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Abstract

We review the stability of various icosahedral quasicrystals (iQc) from a metallurgical

viewpoint. The stability of stable iQcs is well interpreted in terms of Hume-Rothery rules,

i.e. atomic size factor and valence electron concentration, e/a. For metastable iQcs, we discuss
the role of phason disorder introduced by rapid solidification, in structural stability and its
interplay with chemical order and composition.

Keywords: stable quasicrystal, isodahedral cluster, valence concentration, phason disorder,
icosahedral order

1. Introduction iQcs exist in the equilibrium phase diagrams. Undoubtedly,
the quasicrystal is no longer a unique form of solid; it exists
A diffraction pattern indicating icosahedral symmetry, lon@niversally in many metallic alloys and some polymesg [
forbidden in traditional crystallography, of Al-Mn alloy pre-Except for the Al-Li—Cu system, all the stable iQcs are well
pared by a rapid cooling technique from the melt, had inspireidered in structure and almost free of defects and disorder,
the world of solid state sciencé][ Meanwhile, together with as evidenced by x-ray and electron diffraction studies where
icosahedral symmetry, the new phase generates a nonperi@gible iQcs reveal peak widths as sharp as those of perfect
array of diffraction peaks in the diffraction pattern, indicatingrystals such as Si, which enable ones to study the structure
an aperiodic arrangement of atoms. Traditionally, a crystalliffg detail. In principle, the stable iQcs are realized as a new
structure is defined by a periodic repetition of a unit cellgrm of Hume-Rothery electron compounds [n which the
and the periodicity is another definition for translationajajence electron concentration is particularly important. On
symmetry, the strictest form of long-range ordg}. [On the  he other hand, since a number of stable iQcs have been found,
other hand, an icosahedron is locally the most densely packggs attention has been paid to the metastable ones owing to
arrangement but an icosahedral symmetry is incompatiigsir intrinsic disorder and instability. However, the intrinsic
with the translational symmetry because the icosahedgglq, ger is generally created during the growth processes,
motif alone cannot completely fill space in three dimensiongny narty contains structural characteristics of the liquid
Therefore, it was believed to be impossible that a long-rangg,io ' The structure of metastable iQc is believed to contain
?égﬁ;ti\évﬂ]at'gr’sahedral symmetry would be formed in tructural units which also exist in the stable iQc and the
' liquid state. Therefore, the metastable iQc may be regarded as
. Nowadays, more than one hundreq alloys have been an intermediate between the latter two states, and by incorpo-
verified 10 be stable icosahedral quasicrystals (iQcs) and ﬂ?gfing structural information of the three states, one may gain

* Invited paper. insight as to why Nature prefers the quasicrystalline structure.
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In this article, we overview the stability of quasicrystalsin ~ Figure 1(a) is a schematic projection from two-
light of physical metallurgy and in relation to phason disordedimensions to one-dimension of a Fibonacci sequence
The stability of iQc has generally been discussed in ternilistrating the different kinds of phason disorder leading
of electron structure, i.e. the interaction of Fermi sphergs different diffraction effects. Let a two-dimensional lattice
and rillouin zones, but because of the page limitation, wsints sit at the corners of squares in a grid. Then, we design
do not go into the details of this topic in this article. The strip with a slope of an irrational number tail/z), where
intention of this article is to overview the stability of iQcsr is the golden mear(1 ++/5)/2, with respect to the lattice,
in a unique way such that we cover stable and metastahled let lattice points covered by the strip project onto a line
iQcs. The article is organized into three parts. First, we briefiat is parallel to the strip; the projected points will divide
describe how to obtain a one-dimensional quasicrystal Eye line into a quasiperiodic sequence of long (L) and short
means of the projection method. By choosing the propgs) segments. This sequence is called a Fibonacci sequence
conditions, one can obtain a random quasicrystal or a loagd is exactly a one-dimensional quasicrystal if we imagine
periodic crystal which could be viewed as a kind of ‘quasthat an atom sits at each of the points divide the line into
quasicrystal’, where the term of phason strain has a key rolélihg and short segments. The diffraction pattern derived from
the interaction with the quasiperiodic structure. Theoreticalljhe quasiperiodic sequence consists of a dense set of weak
three possible models are derived by the projection methegid strong peaksl] and is similar to that obtained from
the perfect quasicrystal, the quasicrystal with linear stragigple ZRoMgsSas iQc [11]. Using a similar approach to
and the quasicrystal with random strain. We use three reght of diffraction experiments, one can solve the structure
examples that are described by the three respective modgtsiQc [12, 13], which is described as a three-dimensional
and discuss their stability separately. cut through an abstract six-dimensional lattice. This kind of

Most of the metastable iQcs obtained by rapidut leads to a space filling with specific units arranged in an
solidification are quasicrystals with linear phason straigperiodic way with icosahedral symmetr§4] 15]. This is
and those obtained by the crystallization of glass states ar¢ramework structure of the iQc. In the ideal case, there is
quasicrystals with random strain. Structures of metastaljg phason disorder, and in fact, no visible phason disorder
iQcs will be considered in light of quenched-in strains. Thgas observed in the stable iQcs6]. A twofold electron
roles of chemical order and chemical composition in structurgifraction pattern obtained from such a stable iQc, together
stability will be discussed. For perfect quasicrystals, Mogjith its line profile along a twofold direction, are displayed in
stable iQcs are described by this model and their stabilifyyyre 1(a), which shows that the lattice spacing inflates with
is elucidated in terms of Hume-Rothery rules, e.g. valengg; scaling. Most stable iQcs are free of phason disorder and

electron concentration (e/a) and atomic size factor. generally have a narrow composition range, therefore their
stability is elucidated in terms of the Hume-Rothery rules, as
2. Structural description of iQc will be described in sectiod.
The second case is one in which the slope of the strip with
2.1. Structures in projection scheme respect to the lattice is tah(1/2), which is a rational number.

The projected points will divide the line into a sequence of two

the discovery of the quasicrystal. Theoretical treatments I8pg and one short segment, i.e. a sequence of LLSLLSLLS

highly ordered quasicrystals introduce two unit cells with'* ',Thi,‘c’ sequence gives a diffraction pat.tern. Wi_th a similar
different shapes into tilingsg[ 9], like those described in distribution of peaks to those of the quasiperiodic sequence

Penrose tiling. Such arrangements in a given number lgHt nevertheless, it is a periodic sequence. Consequently, this

dimensions (D) have 2 D degrees of freedom, instead ofS & Crystal with a periodicity of LLS, and by tilting the
the 1x D for crystals. The additional degrees of freedom ar!iP t0 @ slope toward an irrational number, one can obtain
associated with the relative phase of the two different urfiyS€auence with longer periodicity, e.9. LLSLS, LLSLLSLS.

