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Synopsis

The structural study has been carried out in fully annealed
quasi-crystalline AlggCu,3TM;5 (TM=Fe, Ru and Os) and as-quenched
decagonal Al;gFe;cNi;; alloys by anomalous x-ray scattering (AXS) and
ordinary x-ray scattering techniques. The environmental radial dis-
tribution functions (RDFs) for Cu and Os atoms in the AlggCu,30s;g
alloy and those of Fe and Ni atoms in the Al4gFe gNi;, alloy were
determined and compared with the ordinary RDF which represents the
average structure of the system. Environmental structures for Cu and
Os atoms are quite different in the A165Cu200515 alloy, which implies
that Cu and Os atoms occupy different sites in icosahedral clusters.
By comparing the ordinary RDFs of the three AlgsCuy,gT™; g (TM=Fe, Ru
and Os) alloys, their fundamental atomic structure is found to be
identical. The environmental RDFs for Fe and Ni atoms in the decago-
nal Al,gNi,gFe;g alloy resemble each other and also the ordinary RDF,
which contrasts to the environmental RDFs for Cu and Os atoms in the
AlggCuyn0s g alloy. These results suggest that Ni and Fe atoms share
their atomic sites in the decagonal Al,gFeqgNi;, structure.

I. Introduction
Tsai et al.l=3) found a thermodynamically stable single icosahe-

dral phase of AlggCuy(TM;g (TM=Fe, Ru and Os) alloys in convention-
ally solidified and fully annealed states as well as in rapidly

* The 91-R3 report of the Research Institute of Mineral Dressing
and Metallurgy (SENKEN).
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quenched state. Their atomic structures observed with x-ray and
electron diffraction, and high-resolution electron microscopy re-
vealed the high degree of structural perfection. The environmental
structures for Cu and Fe atoms in the as-quenched icosahedral
AlggCuygFe 5 alloy indicate that the environment for Cu is quite
different from that for Fe%). Structural studies of the as-quenched
and fully annealed AlgsCuygFe; g alloys by the ordinary x-ray diffrac-
tion method show some differences of their intensity profiles which
appear to be attributed to defects or stains introduced during rapid
quench4).

Henleys) classifies Al-based icosahedral alloys into two major
categories, i.e. "i-(Al-M)" and "AlZnMg" classes where "M" stands for
transition metals. These two kinds of icosahedral phases have differ-
ent atomic structures although their fundamental structural symmetry
is still an icosahedral symmetry. The present AlggCuy,gTMy g5 alloys
belong to the former class. Some decagonal alloys which have a lay-
ered structure of two-dimension quasicrystals are also classified
into the i(Al-M) type. Some workers have considered that the funda-
mental properties and the atomic structures of the decégonal phase
may be the key to understanding of a three-dimensional icosahedral
phase. However, most of decagonal phases have been formed as a mix-
ture with crystalline and icosahedral phases in a narrow composition
rage between crystalline and icosahedral phases, which makes the
characterization of physical and chemical properties and their atomic
structure extremely difficult. Recently, Tsai et al.6) reported new
single decagonal phases in Al-Ni-Fe and Al-Ni-Co systems produced by
rapid quench. Furthermore, in the ternary Al-Co-Cu alloy, the stable
decagonal phase has been produced by conventional solidification as
well as by rapid quenching7). The discovery of such single decagonal
alloys may give an important approach for characterization of not
only the decagonal phase but also the icosahedral phase.

The term "quasicrystal" which is an abbreviation for "quasiperi-
odic crystal" describes a new type of crystalline structures which
have sharp Bragg peaks but which have no long-range periodic order>) .
Thus, the gquasicrystal has an infinite number of sites which are not
exactly equivalent, which makes construction of a structural model
for a quasicrystals extremely complicate. One successful approach to
the atomic structure is the "rigid geometry plus decoration" in
Henley’'s phrases). While the rigid geometry in the ordinary crystals
is trivial, i.e. the Bravais lattices, an example of a rigid geometry
in the quasicrystal is a Penrose tiling. By placing atoms on the
rigid geometrical frame with a certain decoration rule, the atomic
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structure of a quasicrystal can be described. Such a decoration rule
has often been inferred from a crystalline structure as Audier?)
used the «-phase to construct the atomic structural model for the
icosahedral Al-Mn-Si alloy. Local probes, e.g. the EXAFS (extended
x-ray absorption fine structure) technique, the anomalous x-ray
scattering (AXS) technique and the neutron diffraction technique with
isotopically substituted samples, are useful experimental methods to
study a decoration rule in quasicrystals. In the present study, the
AXS method was applied to the fully annealed AlggCuy00s,5 alloy and
the as-quenched Al;gFe gNi 4y alloy. The experimental results of the
environmental structures for Cu and Os atoms in the A165Cu200515
alloy, and those for Fe and Ni atoms in the AlggFe cNi 45 alloy will
be presented and discussed the atomic structure of these icosahedral,
or decagonal clusters in each alloy.

