system and quasicrystalline phase
formation during synthesis

Intermetallic ternary alloy phase diagrams are rarely per-
fect, and are often not available for all ternary systems
[73]. Fortunately, the Al–Cu–Fe ternary system has received
much attention lately. Some basic principles of the system
thermodynamics are therefore known.Section 5.1focuses
on the Al–Cu–Fe equilibrium system and quasicrystalline
phase formation under conditions yielding stable phases.
As discussed inSection 4, however, not every fabrication
process maintains the thermodynamic equilibrium condi-

Fig. 3. The aluminium-rich portion of aluminium–copper–iron constitutional diagram according to Ref.[92]. White circles show the single-phase areas,
black and white circles indicate the two-phase areas and black circles express the simultaneous presence of three phases. Reprinted from Ref.[92],
Copyright with permission from Maney Publishing.

tions.Section 5.2concentrates on these processes introduc-
ing metastable quasicrystalline phases into the Al–Cu–Fe
system.

5.1. The Al–Cu–Fe system in equilibrium

Bradley and Goldschmidt[92] were the first to reveal the
compositional formation area and the phase relations of the
icosahedral quasicrystalline phase in the ternary Al–Cu–Fe
system; the phase was then called an unknown�-phase. Its
ideal formula was proposed to be Al6Cu2Fe and its average
composition in the single-phase region Al65Cu22.5Fe12.5.
Bradley and Goldschmidt reported the build-up of an (un-
known) icosahedral phase resulting from a peritectic reac-
tion between the�-AlFe3 phase and the remaining liquid.
The aluminium-rich portion of the Al–Cu–Fe ternary phase
diagram outlined by them is shown inFig. 3. The most im-
portant binary and ternary phases in the Al–Cu–Fe system
are summarised inTable 3.

Another Al–Cu–Fe phase diagram at room temperature
is sketched by Faudot et al.[93]. A single-phase qua-
sicrystalline structure is obtainable with the compositions
Al61.75–64Cu24–25.5Fe12–12.75, as indicated inFig. 4. How-
ever, the icosahedral phase is attainable within the compo-
sitional range of 20–28 at.% Cu and 10–14 at.% Fe up to a
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Table 3
The most important binary and ternary phases and their structures in the Al–Cu–Fe system

Phase Ideal formula Structure, composition Reference

� AlCu Orthorhombic, related [90,91,93,94]
to �-type Ni2Al3

� AlCu (Fe) [96]
� Al2Cu Tetragonal [93,94,106]
� Al7Fe2 Orthorhombic [90]
�1, �2 Al3Fe Different amounts [93,94]

of Cu dissolved
� Al13Fe4 Monoclinic [96,99,101]
� Al5Fe2 Monoclinic [90,99]
�1 AlFe3 Body-centered cubic [90]

with superlattice
� Al5(Cu,Fe)5, AlFe(Cu) Cubic (CsCl type) [96,99]
	 Al10Cu10Fe Related to�-type Ni2Al3 [90,99]

 Al18Cu10Fe Related to	 [90,91,93,94,99]
� Al6Cu2Fe Icosahedral [90]
� Al7Cu2Fe Tetragonal [90,91,93,94,101]

temperature of 860◦C, as shown inFig. 5. This temperature
indicates the onset of a peritectic reaction, through which
the icosahedral phase forms from the melt under equilibrium
conditions. Here, the peritectic reaction responsible for the
icosahedral phase formation is suggested to occur between
�2-Al3Fe phase,�-AlFe(Cu) and the liquid; Gui et al.[94]
later agreed with this suggestion. For the Al–Cu–Fe alloy
of composition Al62Cu25.5Fe12.5, the X-ray diffraction lines
of the quasicrystalline phase are narrow independently of
whether the annealing temperature is 800 or 600◦C. Thus,
between these temperatures there exists a single-phase re-
gion where the quasicrystalline phase is structurally perfect
and remains stable.

The results concerning the stability area and the formation
of the Al–Cu–Fe quasicrystalline phase at higher tempera-
tures somewhat deviate from each other. Above, the icosahe-
dral phase was stated to form within the compositional range
20–28 at.% Cu and 10–14 at.% Fe up to a temperature of
860◦C [93]. The pseudo-binary phase diagram constructed

Fig. 4. Portion of the Al–Cu–Fe constitutional diagram at room temperature according to Ref.[93]. Dashed area: single-phase ranges; white area:
two-phase ranges; dotted area: three-phase ranges. Reprinted from Ref.[93], Copyright with permission from Elsevier.

by Yokoyama et al.[95,96] for the Al–Cu–Fe system at
higher temperatures is shown inFig. 6. Again, the formation
of the quasicrystalline phase in the Al–Cu–Fe alloy system
occurs by the peritectic reaction. However, the reaction takes
place only between the�2-Al3Fe phase and the liquid. This
reaction occurs at∼820◦C (at 1090 K inFig. 11) [95,96],
which is 40◦C lower than that proposed by Faudot et al.
[93]. Below the peritectic reaction temperature, the icosahe-
dral phase stability area extends over the whole vertical sec-
tion Al65Cu35−xFex, wherex is from 0 to 20 at.%. Although
no other studies have reported such a wide compositional
stability area for the icosahedral phase in the Al–Cu–Fe sys-
tem, the single icosahedral phase area exists over a very
limited composition range, namely at Al65Cu20Fe15.

Tsai et al.[60] were the first to report the thermodynam-
ical stability of the icosahedral phase in a conventionally
melted and solidified Al65Cu20Fe15 alloy. In contrast to
the demonstrations of Tsai et al. and the phase diagrams
presented in the previous section, Van Buuren et al.[97]
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Fig. 5. Pseudo-binary Al–Cu–Fe phase diagram in the range of compo-
sitions of the quasicrystalline (i) phase between� (Al70Cu20Fe10) and
Al58Cu28Fe14 according to Ref.[93]. Reprinted from Ref.[93], Copyright
with permission from Elsevier.

observed that the quasicrystalline phase in Al65Cu20Fe15 al-
loy transforms partly into the�-Al13Fe4 phase in a thermally
activated process with an activation energy of the order of
300 kJ/mol[97].

An alloy of composition Al62Cu25.5Fe12.5 has been found
by Lee et al.[98] to be composed of an icosahedral phase in
addition to the�-AlFe(Cu) and�-AlCu(Fe) phases as well as
small amounts of the�-Al13Fe4 phase. It is worth noting that
no other studies report the formation of the�-phase under
equilibrium conditions. In the alloy Al62Cu25.5Fe12.5, the
icosahedral phase formation is demonstrated to take place
by a peritectic reaction between the primary�-phase and the

Fig. 6. Pseudo-binary phase diagram along an Al65Cu35−xFex (x= 0–20
at.%) composition line according to Ref.[95]. Reprinted from Ref.[95],
Copyright with permission from Elsevier.

liquid melt. However, only after heat treatment at 750◦C for
3 h, is a single-phase icosahedral structure obtained, while
annealing at 850◦C for 3 h yields a structure where the
icosahedral phase coexists with the�- and �-phases[98].
Thus, according to Lee et al., no single-phase icosahedral
structure is obtainable in Al62Cu25.5Fe12.5 without further
heat treatments.

An important reminder of the character of the phase di-
agrams is made by Gui et al.[94]. They emphasise that the
composition of each of the phases is different in different al-
loys. For example, the equilibrium composition of the icosa-
hedral phase after annealing at 800◦C is Al60.7Cu25.5Fe13.8
in the Al65Cu20Fe15 alloy and Al58.4Cu28.6Fe13 in the
Al62.5Cu25Fe12.5 alloy. This is because the icosahedral
phase is attainable within a composition range of a few
atomic percents. In the Al65Cu20Fe15 alloy the icosahedral
phase is in equilibrium with the Cu-poor�-Al13Fe4 phase,
while in the Al62.5Cu25Fe12.5 alloy it is in equilibrium with
the Cu-containing�-phase. Thus, the quasicrystalline phase
in Al65Cu20Fe15 alloy contains less Cu compared to that in
Al62.5Cu25Fe12.5 alloy. This observation indicates that the
composition of the icosahedral phase in Al–Cu–Fe alloys
depends not only on the cooling condition and the equilib-
rium temperature but also on the coexisting phases that are
in equilibrium with the icosahedral structure[94].