cells, and allow a new hydrodynamic variable to be identifie{0te that the ratios of/ns are 7/1, 3/2, §/3.... If the
the ‘phason’ vector. This vector can be continuously varie_?lOpe of the strip is the irrational number tal/7), n./ns

in analogy to the phonon (translation vector) found for bot§  the sequence will be quasiperiodic. A sequence with
crystals and quasicrystals. Just as the phonon variable le5jional ratios ofn. /ns is called an approximant. A higher

to long wavelength and low energy distortion of crystals, tHe'der (withn./ns close tor) approximant can be described
phason variable in quasicrystals leads to a second typed§fa quasicrystal W|thal|nearpha§on. Note that two sequences
distortion, ‘phason strain’ or ‘phason disorder’. Such phasg€ surrounded by two dotted lines on the left-hand side
strain is expected in three-dimensional tiling with two definité figures 1(a) and (b). The sequence is LSL in a perfect
building blocks. Here, details of the theoretical background 8f/asicrystal but it is LLS in the approximant where the
phason strain are not given but the resultant effect of phas¥tfluence changes by a flip between S and L arising from
strains representing in diffractions observed in the sampl§ projection of a different lattice point. This flip called
prepared by different processes, will be discussed. In orddtason flip, is a flipping of tiles in two-dimensions or three-
to capture the essential concept of phason strain, we uséigensions. The illustration given in figui€b) is an example
simple projection method to describe it, although it does néf the 2/1 approximant in the In-Ag-Yb systeni. In

give symmetry elements that are found in three-dimensiortiree-dimensions, the/2 approximant is a cubic structure
cases. that has an electron diffraction pattern (along a pseudo

The term of ‘phason’ appeared in the literaturggoon after
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Figure 1. The projection method with different slopes of the strip for different sequences: (a) the Fibonacci sequence projected from a strip
with slope of tan*(1/1), (b) the LLS periodic sequence projected from a strip with slope of‘tdri2), (c) a random sequence projected

from a random work strip with overall slope close totai/z). Electron diffraction patterns: (a) twofold from the stablegingsSc s iQc,

(b) (100) from the 1gsAg,, Yb1s 2/1 approximant, (c) twofold from the metastable & w5V 10 iQc. The line profiles obtained along

twofold axes indicated with white lines are shown on the right-hand side.

twofold axis) and the line profile shown on the right-hand sidiggure 1(c). Only the more intense peaks remain. Nevertheless,
of figure 1(b). the existence of relatively sharp diffraction peaks from the
Another extreme example has long and short segmenadom sequence indicates that quasiperiodicity can survive
arranged in a completely irregular fashion with the resultagdisorder.
sequence being random, as shown in fighfe). Note that Figure 1 shows three structures derived from the
the short-segment pair of SS, which is not allowed in thgrojection method, a perfect quasiperioidc structure, a longer
guasiperiodic sequence, appears in the random sequencebdigoeriodic structure and an averaged quasiperiodic structure
obtain this sequence, a corresponding strip of a random watkh intrinsic disorder, that are observed in real iQcs. For
is used. If the average slope of the strip of the random wadlie perfect quasiperiodic structure, we will deal with Hume-
is maintained at aroune tarr(1/7), the random sequenceRothery rules, in particular, electron valency. We will then
will give rise to a diffraction pattern that is quite similar todescribe the last two structures associated with phason
the pattern obtained from the original quasiperiodic sequenekésorder and discuss the effects of the compositions and
The diffraction patterns of the random sequence are foundciemical order on phason disorder.
the same positions as those from the quasiperiodic sequence
but are broader. This corresponds to a quasicrystal wih,
random phason disorder, which is clearly observed in the iQcs
obtained by the crystallization of amorphous phases. One stidie stable iQcs studied by electron diffraction analysis exhibit
electron diffraction pattern and its line profile are shown ireflections arranged quasiperiodically in three dimensions.

. iQcs with extinction rules
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Figure 2. Twofold diffraction patterns of (a) P-type and (b) F-type iQcs.

The stable iQcs generally have icosahedral symmetry
revealing diffraction patterns of fivefold, threefold and
twofold symmetries. It has been shown that there can
exist three types of Bravais lattices in three dimensions
consistent with the icosahdral symmetr§8]. The three
lattices correspond to the primitive, body-centered and face-
centered hypercubes in six dimensiod$][ The primitive

and face-centered iQcs have been verified in several alloys.

These two types of iQcs can be distinguished by their twofold
patterns. Figure2 shows twofold patterns of the primitive
(P-type) and face-centered (F-type) iQcs indexed along the
fivefold direction. Along this fivefold direction, the distance
between the reflections shows an inflation ©yfor the P-
type iQc and byr for the F-type iQc 20, 21]. The indexing

of these reflections is shown in talle The six-dimensional and it was suspected that the superlattice reflections that
indices (n1, Ny, N3, N4, Ns, Ng) Of these reflections have allcharacterize the F-type structure may be hidden underneath

combinations of integers; for the P-type iQc, while the the disorder. This suspicion has been clarified by the discovery

@ — 2fud

Table 1.Indexing of reflections in figurg.

Indices

Reflection Elser Cahn

a (100000)  (2/0 0/2 0/0)
b 1/2(111112 (0/2 2/2 0/0)
c (200000) (4/0 0/4 0/0)
d (011111) 2/4 4/2 0/0)
e 1/2(311113 (2/2 2/4 0/0)
f (111111) /4 4/4 0/0)
g 1/2(511113 (4/2 2/6 0/0)
h (211111) (2/4 4/6 0/0)
i (311111) (4/4 4/8 0/0)

superlattice reflections (atratios) in the F-type iQc have only of a group of iQcs in the Cd-Yb class?]], several

odd integers. In the earlier period, the P-type iQc was oni@cs of which reveal P-type structure with high structural

observed in samples with a large amount of intrinsic disordgrerfection.
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Figure 3. Concentric structures of three types of icosahedral clusters derived from frep@droximants of quasicrystals. (a) The

Al-Mn-Si class or Mackay icosahedral cluster: the center is vacant, the 1st shell is an Al/Si icosahedron, the 2nd shell is a Mn icosahedron,
and the 3rd shell is an Al/Si icosidodecahedron. (b) The Zn—-Mg—Al class or Bergman cluster: an example is R-AlLiCu: the center is vacant,
the 1st shell is an Al/Cu icosahedron, the 2nd shell is a Li dodecahedron, the 3rd shell is a larger Al/Cu icosahedron. (c) The Cd-Yb class:
the center is a Cd tetrahedron, the 1st shell is a Cd dodecahedron, the 2nd shell is a Yb icosahedron, and the 3rd shell is a Cd
icosidodecahedron.