ITI. Experimental

Ingots of AlggCuygFeqg, AlggCuspRuy g, Alg5CuygOsyg and AlggFe;g
Ni,y were prepared by arch-melting from mixtures of high-purity
(>99.7wt%) metals of Al, Cu, Fe, Ru, Os and Ni in an argon atmos-
phere. From these master ingots, ribbons of about 0.02mm thickness
and 1mm width were prepared by a single-roller melt-spinning tech-
nique. Subsequently, the as-quenched alloys were annealed in vacuum
for 172.8 ks (48 hrs) at 1073 K (0.9471,) for AlgsCugygFeqg, for
172.8 ks (48 hrs) at 1090 K (0.947T,) for AlggCuypgRuy g and for
129.6 ks (36 hrs) at 1143 K (<0.761T,) for AlggCuygOsyg, where T
stands for the melting points of 1140 K, 1160 K and >1473 K in each
icosahedral phase. The details of the sample preparation may be find
in refs.1l, 2, 3 and 6.

Ordinary x-ray scattering profiles by the Mo Ka radiation of
the fully annealed icosahedral A165Cu20Fe15, AlggCusgRuyg  and
AlggCuy0s 5 alloys and of the as-quenched decagonal Al;gFejgNiqg
alloy, and anomalous x-ray scattering (AXS) profiles at Cu K- and
LIII-absorption edges of the fully annealed icosahedral AlggCusyn0sqg
alloys and at Fe and Ni K-absorption edges of the as-quenched decago-
nal Al;5Fe g5Ni;; alloy were measured. For these x-ray measurements,
powder samples were prepared by grinding the ribbons.

The AXS measurements were carried out with synchrotron radiation
at the Photon Factory of the National Laboratory for High Energy
Physics, Tsukuba Japan. Since the details of the experimental setting

and analysis are explained in ref.10, only some additionals required
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in the present work are given below. The AXS intensities were ob-
served at two energies of 25 and 300 eV below each absorption edge.
Since the so-called EXAFS (extended x-ray absorption fine structure)
and XANES (x-ray absorption near edge structure) phenomena appeared
at the higher energy side of the edge make it difficult to theoreti-
cally estimate the values of anomalous dispersion terms and extreme-
ly intense fluorescent radiations disturb accurate intensity measure-
ments, only the lower energy side was used in the present measure-
ments. Weak fluorescent radiations of Ka and Kg, or of La and Lg
which mainly arise from the tail of the band pass of a monochromator
crystal were observed even in the lower energy side of K- or Lyitt-
absorption edge in the measurements at the energy of 25 eV below the
edge. Although the Ka or La radiation can be experimentally elimi-
nated by a solid state detector, the energy of KB or LB radiation
is hardly separated from the elastically and incoherently scattered
intensities. Thus, this K8 or LB radiation was theoretically esti-
mated from the observed intensity of Ka or La radiation and the
tabulated intensity ratio of Kg to Kall) or L3 to La12) and cor-
rected by the similar manner used in the previous works10:13) | since
the incident beam intensity decays with time in a synchrotron radia-
tion source, it was monitored with a nitrogen-gas-flow type ion-
chamber placed in front of the samplel4). A non-negligible intensity
of the higher harmonics diffracted by the Si 333 plane of the double
Si crystal monochromator was observed in the present measurements.
Thus, by intentionally detuning the second Si crystal of the double
crystal monochromator, the intensity of the higher harmonics was
reduced to the negligible level although the first order scattering
intensity was also reduced to about 80% of the original intensity.

Mo Ka radiation for the ordinary X-ray measurements were gener-
ated by a sealed Mo X-ray tube with a singly bent pyrolytic graphite
monochromator in diffracted beam. Scattering intensity was observed

with a scintillation detector combined with a pulse-height analyzer.