5.2. Processes yielding metastable quasicrystalline
phases in Al–Cu–Fe system

In the present section, processes introducing metastable
quasicrystalline phases in Al–Cu–Fe alloys, i.e. rapid solid-
ification methods and mechanical alloying, are discussed in
terms of process variables, alloy compositions and formed
microstructure.

5.2.1. Moderate rate or rapid solidification—do they yield
differences in specimen microstructure?

The icosahedral phase is stable at high temperatures over
a compositional range of several atomic percents.Fig. 7
shows the stability area of the melt-spun quasicrystalline
phase in the Al–Cu–Fe system at 650◦C and Fig. 8 that
at 750◦C. In turn, the isothermic section of the ternary
Al–Cu–Fe system at 850◦C is represented inFig. 9. In
contrast to studies carried out at 650 and 750◦C, the icosa-
hedral phase cannot be obtained as a single-phase region
at 850◦C. At this temperature the cubic�-AlFe(Cu) phase
always coexists with the icosahedral phase. However, nu-
cleation of the quasicrystalline phase is obtained in a wide
compositional range as proposed by Waseda et al.[99,100],
the amount of the icosahedral phase being strongly depen-
dent on the iron concentration in the alloy[101]. Thus, from
the materials engineer’s point of view, maintenance of the
microstructure typical for a temperature of 750◦C during
the rapid solidification process would be most beneficial,
since the stability area of the single icosahedral phase is
there the widest among the studied temperatures.
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Fig. 7. Approximate isothermic section of the ternary Al–Cu–Fe phase
diagram near the icosahedral phase forming region at 650◦C according
to Ref. [99]. Reprinted from Ref.[99], Copyright with permission from
Japan Institute of Metals.

Rosas and Perez[102] have compared the structural and
chemical characteristics of phases which exist in moderately
and rapidly quenched Al–Cu–Fe alloys. They have demon-
strated that the icosahedral phase forms at∼884◦C in the
composition ranges 54–75 at.% Al, 21–31 at.% Cu and
7.5–16.5 at.% Fe by the mechanism suggested by Bradley
and Goldschmidt[92]. Both moderate and rapid solidifi-
cation gave rise to the same type of phase transformations
in specimens when heat treated under similar temperature
conditions[102]. When annealed in the temperature range
700–850◦C, three different dissolution types of the icosahe-
dral phase may occur. In the case of alloy Al60Cu25Fe15, the
icosahedral phase is directly transformed to the monoclinic
structure�-Al13Fe4 at 700◦C [103]. This is analogous to

Fig. 8. Approximate isothermic section of the ternary Al–Cu–Fe phase
diagram near the icosahedral phase forming region at 750◦C according
to Ref. [99]. Reprinted from Ref.[99], Copyright with permission from
Japan Institute of Metals.

Fig. 9. The isothermic section of the ternary Al–Cu–Fe system at 850◦C
according to Ref.[101]. Reprinted from Ref.[101], Copyright with per-
mission from Elsevier.

the influence of thermal activation on the icosahedral phase
in the Al65Cu20Fe15 alloy reported by Van Buuren et al.
[97]. For the compositional values of Al58Cu28Fe14, the
�-Al6Cu2Fe icosahedral phase is completely transformed
into the �-AlFe(Cu) cubic phase at 700◦C. Depending on
the composition of the Al–Cu–Fe alloys and on the anneal-
ing treatment after quenching, this crystalline�-AlFe(Cu)
displays variations in the lattice parameter, which is due
to variation in the amount of Cu and Fe in the�-solid so-
lution. Another transformation of the icosahedral phase is
observed for the composition Al68Cu27Fe5, where a tetrag-
onal�-Al7Cu2Fe structure is finally obtained. At∼700◦C,
an alloy with the composition of Al64Cu24Fe12 produces
a single icosahedral phase[103]. This suits well with the
observations of Faudot et al.[93].

If no post-annealing treatment is employed for samples
solidified at moderate rate or rapidly, however, some differ-
ences in their microstructures are evident. Holland-Moritz
et al. [104] have explored quasicrystal formation in
moderately and rapidly quenched Al–Cu–Fe alloys with
the compositions Al62Cu25.5Fe12.5 and Al60Cu34Fe6.
When the moderate cooling rate (101−102 ◦C/s) is used,
Al62Cu25.5Fe12.5 alloy primarily produces�-Al13Fe4 and
�-AlFe(Cu) phases. Finally the icosahedral quasicrystalline
phase of composition Al65.7Cu19.8Fe14.5 is formed by the
peritectic reaction. For Al60Cu34Fe6, the morphology and
phase distribution are similar to those of Al62Cu25.5Fe12.5
with the exception that the fraction of the Cu-rich phases
is higher [104]. When higher cooling rates are employed
for Al62Cu25.5Fe12.5, the�-Al13Fe4 phase primarily forms,
followed by the build-up of the icosahedral phase exhibiting
the composition Al61.4Cu25.5Fe13.1. Finally, the�-phase is
formed[104,105]. Thus, when higher cooling rates are em-
ployed or when undercooling is high enough, a change in
the phase selection occurs and no�-phase can be detected
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Fig. 10. Calculated TTT curves of the�-Al13Fe4 phase, cubic�-phase (C)
and icosahedral (I) phases as a function of temperature in the Al–Cu–Fe
alloy according to Ref.[106]. Reprinted from Ref.[106], Copyright with
permission from Elsevier.

in the final structure. In Al62Cu25.5Fe12.5, cooling rates of
106 ◦C/s and higher directly produce the icosahedral phase.
In Al60Cu34Fe6, a cooling rate of 102 ◦C/s primarily yields
the icosahedral phase[104].

As discussed above, phase selection during solidification
of Al–Cu–Fe alloys strongly depends on the processing con-
ditions. The phase selection changes in a similar way with in-
creasing cooling rate and with increasing undercooling; both
high cooling rate and pronounced undercooling promote the
formation of the icosahedral Al–Cu–Fe phase[104]. Fig. 10
[106] demonstrates the influence of cooling rate on the for-
mation of different phases in Al–Cu–Fe alloy melts.

Despite the strong influence of the processing conditions
on phase selection in Al–Cu–Fe alloys, other parame-
ters such as composition naturally influence the eventual
microstructure. For moderately and rapidly quenched
Al–Cu–Fe alloys exhibiting the compositions Al65Cu20Fe15
and Al62.5Cu25.5Fe12, the phase selection typical for al-
loys with higher alloying element concentrations (discussed
above) is not valid any more. The moderate cooling rate
causes the formation of�-Al13Fe4, �-AlFe(Cu), icosahe-
dral quasicrystalline and�-AlCu(Fe) phases in the solidified
Al65Cu20Fe15 alloy. During subsequent annealing treatment
at 750◦C for 3 h, a significant decrease in the amount
of icosahedral phase occurs. For alloy Al62.5Cu25.5Fe12,
the presence of�-AlFe(Cu), �-AlCu(Fe) and icosahedral
phases is detected after moderate quenching. When heat
treated at 750◦C for 3 h, a nearly homogeneous icosa-
hedral single-phase structure can be obtained. Due to the
moderate cooling rate, the icosahedral phase forms by the
peritectic reaction. However, when higher cooling rates are
employed, the icosahedral phase directly forms from the un-
dercooled melt. Accordingly, almost single-phase icosahe-
dral structure together with a limited amount of�-AlCu(Fe)

phase is obtained for melt-spun alloys Al65Cu20Fe15 and
Al62.5Cu25.5Fe12. After heat treatment at 750◦C for 3 h, rib-
bons of Al65Cu20Fe15 alloy present a multiphase microstruc-
ture consisting of icosahedral,�-AlFe(Cu), �-Al13Fe4 and
�-AlCu(Fe) phases, while ribbons of Al62.5Cu25.5Fe12 alloy
present an almost single-phased icosahedral structure[107].

5.2.2. Characteristics of rapidly solidified Al–Cu–Fe alloys
Fig. 11 shows the compositional range for icosahedral

microstructure formation in rapidly solidified Al–Cu–Fe
alloys. The variation of the copper content of Al–Cu–Fe
quasicrystals is somewhat wider than that in thermodynam-
ically stable Al–Cu–Fe quasicrystals. Thus, a broader area
for icosahedral quasicrystalline structure generation is ob-
tainable in rapidly solidified Al–Cu–Fe alloys as compared
to samples cooled while maintaining thermodynamical
conditions. In addition to the wide compositional area for
quasicrystalline phase formation, grain growth during the
melt-spinning of Al–Cu–Fe alloys is suggested to be very
fast. Quasicrystals in the Al65Cu20Fe15 alloy have been
measured to be 3.5–8.0�m, which is 7–40 times larger
than the grain size in Al–Mn quasicrystals[108].