2.3. iQcs with different clusters three classes according to hierarchic structures of icosahedral

. ) ) clusters derived from their counterpart approximants: the
Long before the discovery of iQcs, it was already knOWﬁI—Mn—Si [23, 24] class, the Mg—Al—-Zn25, 26] class and the

that although fivefold and icosahedral symmetry is forbiddeRy_yp [22, 27] class. The structures of the atomic shells for
in the presence of two- and three-dimensional translatigty, three classes are shown in figarét has been recognized
groups, local icosahedral arrangements of atoms in Crystgig; two complex compounds, whose structures are well
are possible. Indeed, this is fairly common in SOMBnown, a-Mn12(Al, Si)s7 [24] and Mg, (Al, Zn) 40 [25], were
complex metallic alloys. Many such alloys are now callefhjeed approximants of the iQcs in the A-Mn—Si class and
‘approximants’ P3]. As mentioned in section2.1, the he Mg-Al-Zn class, respectively. The former is also called
approximant can be generated by a rational cut through highe Mackay cluster and the latter is known as the Bergman
dimensional space, and hence an approximant and an iQg|igster. Each of these two structures has a bcc packing of
related in structure through ‘linear phason strain’, as describgisters consisting of three concentric atomic shells with
in figure 1(b). It is described that an identical icosahedratosahedral symmetry, as shown in figuB¢éa) and (b). The
cluster exists in both the iQc and the correspondingable iQcs found in A—Cu—Fe and A-Pd—Mn alloys were
approximant but it is in a quasiperiodic arrangement for thffouped into the Al-Mn-Si class and their corresponding
former and a periodic arrangement for the lat&S][Indeed, approximants were found in the same alloy systems but at
the electron diffraction pattern in figurgb) is a twofold compositions deviating from those of iQca8[ 29]. On the
pattern of a 21 approximant. other hand, stable iQcs in the Zn-Mg-RE (RE: rare-earth
Approximants are important for understanding thenetals) systems were grouped into the Mg—Al-Zn class, but
structure of the iQc since the structures of approximam® corresponding approximants were found in this system.
have been well defined, which is very helpful in obtaining The third class of Cd-Yb is related to the ¥t
a primary structure model. The iQcs can be classified ingpproximant, which has a bcc packing of identical icosahedral
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clusters. In the core of each cluster, there is a tetrahedr®@d. iQc prepared by rapid solidification (Al-Pd—Cr)

created by four positionally disordered Cd atoms, as shown , . , ,

in figure 3(c), which breaks the icosahedral symmetry. Thg general, a quasicrystal grain cqntams phason strain cregted
iQcs and approximants having identical cluster structur Lnng the growth Process, which, “unlike phonon.s.tram,
have been found in several alloykl[ 30, 31]. The iQcs and relaxes slowly and is effectively quenched. In a sufficiently

approximants of the Cd-Yb class have been found in a Iarlggge region of a grain, the variations of the phason strain

. d can be decomposed into an average linear variation
number of alloys and constitute the largest of the three clas Sn : . . . '
y 9 WéICh leads to shifts of the diffraction peaks, and nonlinear

of iQcs. modulations, which lead to peak broadeni®g][ Actually,
neither the peak shift nor peak broadening is solely observed

3. Metastable iQcs with quenched-in phason in real samples. They always appear concurrently. Generally,

disorder shifts of diffraction peaks are mainly observed in metastable

iQcs prepared by melt-spinning, i.e. the linear phason strain is

Many efforts were made to find new iQcs by substitutingrominent in the sampless§, 34. Figure 4 is a bright-field

Mn with other transition metals or by adding metalloidsMage and correspondling.selected-ar.ea diffraction patterns
soon after the discovery of iQc. These attempts did le4@en from the areas indicated by circles. Depending on
to the discovery of a number of metastable iQcs. It wd8€ aréa, difiraction patterns display different distortion
also found that the equilibrium states of the metastabfs deviation of reflections. This is particularly clear for

iQcs are generally crystalline compounds or approximanfge innermost reflections. Shown in figute are the (a)

As described above, an approximant is a compound th"gécrostr_ucture and (b)—(d) electron diffraction patterns taken
composition and structural unit are very similar to that ¢f.0nd different axes for a melt-spun APdsCrs alloy. The
the corresponding iQcs, but is nevertheless a crystal. Tﬂ%arp grain boundaries and a large number of striated contrasts

structures of approximants have been well defined and hé/\v/ghin grains are clearly seen in figuséa). For example, the

been analyzed locally as icosahedral cluste®s-26]. Since grain at the center exhibits striated contrast radiating from
i right-hand side of the image. It is inferred that crystal growth

the iQcs could be obtained by conducting rapid solidificatio%f the grain originated from the right-hand side and progressed
from the crystalline approximants, the quasicrystalline phas ng g-direction (indicated with an arrow) to the upper-

were realized to be energetically metastable phases wﬁ% . . .
respect to the corres on(?in crystalline a roFZ(imant git corner. The diffraction patterns of figuré), (c) and
P P g cry P (@) were obtained from the area indicated by a white circle

sk posilions o1/and broadny of podle widhs. Actugity. NG hrough the appropriate angles to the two-, thrce-
P P 9 P ) th five-fold orientations. The size of the white circle is the

broadening of peak widths in diffraction patterns can arise S .
. : . . - Size of the selected area aperture used to obtain diffraction
either from isotropic strains or from a superposition of th . . : '
hifted K duced by | . taining diff ?tterns. The diffraction pattern corresponding to figh(ae
shifted peaks produced by farge regions containing ditereity,q yof01q pattern shown in figurg(c). According to
average linear strains. Either linear strain or isotropic str

ahis pattern, one can realize that the growth direction (g) is

observed in quasicrystals is ‘phason strain’, which is tk«%ﬂong a fivefold direction of the iQc grain. It is also clear

characteristic disorder for quasicrystals but does not exjgh nost of the diffraction spots deviated from ideal positions

in crystals. Phason strains are represented by shifts of peay o med a jig-zag arrangement of spots that is particularly
positions and broadening of peak W'O,'thS' W,h'Ch StrongE’onspicuous along the growth (fivefold) direction, indicating
depend on the growth process. In this section, we foCySy hhason strain formed during the growth process. The

on two examples of metastable iQcs formed by different,iqtropic phason strain was explained in terms of a strain
processes; an AP&sCrs iQc prepared by liquid quenchlngﬁem! as described in the following.

that reveals severe linear phason strain and agChksV1o In general, an iQc is described by three-dimensional
(or AlssSizsMnzo) iQc formed from the amorphous state thag asiperiodic tiling in which two rhombohedra are used

shows a high density of random phason disorder, and disckﬁsproduce a structure with icosahedral symmetry. The

phason strain in relation to the growth proces8.hand3.2,  yeamment of phason strains in the form the density wave

respectively. of the tiling pictures, and the connection between them
For a fully annealed stable iQc that is almost free afave been given in9. In the tiling picture, a spatially
phason disorder, a certain amount of phason disorder Ggitying phason strain variabl&f) produces flipping between
be introduced by liquid quenching. The degree of sughe two rhombohedra. Matching rules governing the spatial
quenched-in phason disorder in iQcs differs in different alloyrrangement and attachment of edges of the two cells are
systems, e.g. it is very severe for the Al-Cu—Fe system hgtally violated, producing misfits. In the mass density wave
not significant for the Al-Pd-Mn system. This difference ipicture, strains in the iQc produce shifi)(in the phase of
discussed in terms of the inherent chemical orde3.B1By  waves p]
conducting liquid quenching, the iQc is formed in a wide d=UX) -G +W(X) - -G,. (1)
compositional range for the Al-Pd—Mn system, and there is
a relationship between composition and phason disorder. Thigre,U is the conventional strain displacement variable and
will be discussed i8.4. W is taken to be linearly related to the lattice position through
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Figure 4. Bright-field image and electron diffraction patterns along fivefold axis obtained from different areas encircled in the image for
melt-quenched AbPdsCrs.