IIT. Data Processing

Only the fundamentals of the AXS analysis are given below, while
the details may be found, e.g. in refs.10 and 13. On the lower energy
side of the edge of a specific element A, the detected variation in
intensity is attributed only to the change of the real part of the
anomalous dispersion term f’ of A. Thus, the difference between the

scattering intensities measured at two energies E, and E, (E;<E;) is



132

given by:

AIp(Q) = I(QiEy)-I(Q/Ep)

= Ca(f'p(E )-f"p(E9))

Qmax N
2 i . A _ aASin(Qr
x SO drnr j>:=1Re[fJ(Q,Elwa(Q,Ez)](pAJ(r) poj)ﬁ_.ldr, (1)
where
h
I(Q.Ej)=Ig, (0)-<£2>, (2)
and
N
<f2>= > ijj2. (3)
=1

where @ is the wave vector, and cj and fj are the atomic fraction and
the X-ray atomic scattering factor of the jth element, respectively.
Pnax 1S the maximum value of Q used for the measurement. N is the
number of constituent elements in a sample, ij(r) the number densi-
ty function of the jth element around the element A, and Poj the
average number density for the jth element. "Re" indicates the real
part of the function in the braces. For X-ray atomic scatﬁering
factors, the values tabulated in the International Tables for X-ray
Crystallography, vol.1v12) were used and for the anomalous dispersion
terms the theoretical valuesl®) computed by Cromer and Liberman’s
methodl’) were used.

The environmental radial distribution function (RDF) for A was

determined by the Fourier transform of the quantity QA I, (Q):

4nr2pA(r) = 4nr2po
Omax QA Ip(Q) sin(Qr
L 2L a(9) ,l (&) dg, (4)
n 0 Ca(L p(E )-L£"p(Ey)) W(Q)
and
N
W(Q)= 'Zl Cj(fj(QrEl)+fj(Q:E2)): (5)
7=

where pa(r) is the number density function around A and the

Po
average number density.

On the other hand, scattering intensity measured with the Mo Ka
radiation was used to estimate the ordinary RDF which represents the
average structure of a sample. The measured intensity is corrected

for the absorption, polarization and Compton scattering, and convert-
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ed to the absolute unitsls):

Q
coh max .
Ion (Q)=<f2>+<f>280 47 r%(p (r)-0,) Ei%égﬁl dr , (6)
and
N
<f> = cif. , (7)
P o

where p (r) is the average number density function. The Fourier

transform of the intensity in (6) gives the ordinary RDF of the
system, i.e.

Omax Q[Iggh(Q)—<f2>]

2 = 2 2r
=4 +__‘
dnrfp (r)y=4nrp,

sin(Qr)dQ. (8)
0 <f>2
By comparing the environmental RDF around A in (4) with the ordinary
RDF in (8), the merit of the AXS method is easily recognized. Six
partial RDFs overlapped in the ordinary RDF are reduced to only three
partial RDFs for pairs including the element corresponding to an
absorption edge in the environmental RDF.

IV. Results and Discussion

Icosahedral AlggCuygT™;g (TM=Fe, Ru and Os) alloys

Scattering intensity profiles of the fully annealed icosahedral
AlggsCuygTMyg (TM=Fe, Ru and Os) alloys are shown in Fig.llg). Peaks
were indexed with the indexing scheme by Elserzo), which leads lat-
tice constants of the icosahedral Alg5CuygT™y5 (TM=Fe, Ru and Os)
alloys to be 0.446, 0.448 and 0.452 nm, respectively. According to
Elserzo), these lattice constants correspond to the rhombohedral edge
length of the three dimensional Penrose tiling. Increase in the
lattice constant with atomic numbers of the element TM is qualita-
tively understood by increase in the atomic size of the element TM.
The peak labeled "x" in Fig.l between 111000 and 111100 peaks charac-
terizes a new type of icosahedral phase which is distinct to the
Al-Mn-Si type quasicrytals. Although its absolute intensity increases
with the atomic number of TM, the amounts of increase in its intensi-
ty show a different tendency from the other indexed peaks. It is, for
example, clearly seen by comparing the variations of the three peaks
of 111000, "x" and 111100 in the three icosahedral alloys in Fig.l.
This implies that this "x" peak is attributed to an origin complete-
ly different from that of the others. Hiraga et al.2l) interpreted
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Fig.l1 Structure factors of fully annealed icosahedral AlgsCu,aFe, s, AlgsCu,qRu;s

and AlSSCuZOOS15 alloys measured with Mo Ka radiationl?).