A high density of structural defects, called phasons, can
lead in melt-spun icosahedral Al–Cu–Fe alloys to broad-
ened X-ray diffraction peaks[110–112]. Phasons can be
understood as quasicrystalline counterparts of dislocations
observed in crystalline materials, with the exception that
phasons cannot be clearly seen for example with a transmis-
sion electron microscope. Instead, phasons can be perceived
as broadened X-ray diffraction peaks or scattered electron
diffraction spots. The origin of phasons is discussed in more
detail inSection 6.3.

Brand et al.[109] have examined these localised phason
defects in an icosahedral Al62Cu25.5Fe12.5 alloy. At mod-

Fig. 11. Compositional range for the formation of icosahedral quasicrystal
in rapidly solidified Al–Cu–Fe alloys according to Ref.[108] (� indicates
the presence of quasicrystalline phase only,� presents the coexistence of
quasicrystalline and crystalline phases,shows the simultaneous presence
of amorphous and crystalline phases and� addresses crystalline phases
only). Reprinted from Ref.[108], Copyright with permission from Kluwer
Academic Publishers.
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erate temperatures, these defects become mobile and lead
to a short-range atomic motion without involving vacan-
cies [109]. During the annealing of Al65Cu20Fe15 alloy,
microstructural changes thus occur due to the solute atom
repartitioning among quasicrystalline and crystalline phases,
which are generally present at least in very small amounts.
A diffusionless structural transformation also takes place at
moderate temperatures, but its influence is not as remark-
able. At higher temperatures, around 650◦C, diffusionless
structural changes take place bringing about a completely
quasicrystalline icosahedral structure after long-term an-
nealing. The quasicrystalline phase is still stable on anneal-
ing at 820◦C, which is∼0.96·Tm of the alloy [110–112].
In turn, the annealing of gas-atomised Al63Cu25Fe12 pow-
der with a two-phase structure, consisting of icosahedral
phase and the�-AlFe(Cu) phase, similarly produces a
purely icosahedral structure on annealing at 700◦C [113].
In contrast to the melt-spun alloy Al65Cu20Fe15, the X-ray
diffraction peaks measured for Al65Cu22Fe13 alloy are ob-
served to be remarkably distorted when annealed around
600◦C, which is attributable to the generation of crys-
talline approximant phases of quasicrystals[111]. These
crystalline approximant phases show structural correspon-
dence to quasicrystals, but they are structurally ordered.
Also Jono et al.[114] have observed that the icosahedral
quasicrystalline phase in a melt-spun Al63Cu24Fe13 alloy
was stable at high temperatures but underwent a trans-
formation into crystalline approximant phases via various
kinds of intermediate phases at low temperatures. The in-
fluence of annealing on the structure of rapidly solidified
material, accordingly, is not as sensitive to the preparation
method, i.e. whether or not the alloy precedes rapid so-
lidification by melt spinning or gas atomisation, but to its
microstructure.

Liu and Köster [115] have analysed in detail the
annealing-induced decomposition phenomena of the icosa-
hedral phase in melt-spun Al–Cu–Fe alloys of the com-
positions Al77Cu13Fe10, Al70Cu20Fe10, Al65Cu20Fe15 and
Al60Cu30Fe10. They have observed two different decompo-
sition modes of the icosahedral phase. The discontinuous
decomposition of the icosahedral phase proceeds by the
slow migration of a reaction front into the icosahedral
phase. The kinetics of the discontinuous decomposition
reactions is mainly controlled by the long-range diffusion
(Fig. 12). The discontinuous decomposition can be ob-
served as a peritectoid reaction in Al77Cu13Fe10 alloy, as a
polymorphic reaction in Al70Cu20Fe10 alloy and as precip-
itation in Al65Cu20Fe15 alloy. Continuous decomposition,
as observed in Al60Cu30Fe10 alloy, proceeds by the de-
velopment of phason strains inside the icosahedral phase
without a definite reaction front. These phason strains yield
approximant phases in the structure[115]. These formed
crystalline approximant phases are generally of the type
of 2/1 and 3/2 rhombohedral approximants. The formation
area of the approximant phases in the melt-spun Al–Cu–Fe
alloys is shown inFig. 13 [99,100]. The driving force for

Fig. 12. Kinetics of the discontinuous decomposition of icosahedral phase
according to Ref.[115]. Reprinted from Ref.[115], Copyright with per-
mission from Elsevier.

the continuous decomposition phenomena is the minimi-
sation of the system free energy (Fig. 14). The studies of
Boudard et al.[116] and Wang et al.[117] have confirmed
these decomposition phenomena and their characteristics
related to the icosahedral Al–Cu–Fe phase.

It is worth noting that although annealing yields crys-
talline approximant phases in melt-spun Al–Cu–Fe alloys,
no studies have reported their existence after room temper-
ature storage. Thus, the icosahedral phase in the Al–Cu–Fe
system seems to be stable under room temperature con-
ditions, even though synthesised by a metastable process.
This is, however, not the case for all metastable alloys. For

Fig. 13. The approximant phases observed by Waseda et al. in Ref.[100]
for the melt-spun Al–Cu–Fe alloys. Reprinted from Ref.[100], Copyright
with permission from Elsevier.
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Fig. 14. Hypothetical diagram for the free energy of the different phases in the Al–Cu–Fe system at (a) higher temperatures, e.g. 730◦C, and (b) lower
temperatures, e.g. 620◦C, according to Ref.[115]. At higher temperatures the icosahedral phase has a low free energy and is the stable phase, while at
lower temperatures the crystalline approximant phases have a free energy lower than that of the icosahedral phase. Reprinted from Ref.[115], Copyright
with permission from Elsevier.

example, in melt-spun Al–Mg–Cu alloys, room-temperature
storage beyond a period of 3 months results in a mi-
crostructural transformation into approximant phases along
the grain boundaries of the icosahedral phase[76]. This
metastability can sometimes be seen as an advantage, since
by promoting the formation of approximant phase nuclei
at the grain boundaries for example, strengthening of qua-
sicrystalline Al–Mg–Cu alloys occurs[118]. However, if
one wishes to strengthen an aluminium alloy with stable
Al–Cu–Fe particles, a casting procedure is needed to form
this composite material[119].

5.2.3. Mechanical alloying of Al–Cu–Fe alloys
Srinivas et al.[120] have studied icosahedral phase de-

velopment in a mechanically alloyed Al70Cu20Fe10 powder
mixture. In a low-energy mill, 40-h milling produces a
structure consisting of the icosahedral phase along with the
cubic�-AlFe(Cu) phase and a small amount of�-Al2Cu in-
termetallic phase. When milled for 50 h, the intensity ratio
of the icosahedral phase to cubic�-phase decreases con-
siderably as compared to the situation after 40-h milling.
In the case of high-energy milling, the evolution and dis-
appearance of the icosahedral phase is faster than in the
low-energy milling. Srinivas et al. have proposed that the
evolution of the icosahedral phase in mechanical milling
takes place by a reaction between the�- and�-phases[120].
The ratio of Al to (Cu+Fe) is suggested to play the most
important role in the formation of the icosahedral phase in
a milled Al70Cu20Fe10 alloy and also in other Al–Cu–Fe al-
loys. However, the ordering of the icosahedral structure into
the face-centered type structure is observed only after heat
treatment of Al70Cu20Fe10 powders milled for 30 and 40 h
[121].

For Al65Cu20Fe15 powder mixture, Asahi et al.[122]
have shown that only 15 h of mechanical alloying directly
introduces the icosahedral structure. Also other research
groups have reported the direct synthesis of the icosahedral
quasicrystalline phase in the Al65Cu20Fe15 powder mix-
ture [121]; Kim et al. [123] have noticed icosahedral phase
development after only 10 h of milling. At temperatures
above∼475◦C, the icosahedral quasicrystalline phase is
transformed to the ordered face-centered icosahedral phase.
High- or low-energy milling for a sufficient time can raise
the temperature to this value. For powders milled for 5, 10
or 20 h, formation of the icosahedral phase and its ordering
are observed after further heating. The upper limit for the
annealing temperature is 858◦C, which is the melting point
of the ordered icosahedral structure[122].