a phason strain matrik [35]. (U (x) andW(x) are taken to peaks from ideal positions of perfect icosahedral symmetry

be functions of positiox in the iQc.) are used to estimate the matrikl} described above. The
shifts of weak reflection in th& direction as a result of the
W=x-M. (2) nonzero element o (my1) produce clear jogs from straight

M is a 3x 3 matrix with elementst: . This relationship gives lines; intense reflections remain more nearly aligned. Here,
X - PY AG(= M -G)) is the shift of the reflection evaluated from

the Change in the phason variable over the region of mte_re E’fraction patterns. It has been discussed that the dependence
In the Fourier analysis of the mass density, the phason varia . . . -
. . the shifts onAG in equation 4) indicates that weak
shifts the phase of the wave according to . : . ; .
reflections will normally be shifted the most since their
g@XGi+o _ gx-(G+MGL) A3 intensity is inversely proportional t85, |. Such shifts of the
distortion are due to phason strains. On the basis of detailed
The second term in the parentheses is the shift in the obseragalysis, the phason strain matrix for the grain, obtained from

reciprocal lattice wave vector G figures5(b) through (d), is
G=G|| +AG,, whereAG=M-G,. (4) 0.23 0 1/1'3 0 0
M =|0.001 Q095 ~1 0 115 0,
That is each reciprocal lattice point will be shifted, in 0 0 0 0

the presence of phason strain by a vector obtained from
the three componentss( ) of the rotated six-dimensional where the axes folM are three orthogonal twofold axes,y
vector. andz, indicated in figureb(e). In this sample, only one sector
Distortion from icosahedral symmetry in electrorof diffraction patterns was examined so that no information
diffraction patterns was derived by the method describ@h the z-axis is given. In view of the diffraction patterns,
by Follstaedt and Knapp3p]. The patterns in figure§(b) the phason strain is not a completely linear but is more
through5(d) were obtained from the same area of a grain afteomplicated. The elongation of reflections along the same
tilting through the appropriate angles to the five-, three- amtirection implies that phason strains with the same matrix
twofold directions. (A set ok, y andz axes of a reference cubetensor but different strength are continuously distributed in
is shown for the patterns indicated by arrows.) Deviations tie sample. However, they are roughly approximated to linear

7



Sci. Technol. Adv. Mater9 (2008) 013008 Topical Review

Figure 5. (a) Bright-field image and (b)—(d) electron diffraction patterns taken from the same area along two-, three-, fivefold axes.

phason strains since the estimatiorbnly has an accuracy Thus, this result shows that the iQc has a phason strain toward
of about £0.002. In general, the approximant crystallinen orthorhombic or a tetragonal crystalline structure with the
structure can be interpreted in terms of linear phason straifegtice constants of about 1.23nm or 3.23 nm, respectively.
The corresponding phason strain matrix for the orthogonal metastable orthorhombic Al-Pd with lattice parameters

crystal system is given by Mukhopadhyatyal [37], of a=234nm, b=1.67nm andc=1.23nm is thought
to be an intermediate between a decagonal quasicrystal
my 0 0 and the corresponding equilibrium pha88][ Furthermore,
M=10 mp O another stable orthorhombic phase with lattice parameters
0 0 ms of a=1.25nm,b = 3.28 nm andc = 2.38 nm was observed

in Al7,PdigCrig alloy by electron diffraction and high-

with the following conditions X . . )
9 resolution electron microscopie89. Al;,PdgCro in the

cubic:my; = My, = Ma3 melt-quenched state is an iQc possessing a relatively high
tetragonalmy; = My, - M33 crystallinity in comparison with ALPdsCrs [40, 41]. It is
orthorhombicmy s - my, - Mas. clear that the observed linear phason strains indicate that
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evidence of orthorhombic phase still persists in the iQc. ; T T
Since there is no stable iQc in the Al-Pd—Cr system, the
orthorhombic A},PdigCrip [39] is an approximant whose
metastable phase is an iQc with a certain amount of
disorder including phason strain and defects. When the alloy
composition deviates from AdPdigCrig, disorder of the
obtained iQc upon melt-quenching will increase.

AlzsCuysVig

3.2.iQcs formed by crystallization of amorphous phases
(Al-Cu-V, Al-Mn-Si)

The structural relationship between liquid and iQc was
discussed in terms of the orientational order of icosahedral
clusters soon after the discovery of iQcs. A molecular-
dynamics simulation of an undercooled Lennard—Jones

liquid [42] revealed a structure with an icosahedral bond L AlssSipMnz
orientational order. A comparison of the structure between /\_/K__,‘
liquid and iQc gave rise to the idea of an icosahedral glass L ]
(IG) model B3, 44], by which the inherent disorder in iQc L
is interpreted. Although the IG model failed to explain the

sharp diffraction peaks observed in several stable iQcs, the
idea still prevails that there exists a structural correlation -

Intensity (arb. unit)

| 1 s | L 1

between the amorphous phase and iQcs. The iQcs formed T2 K
through the crystallization of the amorphous phase were Qi3

first observed in thin film samples of A=V and AI_MnFigure 6. Powder x-ray diffraction patterns as a function@f

alloys. A single phase of iQc, which is converted from theq = 4-sing/2) of as-quenched state and annealed state for
amorphous phase without a change in composition, was foullgsCuisV 10 and AksSi;zMnyg alloys.