20)_

Peaks are indexed by

the indexing scheme by Elser

this peak as the order-disorder transition from the face-centered
six-dimensional hypercubic lattice (F-type) to the primitive six-
dimensional hypercubic lattice (P-type) quasicrystal and defined as
the superlattice reflection peak. Such superlattice peaks have also
been observed in the icosahedral Al-Cu-Mn alloys22). However, this
has not been well characterized yet in a quantitative manner. The
radial distribution functions (RDFs) of the annealed icosahedral
AlggCuygTM g alloys computed in (8) are shown in Fig.219). Peaks la-
beled "a" to "f" in Fig.2 are detected in almost identical atomic
distances in three alloys. This suggests that fundamental atomic
arrangements may not be changed by replacing entire Fe atoms with Ru
or Os atoms in the same column of the periodic table. The relative
heights of these peaks increase with the atomic number of the element
TM, which is qualitatively understood by increasing in x-ray scatter-
ing power of the element TM.

Scattering intensities of the annealed icosahedral AlggCuynOs g
alloy measured at 8.955 and 8.680 keV below Cu K-absorption edge and
their differential intensity profile (AI) are shown in Fig.319).
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Fig.2 Radial distribution functions (RDFs) of fully annealed icosahedral AlgsCusy

Fe,q, AlGSCuZORu15 and A165cu200515 alloys measured with Mo Ka radiationl?’.

Both positive and negative values are observed in the differential
intensity, which indicates that Cu atoms may orderly be arranged in
icosahedral clusters. Similarly, scattering intensities of the
icosahedral AlggCuy0sqg alloy observed at 10.844 and 8.907 keV below
Os Liryy-absorption edge and their differential intensity profile are
shown in Fig.419). The differential intensity profile at Os Lyrp-ab-
sorption edge resembles the original intensity profiles in spite of a
slight change of relative peak intensities in the differential pro-
file, e.g. 211111 and 212100 at about 30 nm~! in Fig.4. This is
compared with the differential profile at the Cu edge in Fig.3. From
these differential profiles, it is found that Os atoms are rather
homogeneously dispersed in the icosahedral clusters than Cu atoms
are. The same features are observed in the ordinary and environmental
RDFs for Cu and Os in Fig.519). The environmental RDF for Os resem-
bles the ordinary RDF and the environmental RDF for Cu does not. The
first peak at 0.259 nm in the ordinary RDF still exists in both of
the environmental RDFs for Cu and Os where the peaks are located at
0.268 and 0.270 nm, respectively. Taking account of the definition of

the environmental RDF in (4) and the concentration of each element,
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Fig.5 Ordinary radial distribution function (RDF) and environmental RDFs for Cu

and Os of fully annealed icosahedral A1650u200315 alloy (density=6.457 Mg/m3)19).

it is plausible that these peaks in the environmental RDFs for Cu and
Os are attributed to Cu-Al and Os-Al pairs, respectively.

Peaks labeled "a" and "b" in Fig.5 appear at the distances of
0.463 and 0.663 nm in the ordinary RDF. Taking account of the defini-
tion of the lattice parameter (0.452 nm) in the icosahedral
AlggCuyy0s 5 alloy, these atomic distances probably correspond to the
edge and diagonal lengths of the rhombohedra of the three dimensional
Penrose titling. While there are also peaks at these distances in the
environmental RDF for Os, no peak is located at these distances in
the environmental RDF for Cu as seen in Fig.5. Thus, it is believed

that Os atoms, not Cu atoms, occupy the vertices of the rhombohedra
forming the icosahedral clusters.

Decagonal Al75Fe15Ni10 alloy

Scattering intensities of the as-quenched decagonal Al,gFe gNi
alloy measured at 7.086 and 6.811 keV below Fe K-absorption edge and
their differential profile are shown in Fig.623). The peaks are in-
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Fig.6 Differential intensity profile of as-quenched decagonal Al,cFe cNi,q, alloy

(top) defined as the difference of intensities measured at 7.086 and 6.811 kevZ3),

dexed by the indexing scheme of the decagonal reflections proposed by

Takeuchi and Kimura24)

. Similarly, scattering intensities observed at
8.306 and 8.031 keV below Ni K-absorption edge and their difference
are shown in Fig.723). Unlike the differential profiles at Cu K- and
Os Lppy-absorption edges in the icosahedral AlgcCusp0s;g alloy in
Figs.3 and 4, the two differential profiles at Fe and Ni K-absorption
edges in the decagonal Al,;cFe;gNi;; alloy have some fundamental
features in common. The two differential intensity profiles at both
of the absorption edges resemble the original intensity profile,
which implies that both of Fe and Ni atoms are homogeneously distrib-
uted and probably share atomic sites in the decagonal structure. This
might be a reason why a single decagonal phase can be formed in a
quite wide composition range, e.g. 9 to 16% Ni and 9 to 21% Fe in the
ternary Al-Fe-Ni alloys).