Once the Al62.5Cu24.4Fe13 powder mixture, composi-
tionally typical for the icosahedral quasicrystalline phase,
has been milled, most of the produced structure consists of
Al(Cu, Fe) intermetallics, the quasicrystalline phase being a
secondary phase. The initial powder charge has, accordingly,
been depleted in aluminium. This variation in chemical
composition can be compensated for by selecting a powder
mixture rich in aluminium. For Al67Cu22Fe11, the formation
of the quasicrystalline phase proceeds directly by mechani-
cal alloying under intense milling conditions. However, the
ordered and stable icosahedral�-phase can then be obtained
by annealing treatment at 750–780◦C. The formation of the
stable and ordered quasicrystalline structure is suggested to
be a result of the ordering of metastable intermetallics[124].
This is consistent with the thoughts of Miglierini and Nasu
[125].

Mechanical activation has been utilised to successfully
synthesise the icosahedral phase in Al64.5Cu24.5Fe11 alloy.
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However, although attempts to fabricate the icosahedral
phase in an Al63Cu25Fe12 alloy by mechanical alloying
have been made, no signs of icosahedral quasicrystal forma-
tion have been noticed[121]. Thus, the critical aluminium
content for quasicrystalline phase formation in Al–Cu–Fe
alloys lies somewhere between 63 and 64.5 wt.%. In some
cases additional alloying by a fourth element has been
shown to be beneficial for icosahedral phase formation.
For example Cr[126] and Si [123] have broadened the
icosahedral phase formation range and, thus, promoted its
formation in the Al–Cu–Fe alloy structure.

5.3. Deposition of quasicrystalline Al–Cu–Fe coatings by
thermal spraying

Besides straight synthesis of the quasicrystalline phase
by rapid solidification of Al–Cu–Fe alloys, further process-
ing of existing rapidly solidified quasicrystalline powders is
currently of interest. Research on the thermal spraying of
gas-atomised Al–Cu–Fe quasicrystalline powders using the
plasma arc spray technique has, however, identified two pri-
mary problems. First, the deposited coatings have a tendency
towards lower aluminium content than the starting powder
due to the higher vapor pressure and easier vaporisation of
aluminium compared to copper or iron. This vaporisation
is able to move the composition out of the desired icosahe-
dral phase region. Second, the complex peritectic solidifi-
cation path of the icosahedral phase in an Al–Cu–Fe alloy
system may hinder the formation of a purely icosahedral
structure. Thus, a tendency to obtain a mixture of metastable
crystalline phases along with the quasicrystalline phase in
an as-deposited coating exists[127–129]. However, a num-
ber of tricks can be used to overcome these problems. To
avoid the unwanted vaporisation of aluminium, one possi-
ble solution is to use larger feed particles. When heated,
larger particles lose a relatively smaller fraction of their alu-
minium because of the reduced effective surface area. An
alternative solution is to start with a powder with a com-
position slightly higher in aluminium than that desired in
the coating. The co-deposition of crystalline phases can be
decreased by preheating the substrate material. Also, an-
nealing yields a purely icosahedral structure in the coating
[20,128].

Although thermally sprayed quasicrystalline Al–Cu–Fe
coatings are primarily deposited by plasma spraying, other
thermal spraying techniques for coating preparation are of
current interest. At present, the greatest challenge seems to
be the adjustment of spraying parameters so that the qua-
sicrystalline phase in the spray powder does not decompose
during the spraying process.

6. Properties of Al–Cu–Fe quasicrystals

Previous sections discussed how the structure of qua-
sicrystals differs remarkably from that of crystalline materi-

Fig. 15. The temperature dependencies of electrical resistivitiesρ of
Al–Cu–Fe and Al–Cu–Ru quasicrystalline phases according to Ref.[134].
Reprinted from Ref.[134], Copyright with permission from Elsevier.

als. The same applies to their properties. In this chapter the
unique physical qualities, surface behavior characteristics
and mechanical properties of quasicrystals and especially
Al–Cu–Fe quasicrystals are reviewed.

6.1. Physical properties of Al–Cu–Fe quasicrystals

Quasicrystals probably differ most from their crystalline
counterparts with regard to electronic properties[24]. The
electrical resistivityρ is generally large for quasicrystals,
yielding poor electrical conductivities[130,131], while the
electrical conductivities of crystalline metallic alloys are
high. Berger et al. have measured the electrical conductivity
of icosahedral Al–Cu–Fe, Al–Pd–Mn and Al–Pd–Re and
categorised it in the same range as for doped semiconduc-
tors [132]. However, huge differences exist between the
electrical conductivity properties of different quasicrystals.
For Al–Mn quasicrystals, values as high as 800–1000��

cm for electrical resistivity have been measured at room
temperature. However, Al–Mn has a small negative tem-
perature coefficient; resistivity values for quasicrystalline
Al–Mn alloys increase with decreasing temperature in
the low temperature region[130]. A negative and linear
temperature-dependence is typical for many quasicrys-
talline alloys, and is also suggested for the conductivity
of Al–Cu–Fe and Al–Cu–Ru quasicrystals at temperatures
above−243◦C [133,134]. The temperature dependencies of
these quasicrystals are portrayed inFig. 15. For quasicrys-
talline Al–V alloy the electrical resistivity is nearly constant
in the low temperature region, whereas for quasicrystalline
Al–Mn–Si alloy, a positive temperature coefficient is mea-
sured, as is typical for most usual metals[130].
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Bilušic et al. have shown that the electrical conduc-
tivities of icosahedral Al–Cu–Fe alloys of compositions
Al62Cu25.5Fe12.5 and Al63Cu25Fe12 become higher with in-
creasing temperature, reaching 35·103 �−1 m−1. However,
the electrical conductivity of the sample with 12.5% Fe is
lower than that of the sample with 12% Fe. This is due
to the fact that a structure closer to the perfect icosahedral
structure means a smaller number of free carriers and, con-
sequently, lower electric conductivity[135]. This is also
admitted by other research groups[131].

The electronic structure of materials seems to be strongly
related to their electronic properties. Crystalline materi-
als with high electrical conductivity generally contain free
electrons; electrons are not tightly bound in their places
but can roam freely and conduct electricity. In insulating
materials, the electrons are tightly bound to their places
and cannot conduct electricity[136]. In quasicrystals and
semiconductors, in contrast, a gap exist in the density of
electron states, meaning conduction of some sort. The closer
the quasicrystalline structure is to a perfect quasicrystalline
structure with no structural defects, phasons, the higher the
electrical resistivity of the material. Thus, the high electrical
resistivity observed in quasicrystals is associated with the
gap observed in the conduction band[137]. Nevertheless,
although generally and most widely accepted, the electron
band gap model is not the only theory suggested for the
peculiar electrical behavior of quasicrystals. The weak lo-
calisation[134], the electron–electron interaction theories
[134,138], the quantum interference effects[131,138], as
well as the very low Al 3p density of electron states and
the vanishing of Al p conduction band[139], have also re-
ceived some support. Thus, no definite consensus has been
obtained as to the reason for the unique electrical properties
of quasicrystals as compared to crystalline or amorphous
materials.

Similarly as for electrical resistance, the magnetoresis-
tance of quasicrystals is anomalously large at low temper-
atures. The same behavior has earlier been attributed to
amorphous metals[131]. In icosahedral quasicrystals in
alloy Al65Cu20Fe15, no traces of magnetic behavior can
be found [125]. Often, quasicrystals do not show even
paramagnetism[133]. However, Al65Cu20Fe15 remains
paramagnetic down to 8 K (−265◦C).

In addition to electrical conductivity, the optical conduc-
tivity of quasicrystalline materials, in general, is very differ-
ent to that for metallic behavior. Optical conductivity refers
to the frequency dependence of the electrical conductivity.
For most quasicrystalline materials, optical conductivity
remains small for most of the frequency range, especially
towards low-energy values. Nevertheless, a rather strong
resonance shows up at around 104 cm−1 or 290 THz corre-
sponding to infrared radiation with a wavelength of∼1 mm
[133]. In contrast, the optical conductivity of Al–Cu–Fe qua-
sicrystals is reported to be noteworthy throughout the fre-
quency scale, increasing linearly with increasing frequency
[131]. This property can be made use of in selective absorber

applications. Al–Cu–Fe thin films with a mixture of crys-
talline and quasicrystalline phases are especially suitable
for these purposes. Very thin quasicrystalline films of com-
position Al62Cu25Fe12 and with thicknesses ranging from
10 to 13 nm have been produced with stacks of crystalline
Al2O3 antireflective coatings on copper; these surfaces show
a high solar absorbance of 90% and a low thermal emit-
tance. The optical constants of these Al62Cu25Fe12 films,
1300–1700± 250·10−8 �m, seem to be quite close to those
of high quality quasicrystalline samples, 3000·10−8 �m
[140].