in Pd—-U-Si, AI-Mn-Si and Al-Cu-V alloys4p]. Recently,
the crystallization of the amorphous phase to the iQCc W@$e corresponding intermetallic compound also exists in
also observed in some Zr-based alloy$][ However, the the amorphous phase and the iQc. However, the iQc in
amorphous phases in these alloys do not completely convaft.Mn,,Si,; and AkbsCusVig alloys is not stable, and
to the iQc, i.e. the iQc always coexists with the amorphoygansforms to a mixture of crystalline phases at higher
phase. Here, we describe the structure of the iQc of this tyRgnperaturesy-AIMnSi anda-AlV coexist in the mixture of
in Als3Mn20Siz7 and AlsCuysV o alloys in relation to phason crystalline phases, and thus, the description of the chemical
disorder and compare it with the structure of iQcs obtained R¥iort-range order in these two alloys is reasonable.
other processes. As mentioned previously, iQc crystallizes via a
The evolution of the structure of the iQc from thenucleation-growth process in which the growth is isotropic
amorphous phase for AMn2Sizz and AbsCuysVio alloys  and no planar facet is observed, as shown in figidrasds.
is shown in figures6-8. The kinetics of the transition for This morphology is easily explained in terms of the random
both alloys has been clarified to be the nucleation-growtygregation of icosahedral clusters. In this way, local icosa-
process. A significant feature commonly observed in the tWdral units are excreted by the attachment of an icosahedron
amorphous phases is the presence of a prepe@k=al5 and to a randomly chosen vertex or face of the icosahedral seed.
Q = 16 nnt?, respectively, which is evidence of the chemicato ensure orientational order, adjacent icosahedra are given
short-range order in the sense of compound formation. Ttiee same orientation. This idea is supported by the results
interatomic distance corresponding to the prepeak derivefl high-resolution TEM observation. Figur@ shows (a)
using the Ehrenfest relatiolQ g = 1.23(27/dag), is about the high-resolution image, (b) the selected-area diffraction
~0.48nm for amorphous AtMnySi;z and 0.51nm for pattern taken with the incident beam along the fivefold axis,
amorphous AlsCui5V 1o, and is associated with the Mn—-Mnand (c) the pattern obtained by connecting the bright dots
correlation ¢~ 0.465nm) ina-AIMnSi [24] for the former in figure 9(a). The fringes in figured(a) exhibit mismatch
and the V-V correlation 40.51nm) in a-AlV [47] for along various directions, indicating a random distribution of
the latter. The Mn—Mn correlation is the distance betwegshason disorder. The pattern drawn from the lattice image
Mn-Mn in the Mackay icosahedron verified inrAIMnSi, (figure 9(c)) is a two-dimensional structure consisting of
and the V-V correlation is the distance between atompgntagons stuck together, side by side, in a random manner.
that are located at the centers of icosahedrax4AlV. A Besides the ‘diamonds’ and ‘boats’ often observed in ideal
number of x-ray diffraction studies have revealed that tHeenrose tiling, the lattice image reveals unique tear-like or
structure of the iQc is identical to that of the amorphousrack-like defects, shown as dark areas, which is similar to
phase within 0.6 nm for RgU»0Sixo [48] and AlsCuisVio the icosahedral glass model pattern derived by simulation.
alloys [49. The results suggest that the icosahedron islthough the structure of the iQc is highly defective, the

6
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Figure 7. Evolution of crystallization to the iQc for the ACu;5V 19 amorphous phase.

spots in the diffraction pattern (figur&b)—(d)) do not show crystallized from the amorphous phase in#Mn,Si;7 and
deviation from the ideal positions or distortion in shape. Thial;sCu;5V 10 alloys [51] and for a stable AICuFe quasicrystal
is further confirmed by the convergent beam (with a 10 nprepared by normal solidification with consequent annealing.
diameter area) electron diffraction pattern taken along Tdne dependence on ,Gis observed for the Al-Mn-Si
fivefold direction and shown in figurg0, in which no visible and Al-Cu-V samples but not for the Al-Cu-Fe sample.
deviation of spots from fivefold symmetry positions is obHowever, because of the limited accuracy of the data,
served. This is an indication that phason disorder isotropicaltyis difficult to assert which model fits the former two
distributed in the structure of the iQc. These observations ahmples well. For the Al-Cu-Fe sample, there is no clear
support the idea that the structure of the iQc obtained by tbependence on Gsince the sample is almost free of phason
crystallization from the amorphous phase is a good examplsorder. A promising way of producing icosahedral glass
of the icosahedral glass model. is to incorporate a more realistic growth process in which
The prototype of the icosaheral glass model in thrabe basic packing algorithm allows the attachment of new
dimensions was first proposed by Shechtman and Blé8h [ icosahedral clusters to the existing assembly at any available
in an attempt to interpret the diffraction pattern from théace. This is similar to the aggregation model for fractal
Al-Mn iQc. Stephens and Goldman further developed thgrowth. One can constrain the assembly to grow in concentric
model and, in particular, considered the origin of peadhells, so that all available sites within the same radius of
broadening in the diffraction patterd4]. The icosahedral the initial seed must be filled before the attachments at a
glass models simulated with the growth algorithm havarger radius are allowed. In this sense, it is an isotropic
been discussed in detail, where models based on varigsgherical) growth in which the compositions before and after
linkages of icosahedral clusters, i.e. edge-packed, vertgxewth are expected to be the same. This is in agreement
packed and face-packed, were proposed. These modelswéth what we observed5[l] in the growth process. By
predicted the dependence of peak widths on" @vith n applying some modifications, Robertson and Moss extended
around 2-2.550], whereas the phason strain model predictetie random cluster growth model and successfully explained
linear G, dependence of peak widths(]. the experimentally observed linear dependence on%z).
Figure 11 shows the experimental data for powdellherefore, the best model for describing the structure of the
x-ray peak widths as a function of ,Gfor the iQc iQcisa maodified icosahedral glass model.

10
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Figure 8. (a) Bright-field image and (b)—(d) electron diffraction patterns for the iQc crystallized from the amorphgBsMny, alloy.

3.3. Quenched-in phason disorder and chemical order in  alloys. Figure 12 shows partial x-ray diffraction patterns
Al-Cu—Fe and Al-Pd—Mn for (a) AlzgPd,yMnig and (b) AksCusFer, alloys in melt-

nched and annealed states. Evidence of phason disorder

So far, we have discussed the phason strains observed in ﬂ?%e quenched sample of ACwsFey is seen in the large
iQcs prepared by rapid solidification and by crystallizationeak widths, which are very stII in the annealed sample.

from an amorphous phase. In both cases, the. IQcs %econtrast, the peak widths are almost the same for both
metastable and formed only when accompanied with phason

disorder introduced during the growth processes. In this senduenched and annealed states fofoRthoMnso alloy. The
the phason disorder keeps the overall structure of iQc téults of detailed analysis of APG;Mnyo alloy are given in

an icosahedral symmetry. The nature of phason disor fre13, where tr:]eddepdendenc? ?jf peak vyidtr;]s (HWTI-:]M)f.on
strongly depends on the growth process; anisotropic and f oras-quenched and annealed states is shown. The figure

solidification facilitates the formation of linear phason strairf €&/y shows that the peak widths remain at a nearly constant

as seen in the AIPdCr sample, and growth in an amorpho{fdue Of 00025),:\71 independent of G, in contrast to the
solid leads to isotropic phason strain or random phason stri[ff@" increase in the peak width reported for as-quenched
as seen in the AICuV and AISiMn samples. On the Oth@,,I—Cu—F_e b4. Actu_ally, phason disorder is closely related
hand, since the stable AICuFe iQc was fully annealed & chemical order in the Al-Cu-Fe sample. The peak of
high temperatures where most phason disorder had béég(311113 in figure 12, which is a superlattice peak and
annealed out, the diffraction peaks revealed peak widtRRaracteristic of the structure of the face-centered icosahedral
comparable to the instrumental resolution. High resolution &CI) phase, is faint in the quenched sample but becomes
ray measurements reveal that the peak widths of the stasfdy strong after subsequent annealing. The diffraction pattern
AICuFe and AICuRu iQc16] have negligible dependence orPf the iQc without the 12(31111) peak is regarded as
G, . Previous diffraction studies on APdsCrs have shown that of a simple icosahedral phase (SI). The appearance and
that the phason strain in this sample correlates with the grovahsence of this peak indicates some sort of order—disorder
direction and is frozen into the structure as the overall forffansformation $5). With this in mind, we can recognize
of the sample. Hiragat al observed phason strain in as-casthat the increase in the intensity of thg2{31111) peak is
unannealed samples of AICURG63. The cases describedalways accompanied by a sharpening of diffraction peaks.
above state that the phason disorder undoubtedly arises inThés indicates that chemical ordering concurrently occurs
growth process. with the relaxation of phason disorder. On the other hand,
On the other hand, the stable iQc infPdoMnyig there is little difference in peak widths among all diffraction
alloy is slightly different from those in AICuFe and AlCuRupeaks and in the intensity of the¢2(311111) peak between
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Figure 9. (a) High resolution image and (b) the corresponding electron diffraction pattern, taken along a fivefold axis fropgGlig¥lo
iQc. (c) lllustration of tiling traced from (a).