The same features in the differential profiles are also ob-
served in the environmental RDFs for Fe and Ni in Fig.823). The
fundamental features of the three RDFs in Fig.8 are identical. First
5 major peaks are labeled "a" to "e" in the figure. The first peak
"a" in the ordinary RDF has a shoulder labeled "b" while the first
peaks in the environmental RDFs for Fe and Ni have no shoulder.
Taking account of the definition of the environmental RDF in (6) and

‘the atomic concentration of each constituent element, the first peak
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Fig.7 Differential intensity profile of as-quenched decagonal Al,cFe gNij 4y alloy

(top) defined as the difference of intensities measured at 8.306 and 8.031 kev23),

is attributed to the correlation of pairs of Al and transition metals
and its shoulder to that of Al and Al pairs. Coordination numbers and
atomic distances calculated from the first peak of the three RDFs are
summarized in Table 123). Since Fe-Al and Ni-Al pairs are located at
the maximum of the first peak in the ordinary RDF, the tabulated
coordination number was estimated as an average coordination number
of Al atoms around Fe and Ni atoms. All of the coordination numbers
computed from these three RDFs conform with each other. It is also
worth noting that the atomic distances of Al-(Fe, Ni) and Al-Al pairs
estimated from the ordinary RDF in Table 2 are very close to the
nearest neighboring distances of Al-Fe and Al-Al pairs in All3Fe425)
and their coordination numbers are roughly equal to the values of
Al 3Fey. Henleyzs) demonstrated that the layer structure of this
crystalline Al,3Fe, alloy can analogously be decomposed into the
rhombic tiles of the two dimensional Penrose tiling. The puckered
layer which is one of the two layers of the Al;3Fe,; structure is
shown in Fig.923) with a decoration as the rhombic tilesZ?®). The
distances labeled "a", "b", "d" and "e" in this figure, for example,
correspond to the atomic distances indicated in Fig.8. This suggests
that the local atomic structure of the decagonal Al,gFe gNip, alloy
is very similar to the crystalline structure of the Al;3Fe, alloy.

Since the atomic distances between Fe and Al atoms, or Fe and Fe
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Table 1 Coordination numbers and distances in the as-quenched decagonal Al,gFe,q

Ni,, alloy experimentally determined from the first peaks of the ordinary radial

distribution function (RDF) and environmental RDFs for Fe and Ni23) with the

values computed from the crystalline data of All3Fe425).

r N r N
Ordinary RDF Fe,Ni-Al Al-Al
0.252nm 7.7 0.284nm 8.6
Environmental Fe-Al
RDF for Fe 0.252nm 7.6
Environmental Ni-Al
RDF around Ni 0.270nm 8.5
All3Fe4 0.254nm 9.7 0.279nm 7.6
1500
Decagonal Al;sFeqgNijq
1000 o inary o
500 F
I 1
0 I ™1
Environmental RDF for Fe
500 =

Radial Distribution Function / nm -1

Lo 1
.0 .2 .4 .B .8 1.0

r/ nm

Fig.8 Ordinary radial distribution function (RDF) and environmental RDFs for Fe
and Ni of as-quenched decagonal A175Fe15Ni10 alloy (density=3.740 Mg/m3)23).
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O Al
® Fe
Fig.9 The puckered layer of the Al,,Fe, structure as a decoration of the two-

dimensional Penrose tiling26).

atoms belonging to different layers along the c-axis in Al 3Fey
roughly correspond to the distance "c", the peak labeled "c" may be
attributed to some atomic arrangements perpendicular to the decagonal
plane.

Edagawa et al.27) demonstrated that sometimes local atomic
structures of icosahedral and decagonal phases are successfully
approximated by some crystalline structures with very large lattice
constants. Our present results in the decagonal Al75Fe15Ni10 alloy by
the AXS technique supports their result and the similarity of the
local atomic structures between the decagonal Al,gFe gNi 5 and crys-
talline Al,3Fe, alloys has been revealed.
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