The thermal conductivity of quasicrystals is generally
extremely low, much lower than that of crystalline metallic
materials and similar to that of oxides, which are known as
very efficient insulators. Although the thermal conductiv-
ity of quasicrystals somewhat increases with temperature,
it remains very low throughout the whole temperature
range from room temperature to 800◦C [141]. As regards
the low temperature region, Bilušic et al.[135,142] have
studied the thermal conductivities of Al62Cu25.5Fe12.5 and
Al63Cu25Fe12 alloys and found them identical. At very low
temperatures, in the temperature range from 0.1 to 6 K
(−272.9 to−267◦C), the phonon thermal conductivity first
shows aT2.7 dependence with temperature, then a linear
increase, and up to 6 K (−267◦C) a much more rapid de-
pendency thanT3 is observed[143]. From this temperature
on, the phonon thermal conductivity of Al62Cu25.5Fe12.5
and Al63Cu25Fe12 alloys increases monotonically with tem-
perature showing a shallow maximum at∼23 K (−250◦C)
as a consequence of structural scattering of lattice vibra-
tions typical for icosahedral quasicrystals. This maximum is
followed by a minimum around 73 K (−200◦C), and a sub-
sequent increase. This increase is related to the activation
of localised phonon sites[135,142].

The linear thermal expansion of quasicrystals is rather
high. It is similar to that of iron and steel but lower than
that of aluminium[141]. According to Korsunsky et al.
[144], quasilattice defects of phason type contribute to
the increased thermal expansivity of quasicrystals. The
phason-type defects introduce atomic arrangement disorder
into the lattice; inter-atomic distances are increased and
bond forces correspondingly decreased so that thermal ex-
pansion occurs with greater ease. Due to this special role of
phason defects, melt-spun Al–Cu–Fe alloys showing high
phason intensity have superior linear thermal expansion
compared to quasicrystalline Al–Cu–Fe alloys prepared by
other methods. However, the high thermal expansion may
cause trouble during joining operations of quasicrystalline
Al–Cu–Fe alloy parts or even during thermal coating pro-
cedures on substrates exhibiting totally different thermal
expansion behavior.

6.2. Surface characteristics of Al–Cu–Fe quasicrystals

For clean quasicrystalline surfaces, the quasiperiodicity
is retained at the surfaces. The surfaces consist of rather flat
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terraces separated by crooked steps, as customary for crys-
talline surfaces[40]. Cai et al.[145] have further studied the
surface structure of Al–Cu–Fe quasicrystals. The surface is
bulk-terminated with a bulk-like layer-dependent compo-
sition. Surface tends to form between different groups of
closely spaced planes. The grouped planes can be sorted
into three sets, with three, five and nine planes. These plane
groups correspond to step heights of 2.5, 4.0 and 6.5 Å, re-
spectively. The groups of planes are separated by distances
ranging from 1.4 to 1.6 Å with no atoms in between. Thus,
the quasicrystalline order is maintained well within the fa-
vored groups of planes, where atoms interconnect densely
throughout the structure, but less well between the groups
of planes[145]. Also Jenks and Thiel have observed that
the chemical bonds inside the icosahedral atomic clusters
are strong while the intercluster bonds are weaker[40]. It
is also interesting that, compared to the surface structure of
quasicrystalline Al–Pd–Mn, the surface of quasicrystalline
Al–Cu–Fe contains screw dislocations and pentagonal pits,
neither of which has been observed on Al–Pd–Mn. How-
ever, the surface in both cases is rich in aluminium. Also,
the observed step heights are very comparable[145]. Of
course, the surface structure of quasicrystalline materials
depends strongly on how the surface is prepared. For ex-
ample, a cleaved surface is significantly rougher than a
sputter-annealed surface[40].

The surface energies of quasicrystals, especially Al–Cu–
Fe quasicrystals, are rather low. In terms of contact angle
measurements, the quasicrystalline surfaces behave more
like covalently-bound materials than like metals[40]. The
surface energy of quasicrystals is somewhere between that
of stainless steel and Teflon, but much closer to Teflon as
soon as their lattice quality, phase purity and surface prepa-
ration are adequate. The best quasicrystals exhibit surface
energies only 25–30% above that of Teflon[70]. Belin-Ferré
et al.[56] have correlated this low surface energy to the low
Al 3p density of states, i.e. to the low number of nearly-free
electrons available for bonding with interacting molecules
such as water. Of quasicrystals, icosahedral quasicrystals ex-
hibit the lowest adhesion energy of water due to these spe-
cial structural characteristics[56]. Also for melt metals such
as tin, very low contact angles have been measured at the
surface of Al–Cu–Fe quasicrystals[146].

The low surface energy of quasicrystals is reflected in
their low coefficient of friction. The coefficient of friction
remains essentially low for Al–Cu–Fe quasicrystals[113].
Their surface friction properties are equivalent to those of
the hardest materials, as demonstrated inFig. 16. According
to Zhang et al.[147], the friction coefficients of Al–Cu–Fe
quasicrystalline phase and its crystalline approximants are
one third of that of commercial low carbon steel, the fric-
tion coefficients being 0.12, 0.14 and 0.4, respectively[147].
However, the low friction coefficient is not solely related to
the high values of hardness and Young’s modulus of qua-
sicrystals but primarily to the reduced electronic interactions
of the surface. If crystalline phases are present, they strongly

Fig. 16. Friction coefficientµ measured in Ref.[70] in an alternating
sliding scratch test with a diamond indenter for a number of specimens
with variable hardness. Symbols are as follows:�, twinned icosahe-
dral quasicrystal Al70.5Pd21Mn8.5; large�, sintered Al70Pd20Mn10; small
�, tetragonal �-Al70Cu20Fe10, orthorhombic O1-Al71.2Cu9.8Fe8.5Cr11

and monoclinic �-Al73.5Cu3Fe23.5 (Al13Fe4-type); small �, Al-
CuFe �-cubic CsCl-type (≤ 5% in volume); small�, sintered Al-
CuFe icosahedral+�-cubic; large �, sintered single-phase icosahedral
Al59B3Cu25.5Fe12.5; ×, f.c.c.-Al; large�, sintered cubic alumina; small
�, hard Cr-steel;�, f.c.c.-Cu; �, window glass. Reprinted from Ref.
[70], Copyright with permission from Elsevier.

increase the friction coefficient. Only 5%�-AlFe(Cu) cubic
phase in quasicrystalline base structure in Al62Cu25.5Fe12.5
alloy is needed to double the friction coefficient of the purely
icosahedrally structured Al62Cu25.5Fe12.5 alloy [70,71].

The friction measurements of quasicrystalline materials,
however, pose some experimental problems. First, the fric-
tion partner, the third partner, i.e. the lubricant, wear debris
or transfer layer, and testing conditions contribute to the
overall friction response[133], and are not always reported
properly, which also applies to the used testing indenters and
tips. The best results, i.e. the lowest friction coefficients, are
generally achieved with a very thin tip.

In oxide-containing environment, aluminium-rich qua-
sicrystals tend to passivate by forming a thin, protective
layer of aluminium oxide independently of the surface
preparation method[40]. Popovíc et al. [148] propose
that Al–Pd–Mn quasicrystals form a layer-by-layer surface
composition, of which the topmost layer is aluminium-rich
and therefore aluminium is the first element to oxidise. The
diffusivities of the alloying elements in the quasicrystal
are much smaller than in the elemental samples and so the
topmost layer composition determines which elements are
oxidised. Accordingly, selective oxidation of the elements in
the alloy takes place[148]. Oxidation in more humid envi-
ronments or at higher temperatures can result in the build-up
of thicker oxide layers and attacks on other elements. Also,
oxidation can move the surface and near-surface composi-
tion out of the field of quasicrystalline stability, giving rise
to surface structure transformations[40].
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In an Al–Cu–Fe alloy of the composition of Al63Cu25Fe12,
oxidation of icosahedral phase first causes dissolution of the
grain boundaries, while the inner surface of the grains oxi-
dises into�-Al2O3. This oxidation of the grain surfaces is
observed to start by oxide island formation accompanied by
icosahedral phase transformation into the�-Al13Fe4 phase.
Thus, a loss of copper is to be expected. Finally, the forma-
tion of -Al2O3 takes place on the remaining icosahedral
phase surface as well as on the surface of the�-Al13Fe4
phase. Oxidation is also found to induce a phase transfor-
mation of the icosahedral phase into the�-AlFe(Cu) phase.
However, no evidence of a continuous phase transformation
due to the diffusion of oxygen into the quasicrystals has yet
been found[149].