the quenched sample and the annealed sample for the iQat a considerable concentration fluctuation exists in the
in the Al;oPdoMnyo alloy. This can be explained by themelt of AlgsCusFe .. On the other hand, with a small
difference in their phase diagrams. The iQcs of both AICuRemperature interval, the melt of Al-Pd—Mn alloy may pass by
and AIPdMn alloys crystallize from melt via peritecticcrystallization even in small undercooling. Neutron diffraction
reactions. The temperature interval between liquidus ae#@periments performed on an Al-Pd—Mn alloy showed that
peritectic temperatures at the stoichiometric composition tife melt exists in thermodynamical equilibrium with the iQc
the iQc is about~150K for the Al-Cu—Fe system andphase, where the structure factor of the melt just above the
<20K for the Al-Pd-Mn system. The large temperaturmelting point and that of the solid are closely relatéd][
interval corresponds to the region of the;#de, phase and The results imply that a strong chemical order already exists in
consequently, at the stoichiometric composition of the iQbe liquid state, which persists in the solid state through melt-
(AlesCupsFer2), AlisFe, primarily nucleatesq6], indicating quenching. A convergent-beam electron diffraction (CBED)
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Figure 10. Selected electron diffraction and convergent-beam electron diffraction patterns taken along a fivefold axis from the
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Figure 11. G, dependence of peak widths for the;&Tu;sV 19 and Ak3Si?Mnyg iQCS.

study revealed that fully annealed stable iQGoRILoMn1g is a single iQc phase in the melt-quenched state, which is
exhibits a overall long-range structure better than that of tsemewhat stable even at 863K, whereas the single phase
melt-quenched sample, but the melt-quenched sample gl#icomposes to a mixture with a new iQc phase and a few

displays the best local structursq. crystalline phases after annealing at 1073K, as shown in
figure 14. Figure 15 shows bright-field images and fivefold

3.4. Phason disorder and chemical compositions diffraction patterns for AlPci7Mng (a,c) in the melt-

(Al-Pd—Mn) qguenched state and (b,d) in the annealed state. In comparison

with the iQc of the AjpPdoMn;o sample, the melt-quenched

In the previous section, it was shown that the occurrence Af,,Pdi;Mng reveals broader peak widths. After annealing at
phason strain in the iQc strongly depends on the chemiga@73 K, concurrent with annihilation of phason strain corre-
order. The iQc with a composition deviating from stoichiomesponding to a drastic peak sharpening, the precipitation of
try always manifests considerable phason strain, as evidencegktalline phases occurs. The precipitation of the crystalline
by the peak broadening9], while diffraction peaks of the phases is an indication that a change in compaosition of the iQc
stable iQc are very sharp and appear to be the same in fyllyase might occur upon annealing. Energy-dispersed x-ray
annealed and melt-quenched samplesuPdi7Mng alloy, (EDX) analysis verified the composition to bezAPdgMng
which slightly deviates from the stoichiometry of the iQcfor the as-quenched sample and;Md,,Mng for the iQc
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Figure 12. Powder x-ray pattern of iQcs in the as-quenched state (dotted lines) and annealed state (solid lines);fftcahl, and
(b) A|53CU25FQ|_2 iQCS.

1 1 1 1
0.008 | .
<L 0.006 | 7
S
< 0.004 | o o -
- IS G0, @ °
0.002 = & s () [} e ‘ T
0 1 1 1
0 0.2 0.4 0.6 0.8 1.0
G

Figure 13. G, dependence of peak widths for the as-quenched and anneaj@ataMn,g iQcs.

region after annealing. The difference in the compositigpghase with a large amount of phason disorder, will trasform
of the Al4PdiyMng sample between as-quenched and fullgntirely to crystalline phases upon annealing. By summariz-
annealed states suggests that the annihilation of phason stiagrthe results, a free energy-composition diagram is obtained
occurs through a composition change in the iQc phase owiagd shown in figurd.6 [60]. As long as temperature is finite,

to the precipitation of crystalline phases. In TEM observat is possible to have a finite composition for the stable iQc,
tions, it is clear that all precipitates nucleate at grain bounds shown in figurd 6. The stoichiometric composition of the
aries and grow into iQc grains via a long-range diffusion cftable iQc (or phason-free iQc) is in a narrow range, while the
Al/Pd. Since the nominal composition of the sample is slightiyelt-quenched (metastable or phason-in iQc) iQc is formed
lower in Pd compared with stoichiometry, Pd and Al atomgver a wide composition range. According to the phase
will diffuse across the interface into the iQc phase and into tlilgagram of Al-Pd—Mn systems, there are several intermetal-
crystalline phases, respectively, during diffusion. The londje phases existing at compositions in the vicinity of the iQc
range diffusion of Al and Pd atoms is the driving force behindomposition. If an alloy has a composition very close to that
the elimination of the phason disorder. This is in good agreef the stable iQc, e.g. denoted as, @he difference in en-
ment with a report§Q] that phason disorder is strongly depenergy between phason-containing and phason free iQGs,

dent on the composition represented by the ratio of Al/Pd. Faould be small. HereAG; corresponds to the energy con-
an alloy with a composition deviating slightly from stoichiomsumed in the decomposition of phason-containing iQc into the
etry, e.g. melt-quenched APdisMn;g consisting of an iQc phason-free and crystalline phases. In contrast, if an alloy has
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Figure 15. Bright-field images and fivefold diffraction patterns before and after annealing for melt-quenchBd Ming.

a composition far from the stoichiometric one, e.g. denoteshnealing, i.e. no equilibrium iQc phase exists. This again
as G, the difference in energyAG,, will be significantly demonstrates that the stable iQc is determined by the com-
large. For alloys with compositions in this region, the phasopeosition of the alloy itself. As stated in the last section, the
free iQc phase is not expected to be formed even upon fatbichiometric iQcs prepared by melt-quenching and by full
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Figure 16. Schematic of free-energy composition for the iQc and crystalline compounds. Metastable iQc shown by broken line represents
the region of the melt-quenched iQc.