As for the high-temperature oxidation of Al–Cu–Fe qua-
sicrystals, a parabolic rate constant for the oxidation of
Al–Cu–Fe quasicrystals has been measured. The oxidation
behavior is strongly determined by the copper content of
the quasicrystals. Copper triggers the indirect transforma-
tion of �-Al2O3 into �-Al2O3 [150], a reaction which has
not been observed to occur at lower temperatures. Thus,
this relation between the copper content of the material
and the oxide layer composition has not been observed for
room-temperature oxidation. In contrast, in acidic and basic
solutions, copper again plays the key role. Dissolution of
aluminium and iron from Al63Cu25Fe12 has been observed,
leaving the porous copper layer and a destabilised icosahe-
dral structure behind. This destabilised icosahedral structure
undergoes partial transformation into the�-AlFe(Cu) phase
[151–153]. The same destabilisation of the icosahedral struc-
ture occurs as a result of contamination of the Al62Cu26Fe12
surface for example by carbon[154,155]. After a salt spray
test, enrichment of both aluminium- and copper-rich oxide
layers and hydroxide layers occurs at the surface, protecting
the underlying quasicrystalline structure[151–153]. To sum
up, there is no evidence for improvement in corrosion resis-
tance due to the presence of the quasicrystalline structure.
The quasicrystalline structure behaves as any Al–Cu–Fe
structure in corrosive environments, the corrosion behavior
of the alloy being the sum of the corrosion behaviours of the
individual elements of the alloy. However, biocompability
is observed in quasicrystalline materials, which is not very
general in crystalline metallic alloys[133].

In contrast to the oxidation of quasicrystalline materials,
hydrogenation has not been proved to cause transformation
of the quasicrystalline phase into crystalline counterparts. In
the alloy Zr69.5Ni12Cu11Al7.5, for example, hydrogenation
is found to raise the quasilattice constant by∼10% at the
hydrogen-to-metal ratio of 1.9. During annealing, the hy-
drogen is driven out prior to any other reaction. Due to this
property, Zr–Ni–Cu–Al and Ti–Zr–Ni quasicrystals show
promise for hydrogen-storage applications[156]. No such
powerful effect, however, has been observed in quasicrys-
talline Al–Cu–Fe alloys.

The wear resistance of quasicrystals strongly depends on
their hardness and brittleness. Thermally sprayed Al–Cu–Fe

coatings composed of only quasicrystalline phase exhibit
quite good abrasive wear resistance due to their high
room-temperature hardness. However, the room-temperature
brittleness impairs abrasive wear behavior. The addition
of only very small amounts of Fe–Al into Al–Cu–Fe can
cause a transition in the abrasive wear mode from brittle
fracture to plastic flow[157]. Generally, crystalline phases
are present in coating structures in small amounts and cause
the abrasive wear of Al–Cu–Fe quasicrystalline coatings
to occur via plastic flow and delamination[113,158]. The
same applies to high-temperature conditions. When plas-
tic deformation occurs, the hardness values are decreased.
Consequently, less good abrasive wear resistance is ob-
tained. Thus, a compromise between reasonable hardness
and degree of plasticity yields good abrasive wear resis-
tance to quasicrystalline Al–Cu–Fe alloys. The hardness
behavior as well as the ductility of Al–Cu–Fe quasicrystals
are discussed more in detail in the next section.

6.3. Mechanical properties of Al–Cu–Fe quasicrystals

Dislocations play a key role as regards the mechanical
properties of crystalline materials. They mediate the plas-
tic flow and cause a strain field in one direction, thereby
influencing the ductility and strength as well as the work
hardening behavior. Similarly to crystals, dislocations in
quasicrystals are important for their mechanical properties.
However, dislocations in quasicrystals are special in that
they are accompanied by strain fields in two directions. The
‘conventional’ elastic strain takes place in a real space E||,
while the phason strain occurs in a perpendicular space E⊥.
Based on the existence of this phason strain, the character-
istic features of dislocations in quasicrystals are somewhat
different from those in crystals. Still, a perfect dislocation
in quasicrystal is a line defect vector in the physical but
high-dimensional space (Fig. 17). In icosahedral quasicrys-
tals, the Burgers vector of most dislocations is parallel to
a two-fold direction, the close-packed five-fold or two-fold
planes operating as glide planes[159].

The Burgers vectorb of a dislocation in a quasicrys-
tal consists of two components: a component parallel to
the real space (b||) and a component parallel to the per-
pendicular space (b⊥). The parallel component yields a
phonon strain field around the dislocation as in crystals,
whereas the perpendicular component corresponds to a
phason strain field. The direction of the Burgers vectorb
can be determined by the invisibility conditiong·b= 0,
as in crystals. However, the invisibility condition extends
also into the phason space. Thus, the invisibility condi-
tion is generalised toG·B= g||·b||+g⊥·b⊥ = 0. There are,
accordingly, two cases in which this invisibility condition
is satisfied. The ‘strong’ invisibility condition is the case
g||·b|| = g⊥·b⊥ = 0, whereg||·b|| = 0 is the same as the in-
visibility condition for crystals. The ‘weak’ invisibility con-
dition is g||·b|| = −g⊥·b⊥�=0. This weak invisibility condi-
tion is characteristic of dislocations in quasicrystals[160].
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Fig. 17. A perfect edge dislocation in the two-dimensional Penrose lattice after Ref.[162]. Lattice planes consisting of parallel-sided tiles are shaded to
show the strain-field. Reprinted from Ref.[162], Copyright with permission from Elsevier.

In addition, as the structure of quasicrystals is not periodic,
the lattice areas above and below the glide plane behind a
moving dislocation do not match in general. This mismatch
of the lattice across the glide plane is called a matching-rule
violation and can be observed with a transmission electron
microscope as a planar-fault contrast appearing and then
vanishing[159]. The previously mentioned invisibility of
phason defects in the case of melt spun Al–Cu–Fe alloys
refers to this phenomenon.

Similarly to crystalline materials, dislocations in qua-
sicrystals mediate the plastic flow[159,161]. The charac-
teristics of dislocation in quasicrystals are, accordingly,
reflected in the ductility, strength and the work hardening
behavior, identically to crystals. In quasicrystalline mate-
rials, the high-energy phason faults make the dislocations
immobile in the low temperature range where atomic dif-
fusion is not allowed, leading to brittle fracture[162,163].
Brittle fracture usually occurs by an intergranular process
[164]. Quasicrystals behave, consequently, like any inter-
metallic compound at room temperature and intermediate

Table 4
Compositions and mechanical properties of crystalline and quasicrystalline phases in ternary alloy system Al–Cu–Fe according to Ref.[165]

Composition Phases Structure Hardness Toughness Brittle-to-
(HV 0.25 N) KIC, MPa ductile

(m)1/2 temperature,
◦C

Al72Fe28 Al5Fe2 Orthorhombic 1100 1.05 ∼550
Al75.5Fe24.5 Al13Fe4 Monoclinic 1070 1.03 ∼750
Al67.6Cu32.4 Al2Cu Tetragonal 595 1.14 ∼400
Al48Fe52 AlFe(Cu) Cubic 775 >20 ∼430

(CsCl type)
Al63Cu25Fe12 �-AlCuFe Icosahedral 1000 1.64 ∼650

temperatures, being very brittle. Köster et al.[165] have
compared the deformation characteristics of quasicrystalline
and crystalline phases in the ternary Al–Cu–Fe alloys.
These characteristics are summarised inTable 4. Tei et al.
[166] have further concluded that the icosahedral phase of a
simple-metal system is similar to its crystalline intermetallic
counterparts as regards elastic properties.