annealing are similar with respect to peak widths, while theory B2]. According to Pauling, the 3d and 4s orbitals
drastic peak broadening occurs if the composition of thaust be considered as a whole when assessing the nature of
sample is off-stoichiometry. Therefore, the off-stoichiometrigonding. He suggested that of these electrons, approximately
iQc is thermodynamically unstable and generally contains5a78 per atom are concerned with bonding, while the
certain amount of phason disorder. remainder occupy a band of energy levels, which are called
as Pauling atomic orbitals. There are 2.44 atomic orbitals,
each of which can accommodate one electron of positive spin
and one electron of negative spin. The electrons occupying

The stable iQcs are those are in equilibrium statdéle atomic orbitals, however, tend to remain unpaired as
within certain temperature ranges and exist in equilibriut@ng as possible, i.e. to have no corresponding electron of
phase diagrams_ Like Crysta|57 stable iQCS with sizes @ppOSite Spin.ThUS, Cr with 6 electrons outside the argon-like
centimeter order can be grown by conventional Crystgpre has 5.78 bonding electrons and 2.22 unpaired electrons
growth techniquesi they genera”y have h|gh perfection m atomic orbitals. Mn, with one electron more, has 1.22
their structures. Similar to those in intermetallic compounddnpaired electrons in atomic orbitals, while Fe has 2.22
almost stable iQcs form at narrow range of composition'sj,npaired electrons. Since there are 2.44 atomic orbitals, there
and therefore, their stability can be discussed using Hunig-room for 2.44 unpaired electrons, consequently for Co,
Rothery rules. Tabl€ summarizes typical stable iQcs thatvith one electron more than Fe, the pairing of electrons
have been identified so far. Hume-Rothery deduced a serie§bPpPOsite spins must begin. For Ni, yet another electron
rules ] that identify factors favoring the formation of definiteinduces further pairing. The number of atomic orbitals was
phases within certain concentration ranges of noble-metgeduced from the saturation magnetic moment of Fe and
based binary alloys. These factors are size, eletronegativf§ alloys. The saturation of the magnetic moment of Fe is
and valence electron concentration. We discuss the stabifg2 Bohr magnetons per atom. When Co is dissolved in
of iQcs with respect to Hume-Rothery conditions, i.e. thEe, the number of electrons to be accommodated in atomic
valence electron concentration and the atomic size factBfbitals increases, and experimentally, it has been found that
and compare the iQCS of the Cd—RE class with those of tH@ first additions raise the saturation magnetic moment to

Al-Mn-Si and Mg-Zn-Al classes. A detailed discussion hamaximum of 2.44 Bohr magnetons per atom, after which,
been given in§1]. further additions cause a decrease. Thus, the number of

unpaired atomic orbital electrons can increase to 2.44 per
atom, but further electrons must pair with those already
present. Therefore, the atomic orbitals could be represented
The valences of transition metals (TM) used here aes being divided into two compartments in which electrons
determined on the basis of Pauling’s phenomenologicalth opposite spin quantum numbers can be accommodated,

4. Hume-Rothery conditions for stable iQcs

4.1. Valence electron concentration
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Table 2. Type of structure for stable.

P-type F-type
Al-Mn-Si A|63CU25TM 12(TM:Fe RuOs
Al70PthoTM 1o(TM:Mn Tc Re)

Zn—-Mg-Al  AlsLi3Cu ZnsoMg5REo(RE:Y Dy Ho GA Er Th

Zn7;0Mg,0RE0(RE:ErHo Znz4Mg,qTM7(TM:Zr Hf )
Cd-Yb Cad-M(M:YbCa)

CdssMg,oM15(M:Yb CaY Ho Gd Er Th

anoMQSSCls

In42Ag42M 16(M:Yb Ca)
Zn74AQ,0SGe, ZN7sPhSaCe .
Znz7Fe;Sae, Zn7gC0sSCis ZN7sNiyeSas

Table 3. Electron distribution for Cr, Mn, Fe, Co and Ni. Redrawn fro®3][

Metals Cr Mn Fe Co Ni
Configuration in free atom (2)(2,6) 2,6,5) 1| (2) (2,6) (2,6,5) 2{ (2) (2,6) (2,6,6) 2| (2) (2,6) (2,6,7) 2 | (2) (2,6) (2,6,8) 2
Electrons in bonding orbitals 5.78 5.78 5.78 5.78 5.78
Unpaired electrons in atomic orbitals 0.22 1.22 222 1.71 0.61
Paired electrons in atomic orbitals _ _ _— 1.51 3.61
Total electrons 6 7 8 9 10
Number of vacancies in 4.66 3.66 2.66 1.71 0.61

atomic orbitals

Distribution of electrons in
atomic orbitals

gfs j:ovyn in table3. Under this assumption, the number Al7gPd2gTM1g
paired electrons for Co and Ni is 1.66 and 0.66,
respectively; the actual saturation magnetic moments are 1.71 \
and 0.61. Therefore, Cr, Mn, Fe, Co and Ni have, respectively,
4.66, 3.66, 2.66, 1.61 and 0.71 vacancies per atom in the V| Cr|Mn|Fe Co
atomic orbitals. It appears probable that, in alloys, these
vacancies are filled by electrons contributed by the counterpart Mo|Tc | Ru
element, particularly when it has a high valency. Using those
values, Raynor succeeded in explaining the formation of W | Re| Os
Al-TM binary compounds, except for e [63]. The same
values have been applied for the iQcs. In this class, a stable
iQc forms for AbsClsTM12, Where TM=Fe, Ru or Os, Figure 17. Formation of stable iQc in the Al-Cu-TM and the
and for AbgPdhoTM 19, where TM= Mn, Tc or Re as shown Al-Pd-TM systems.
in figure 17. It is interesting to note that Fe, Ru, Os and
Mn, Tc, Re are located in the same columns of the periodic . ) _ )
table and the iQc forms at different stoichiometry in the two  ASSIgning negative valencies for TM elements in A=TM
systems, but keep the same value & (e/a: electron to atom alloys has been controversial, but the important point is that
ratio or valence electron concentration). These are indicatidh§ use of these values led to the discovery of a number
that the value used for this group is appropriate. Thus, thé stable iQcs. Recently, these values were estimated to be
stable iQcs in the AI-Mn-Si class have the sagpi@ value, positive in some complex Zn-TM and Al-V alloy$4]
namely,~1.75 [61]. and Zn-TM-Sc iQcsd1]. However, to date, there are still

Alg3Cua5TM12

A
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Figure 18. (a) Binary Cd-Yb phase diagram and (b) pseudobinary In-Ag—Yb phase diagram involving iQc.

no available values for Fe and Mn in AI-TM alloys. It is4.2. Atomic size factor
highly interesting that the effective e/a for Ru derived fro
an Al-Cu—Ru-Si approximant is0.76 [65]. If we apply this
value to AksCusRup,, we obtain an average/a of ~2.13

ITf‘he atomic size factor of an alloy containing A and B
elements is defined a&= (ra —rg)/ra wherery andrg
_ . ; re the atomic radii of atoms A and B, respectively. For
forthe stable iQc, and the iQcs of the AIMnSi class would f e Al-Mn-Si class, iQcs are formed within a very narrow
into the AIZnMg and Cd._Yb classes. _ compositional range witk/a limited between 1.7 and 1.8. A
The physical meaning of the Hume-Rothery conditiogjight change in composition would result in the formation of
of the definite e/a for the stable iQcs is interpreted incrystalline phases. In this clagya is the dominant factor in
terms of the formation of the pseudogap across the FerfRk formation of the iQc.
level as a result of an interaction between Fermi sphere and For the Zn—Mg—Al class, the stable iQc shows a solubility
Brillouin zone [6]. The observation of the smallest electroange. The replacement of Zn by Mg reaches 5at.% in this
specific heat coefficieny/) for a stable AICuRu iQc among aiQc, which induces an expansion in the lattice, as observed
number of Al-based alloys is evidence supporting the abovierx-ray diffraction patterns, confirming the dissolution of Mg
mentioned speculatior6f]. Stability in this viewpoint had into the quasicrystalline structure. The value é6r Zn/Mg is
been applied to approximants and several complex alloys atubut 15%, which corresponds to the limits of the solubility.
has been reviewed in three articl€$[68, 69]. The importance of the atomic size of the RE element to phase
Apart from the A-Mn-Si class in which the stable iQcdormation in this class is reflected in the observation that the
shows a narrow range efa of 1.75, those in the Mg—zn—Al stable iQcs are formed in alloys containing RE elements with
and Cd-Yb classes exhibit more flexible e/a ranging from 2agomic radii in the range of 0.173-0.179 nm.. N
to 2.15. However, the stable iQcs formed ing@g;,REso For the Cd-Yb class, the iQc has a high solubility .of
systems with different REs but the same composition have tM§- It has been reported that the formation range of the iQc
samee/a of 2.15. Furthermore, replacement of Cd by half §*Pands towards the Mg-rich sid@]]. The iQc forms even
and half Ag for the stable G@Ybss and C@4Cais iQcs led to when Cd is replaced with 60 at.% Mg. Théor Cd/Mg is 2%
the formation of the stable 4pAg,,Ybis and InAg,,Cag and this allows for a large replacement of Cd by Mg.
iQcs [30]. The Yb atoms in the iQcs have been verified . _
to be divalent, and therefore/a for the stable CgyYbys 4-3. Different constrains among groups

and CdsCae iQcs, as well as for the 1aAg,,Ybis and  The stability and range of solubility of the iQcs could be
In42Ag,,Cay6 1QCS, is 2.0. It is surprising to see in figut®  ¢jarified within the framework of the Hume-Rothery rules.
that the iQc and the /A and ¥1 approximants formed in a However, the criteria are slightly different among the three
narrow compaosition region in the binary phase diagram of t@@oups.

Cd-Yb system also exist in the pseudo-binary phase diagram The first priority of the criterion for the formation of iQcs

of the In-Ag-Yb system70]. The replacement of Cd by In ise/a. This is definitely rigid and even stricter than in the case
and Ag is possible not only for iQc but also for thgl2and of the electron phases that were studied by Hume-Rotl&ry [
1/1 approximants. This is further solid evidence thgh is  and thus it turns out to be characteristic of stable iQcs. The fact
the most prominent factor in governing the stability of théhat the formation of Cd—Yb and Cd—Ca extends to In-~Ag-Yb
quasicrystalline structure. and In—-Ag—Ca ternary alloys indicates the importance/af
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The low solubility of the stable iQcs of the Al-Mn-Si

class is due to a significant difference in valence among the
constituent elements. For example, the replacement of an A g 1200
by one Fe atom will induce a decrease of 5.66 electrons
A slight change in composition results in a large deviation
of e/a. This explains the low solubility and the narrow
composition range of the iQcs in the AlI-Mn-Si class. Since
both Zn and Mg are divalent, an exchange between Zn an«
Mg does not change the/a for the Zn—-Mg-Al class, and
thus a certain amount of replacement is allowed. However soo L.
when thee/a is favorable the atomic size factor will become T T 7 T |
dominant and the largé forces the maximum solubility of Time (sec)
Mg to be limited to less than 5 at.%. A detailed study on phast
formation indicated that 2—-3 at.% replacement of Y by Mg is
acceptable and that the composition constraint is lower tha
that in the Al-Mn-Si class.

For the Cd-Yb class, the range of solubility (Cd/Mg
replacement) in the iQc expands to 60at.%. This can b -,
simply explained by the similarity in both the valence and =
the atomic size factor between Cd and Mg. The Cd/Mg<
replacement first preserves thga criterion and leads to a
small § of only ~2%. The product of§ and solubility is
a measure of the distortion due to atom replacement. Fcg
smallers, a larger solubility is expected. A small amount of =
Yb replacement is even allowed in this system.

1000
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5. Concluding remarks

In this review, we focused on three examples of iQcs q EIAJ]
fabricated by different processes; stable iQcs grown by slow

cooling or casting with subsequent annealing, metastable iQiigure 19. (a) Cooling curves for electostatically levitated droplet
prepared by melt-spinning, and metastable iQcs formed bkTi—Zr—Ni as a function of temperature. (b) X-ray diffraction

the crystallization of the amorphous phase. The stability wgattem as a function afvector § = 4z sing /1) for undercooled
discussed in terms of Hume-Rothery rules for the stable nggfrrt_e':ﬂ;Oz Ezﬁgff rent temperatures corresponding to (& [
and in terms of phason disorder for metastable iQcs. The roles

of composition and chemical order were also discussed w L L
. . that the activation energy for nucleation is lower for an
relation to phason disorder.

icosahedral cluster than for cubic base clusters in a number of

. .It seems that the origin of the stab|I|_zat|on mechanlsrRI alloys [56]. For the same reason, we can expect to observe
is different for the stable and metastable iQcs. Neverthele'tsns

) . : : e icosahedral order in undercooled liquids of the Al-Pd—Cr
there is a common feature observed in most iQc-forming allg

a?floys. For simplicity, we can say that the icosahedral order is

liquids or their undercooled liquids: a local icosahedral orde"r1. equilibrium in theliquid statefor the stable iQcs, whereas

.F O;ha slfcab_lg AtIPtdI\_/In t'Q% the L(r:]osahelgral ?rderwats r?ébserv % icosahedral order prevails in thadercooled liquid state
in the liquid state just above the melting temperaturs/]. for the metastable iQcs. The stability and the density of

Fgr a rge_tastt;bledAl—M? cliQIC t_ge ;cct)sggedlral orr]d((ejr ‘INqﬁe icosahedral order in liquids govern which phase will be
observed in thaindercooled liquid state{66]. Icosahedral formed during solidification: a metastable iQc or a stable

orders observed in amc_)rphous AlCuV and AanS_' aI_on c. To obtain a universal picture, approaches concerning the
are another proof that icosahedral order does exist in tf

undercooled liquid. Recently, there was an interesting rep Ir urlro]li;trr]ucture of non-Al-based iQc-forming alloys are highly
. . g.

of the observation of an enhanced icosahedral short-rarige

order with undercooling in Bb5Zr3g5Ni2; liquids which form

iQcs upon rapid solidification, in an electrostically levitated\cknowledgments
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