At elevated temperatures quasicrystalline materials be-
come plastic[167]. Dislocation motion is proposed to be one
important mechanism for the high-temperature plastic defor-
mation of Al–Cu–Fe quasicrystals[34,168,169]. According
to Shield and Kramer[170], this dislocation glide takes place
predominantly at grain boundaries in the temperature range
680–720◦C. Besides dislocation motion, atomic diffusion
is suggested to be the major cause of deformation causing
atomic transport at large distances[164]. Twinning is ob-
served to occur in Al–Cu–Fe quasicrystals without[171]
and with high-temperature deformation[172]. Yet, whatever
the deformation mechanism at high temperatures, Young’s
modulus decreases progressively and a ductile regime
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Fig. 18. True stress–strain curves of Al–Cu–Fe quasicrystalline alloy in the temperature range from room temperature to 750◦C after Ref.[164]. Reprinted
from Ref. [164], Copyright with permission from Elsevier.

appears with an increasingly homogeneous deformation
mode. Starting from 650◦C, the plasticity becomes totally
homogeneous and the total deformation may reach very
high values up to 130%[163,164].

As the elastic properties of Al–Cu–Fe quasicrystals are
comparable to their crystalline counterparts, their yield
strength should also be nearly equal. However, with in-
creasing strain their mutual behavior differs somewhat.
In contrast to metallic materials, where the lattice struc-
ture is restored after a dislocation has passed, dislocation
motion in quasicrystals produces a tail of matching-rule
violations [167,173]. Since these matching-rule violations
are structural and chemical disorders, the ideal structure of
the quasicrystals is destroyed step by step. This results in
a decreasing stress value, i.e. deformation softening, as a
result of increasing strain[167], while deformation hard-
ening generally takes place in crystalline metals. At low
temperatures, the maximum stress of Al–Cu–Fe icosahedral
phase reaches a value of 250± 15 MPa[164]. This value is
very low even as compared to the ultimate tensile strength
values of other Al–Fe-based quasicrystalline materials, of
which the best is 660 MPa for Cr- and Ti-containing alloy
[174]. The stress–strain curves of Al–Cu–Fe quasicrys-
talline alloy at different temperatures are shown inFig. 18.
No deformation hardening occurs even at higher tempera-
tures. Furthermore, although the maximum stress levels of
icosahedral Al–Cu–Fe alloys are low at room and interme-
diate temperatures, they further decrease with increasing
temperature.

Giacometti et al.[175,176]have studied the creep behav-
ior of quasicrystalline Al63.5Cu24Fe12.5 alloy. They have
obtained different creep responses that depend not only
on the temperature and stress level at which they were
performed, but also on the past deformation history of the
specimens. The creep curves at low stress levels exhibit

only one stage of continuous creep rate decrease. At higher
stress levels, this primary stage is followed by a region of
accelerated creep rate, which is not associated with creep
damage but represents an intrinsic property of Al–Cu–Fe
quasicrystals. Dislocations are involved in the entire creep
process, as in crystalline materials.

The microhardness behavior of quasicrystalline Al–Cu–Fe
alloys may be correlated with the brittle-to-ductile transition
temperature evidenced through conventional mechanical
testing. The microhardness of Al–Cu–Fe quasicrystalline
alloys as a function of temperature is shown inFig. 19. The
microhardness values of Al–Cu–Fe quasicrystals are very
high and almost constant at ambient and intermediate tem-
peratures corresponding to the brittle regime. Audebert et al.

Fig. 19. Vickers microhardness of Al–Cu–Fe quasicrystalline alloy as a
function of temperature. The brittle-to-ductile transformation temperature
is also shown in the figure. Reprinted from Ref.[177], Copyright with
permission from Elsevier.



E. Huttunen-Saarivirta / Journal of Alloys and Compounds 363 (2004) 150–174 169

Table 5
Chemical compositions and microhardness values of quasicrystalline coatings studied by Audebert et al.[126]

Composition (at.%) Al64.5Cu24.5Fe11 Al77Cu6Fe8Cr9 Al77.5Fe12Cr10.5 Al84Cr16

HV0.2 725 ± 50 720± 20 655± 50 465± 50

[126] have compared the room-temperature microhardness
values of four different aluminium-based quasicrystalline
coatings. The composition and microhardness of these coat-
ings are summarised inTable 5. Of these alloys, Al–Cu–Fe
presents the highest microhardness as well as the greatest
brittleness and highest susceptibility to crack formation
[126]. The microhardness values of Al–Cu–Fe quasicrys-
tals sharply decrease when higher temperatures are reached
corresponding to the ductile regime. These same principles
apply to macrohardness values[24,113,159,167]. Intragran-
ular cracks may be seen around Vickers microindentations
performed in the brittle regime, while intergranular cracks
are dominant in the ductile regime[177]. Besides the for-
mation of intragranular cracks, occasional microstructural
transformation of the quasicrystalline phase into crystalline
counterparts has been observed during microhardness test-
ing of quasicrystalline Al–Cu–Fe alloy[178], although the
icosahedral phase is known to be extremely stable under
compression[179].

6.4. Properties and microstructure of quasicrystalline
alloys: a comparison with crystalline counterparts

In general, the microstructure and properties of mate-
rials are interconnected. As a group, metallic crystalline
materials give rise to certain properties, which do not
occur, for example, in amorphous glasses, such as good
electrical and thermal conductivity and work hardening.
Quasicrystalline metallic alloys show an interesting struc-
tural combination. They are composed of metallic elements
and they obey a structure close to crystalline, but not per-
fectly satisfying the definition of crystallinity. Thus, the
atoms are not ordered into unit cells but in clusters, while
the electrons inside the atoms do not form a continuous
conducting band but show a band gap. These special mi-
crostructural features result in a combination of properties,
which cannot currently be provided by any other material
group.

In quasicrystalline alloys, the band gap in the density of
electron states mostly influences the physical properties of
these materials. First, the electrons do not conduct electricity
or heat very well due to the discontinuous electron conduc-
tion band. In Al–Cu–Fe quasicrystals, the electron band gap
is extremely deep. However, as electrons still exist, a con-
duction of some sort exists, making quasicrystalline alloys
poor electrical and thermal conductors, but not insulators.
In crystalline metal alloys, in contrast, where electrical
and thermal conduction usually is very good, a continuous
conduction band exists. The extremely low electronic con-

ductivity of Al–Cu–Fe quasicrystals is also reflected in their
high optical conductivity. Second, the electron structure of
quasicrystalline alloys leads to the absence of magnetism. In
quasicrystalline Al–Cu–Fe alloys, most atoms are either Al
or Cu atoms, both of them having only one electron in the
outermost electron shell, thus giving rise to a non-existent
resultant angular momentum yielding magnetism. This also
applies to crystalline Al and Cu atoms. Fe atoms, in turn,
show magnetism, but adopt a minor role in Al–Cu–Fe qua-
sicrystalline alloys. In quasicrystalline Al–Cu–Fe alloys, the
band gap in the electron density of states further militates
against magnetism. Since some magnetic momentum still
exists in the electron structure of Al–Cu–Fe quasicrystals,
they show paramagnetism. Besides the physical properties,
some chemical or surface properties may be linked to the
electron structure of Al–Cu–Fe quasicrystals. Third, the
reduced electronic interactions due to the band gap in the
electron density of states leads to low surface energy and
coefficient of friction for quasicrystalline Al–Cu–Fe alloys.
In crystalline counterparts with a continuous conducting
band, electronic interactions are greater in number, bringing
about higher values for surface energy and coefficient of
friction. The biocompatibility of quasicrystalline alloys is
suggested to be the result of reduced electronic interactions
as well.

The atom structure of quasicrystalline alloys is linked
to a variety of properties, including physical and mechan-
ical properties and surface characteristics. The grouping
of atoms to form clusters, the connection of the clusters
via oriented bonds to form an aperiodic structure and a
stepped surface structure are the most important details
of atomic structure to influence these properties. First of
all, the thermal expansion of quasicrystalline Al–Cu–Fe
alloys very much resembles that of crystalline materials.
In both structures, the atoms inside atom clusters or unit
cells may move somewhat freely despite their exactly de-
fined positions, allowing an increase in the average distance
between the atoms. Second, the aperiodicity in atomic
order is responsible for the brittleness, low strength val-
ues and high hardness of quasicrystalline materials. As
the movement of dislocations generally is associated with
the ductility and strength of materials, the local disorder
they leave behind in quasicrystalline materials also does
so, but by impairing them. Therefore, strains in quasicrys-
tals are low, easily leading to brittle fracture. In addition,
work softening is related to the increased structural dis-
order, and high hardness values, in turn, are linked to
the brittleness of material. Third, the similarity of cor-
rosion behavior of quasicrystalline Al–Cu–Fe alloys and
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their crystalline counterparts arises as a consequence of
their identical surface structures. The surface structure
of both quasicrystalline and crystalline alloys consists of
flat terraces separated by crooked steps. Based on this
structural likeness, there is no difference in their corro-
sion behavior. However, the quasicrystalline surfaces have
been found to be enriched in aluminium, thereby favor-
ing the formation of an aluminium oxide layer. This kind
of selective oxidation is not a basic rule in crystalline
materials.

7. Current and potential applications of
Al–Cu–Fe quasicrystals

The unusual electrical and thermal properties of qua-
sicrystalline alloys can be employed in catalyst applica-
tions. The fact that several of the quasicrystalline alloys
discovered contain catalytically important constituents fur-
ther supports this scenario[2]. Quasicrystalline Al–Cu–Fe
alloys have the potential to be used especially as a catalyst
for steam-reforming of methanol. It is even expected that
these quasicrystalline Al–Cu–Fe catalysts will appear on
the market in the near future[153]. Besides chemical catal-
ysis, the electrical and thermal properties of quasicrystalline
alloys may become useful for thermopower generation
[70,180]. Materials in these thermoelectric applications,
for example in refrigeration and power generation, should
have low thermal conductivity, quite high electrical con-
ductivity and high thermopower, which is a product of
several electrical and thermal quantities. In general, qua-
sicrystals seem to meet these requirements of good ther-
moelectric materials. However, the electrical conductivity
of Al–Cu–Fe quasicrystals is too low to be used in these
applications due to their deep band gap. Al–Cu–Fe qua-
sicrystals can, however, be used in thermometry and heat
flow detection due to their temperature-dependent electri-
cal conductivity; the development of such devices is under
way [133].

Other possible applications of quasicrystalline Al–Cu–Fe
alloys include light absorption. The design of selective
quasicrystalline light absorbers takes advantage of the spe-
cific optical properties of quasicrystals[70]. Al–Cu–Fe
quasicrystalline thin films are especially well suited as se-
lective absorbers in solar thermal applications due to their
good solar absorbance of 90% and good optical proper-
ties. This kind of solar absorbance panel exploiting qua-
sicrystalline Al–Cu–Fe layers has already been fabricated
[140]. Besides solar cells, insulator screen and window
glass applications could make use of the optical prop-
erties of Al–Cu–Fe quasicrystals[133]. Other potential
applications of the optical properties of Al–Cu–Fe qua-
sicrystals comprise bolometers in the detection of infrared
radiation.

The complete absence of work hardening, in strong
contrast to metallic alloys, is one of the most interesting

properties of quasicrystals[24]. Besides the work soften-
ing behavior, the high hardness and good wear resistance
accompanied by the low friction coefficient of Al–Cu–Fe
and other quasicrystals advocates their use as a coating
material. Accordingly, a commercial application of qua-
sicrystals has emerged, which seeks to take advantage of
the unique mechanical, thermal and surface properties of
these materials. The product is a cookware surface coating
named Cybernox®. The coating is an Al–Cu–Fe–Cr alloy
deposited as a thin coating by thermal spraying techniques
[181]. Also pure Al–Cu–Fe and alloyed Al–Cu–Fe–Si
quasicrystals can be used for the same purpose, since
neither contains toxic elements. The low coefficient of
friction and high hardness can also be made use of in
cylinder liners and piston coatings in motorcar engines
[133].

In addition to low- and moderate-temperature wear
protection applications, quasicrystalline Al–Cu–Fe alloys
could be subjected to high-temperature use against wear.
The work softening of Al–Cu–Fe quasicrystals and their
improved ductility properties at temperatures above 600◦C
support their use as thermal barrier coatings. Furthermore,
the poor thermal conductivity of Al–Cu–Fe quasicrystals
supports applications of this type. The melting tempera-
ture of Al–Cu–Fe quasicrystals is∼860◦C, which sets the
upmost limit for the high-temperature applications. The
formation of a protecting aluminium oxide layer on the
surface of Al–Cu–Fe quasicrystals in mildly oxidising en-
vironments supports their use in many corrosion-protection
coating applications in addition to those in wear protection
technology. The biocompatibility together with the good
surface properties is a very promising property combination
for introducing quasicrystals into surgical applications as a
coating on metallic parts used for bone repair and prostheses
[133].

8. Conclusions

Quasicrystals are new materials that have the potential
to be used in many areas of advanced technology. In this
paper, the microstructure, fabrication and properties of
quasicrystalline Al–Cu–Fe alloys were reviewed from the
standpoint of the materials engineer, focusing on those areas
of greatest importance for future applications of Al–Cu–Fe
quasicrystalline materials. As a result, emphasis was placed
on describing the basic differences between crystalline
and quasicrystalline materials with respect to structure and
properties. The special structural features of Al–Cu–Fe qua-
sicrystalline alloys were clarified. Much was said about the
production methods of quasicrystalline materials and their
application to Al–Cu–Fe quasicrystalline alloys. The char-
acteristics of these production methods were compared in
order to provide the reader with the information necessary
for choosing a proper fabrication technique for quasicrystals
in certain applications. Finally current and possible future
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applications of Al–Cu–Fe quasicrystals in the light of their
properties were illustrated.

After the two decades of quasicrystal research, quasicrys-
tals have found their place in the structural classification
of materials. Today, they are regarded as crystalline ma-
terials, since they show peaks in X-ray data and points in
electron diffraction patterns. However, quasicrystals still
have their planes assembled aperiodically due to the orien-
tation of atom clusters with respect to each other. Based
on this crystallinity, analysis of quasicrystalline materi-
als has reached a state of maturity such that basic struc-
tural characterisation tools, X-ray diffraction and electron
diffraction, can be routinely applied in the studies of new
or existing quasicrystalline materials. For the structural de-
velopment of quasicrystalline materials, a quasi-unit cell
model seems to explain all the details of true quasicrys-
talline phase formation and, thus, to satisfy the ambitions of
researchers.

As for Al–Cu–Fe quasicrystals, their face-centered icosa-
hedral atomic structure is composed of icosahedral atomic
clusters containing close-packed planes and directions. A
deep gap in the electron density of states is characteristic of
the electronic structure of Al–Cu–Fe quasicrystals. These
structural features of Al–Cu–Fe quasicrystals are linked
to their special property combination: poor electrical and
thermal conductivity, low surface energy and coefficient
of friction as well as brittleness, work softening and high
hardness. To enjoy the possibilities supplied by this new
class of Al–Cu–Fe alloys, their production and the process-
ing routes thereof to generate bulk materials and coatings
are of primary importance. When prepared by conventional
melting and casting, the quasicrystalline phase in Al–Cu–Fe
system forms as a result of a peritectic reaction between
�-AlFe, �-Al3Fe and the remaining liquid. However, crys-
talline phases often coexist with the stable quasicrystalline
phase in the as-cast products. When completely quasicrys-
talline structure is required, additional annealing may be
utilised, or the material may be synthesised by rapid solid-
ification techniques, melt spinning and gas atomisation, or
by mechanical alloying.

The trend is towards using quasicrystalline Al–Cu–Fe
alloys increasingly as coating materials, where their good
surface and physical properties find applications and poor
mechanical properties are compensated by the substrate
material. Quasicrystalline Al–Cu–Fe coatings can be best
prepared by thermal spraying methods, and commercially
available gas-atomised quasicrystalline powders make their
utilisation easier. Another way to minimise the drawbacks
of quasicrystalline Al–Cu–Fe alloys and make use of their
advantages is to employ them as strengthening particles
in composite materials. Significant growth in fundamental
research concerning the interrelated effects of synthesis,
processing, microstructure and properties of Al–Cu–Fe
quasicrystals may provide new applications for quasicrys-
talline coatings and composite materials. Evidently, the
greatest challenge for the future of Al–Cu–Fe quasicrystals

is the production of industrial quantities of good quality
quasicrystalline powders and coatings as well as of bulk ma-
terials thereof, to reach the expectations of the 20-year-old
quasicrystal optimism.
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