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It is known previously that bulk metallic glass compositions satisfy cluster formulae [cluster|(glue atom): 3
of 24 valence electrons as deduced from our cluster-resonance model. In the present work, it is further shown that
compositions of Al-based binary and ternary quasicrystals are also explained by 24-electron cluster formulae of
the types [icosahedron](glue atom) 1, where the icosahedral cluster is identified from a corresponding crystalline
approximant according to dense atomic packing and cluster isolation criteria, and the glue atom site is either vacant
for an icosahedral quasicrystal or equal to one for a decagonal quasicrystal. Ternary quasicrystals are formulated
with the same formulae as their basic binary ones but the icosahedron shell sites are substituted by third elements.
The 24-electron cluster formulae are then the chemical and electronic structural units of quasicrystals, mimicking

the molecular formulae of chemical substances.
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1. Introduction

Atomic structures of alloy phases are generally de-
scribed in terms of crystallography, i.e. atomic coordi-
nates in unit cell scheme. However such a structural
description is not suitable for complex structures with
giant unit cell, not to mention for non-crystalline phases.
As pointed out by Mackay and Finney [1], an alternative
to crystallography might be clearly defined coordination
polyhedra and their spatial packing.

Following the same strategy, we have developed the
cluster-plus-glue-atom model to address the structural
description of metallic glasses, quasicrystals (QCs) [2],
and even normal compounds [3]. In this model, a phase
structure is dissociated into a lst-neighbor coordination
polyhedron (i.e. cluster in our scheme) part and a 2nd-
-neighbor glue-atom part, or expressed in cluster for-
mula [cluster](glue atom),. The cluster in the formula
should exhibit the strongest bonding among all the lo-
cal clusters present in a given structure, and it charac-
terizes the principal short-range-order feature that can
be presumably inherited in relevant structures. Close
atomic packing and cluster isolation criteria have been
used to identify the principal cluster [3]. By dense pack-
ing, we mean that the principal cluster should be the
most densely packed part in the structure. Here the pack-
ing efficiency of a given cluster can be evaluated by com-
paring the radius ratios Ry/R; to that of an ideal cluster
R* [4]: A= (Ry/R1 — R*)/R*, where Ry and R; are the
atomic radii of the central atom and of the averaged shell
atoms [5]. For the ideally close-packed icosahedron the
R* ratio is 0.902.
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The isolation criterion states that the principal clus-
ter is generally not so much overlapped with neighbor-
ing clusters of the same kind. In periodic crystals, clus-
ter overlaps are common, which reduce complete clusters
into smaller effective ones [3]. However, it is difficult to
judge a principal cluster only through its effective size
as stated in Ref. [3] because at the same time the glue
part should be minimized to show the dominating role
of the principal cluster over the whole structure. There-
fore we here amend the latter cluster isolation criterion
by proposing a cluster-to-glue ratio, i.e., the number of
atoms in the effective cluster to that in the glue part.
A large ratio means high cluster isolation.

Fig. 1.

Two types of icosahedra Al;Cos (left) and
CosAlyg (right) in the AlsCos phase structure, pro-
jected along the a-axis and c-axis, respectively.

For QCs, the principal clusters are icosahedra adopted
from crystalline approximants [6]. Take the Al;Coq
phase for example, which is an approximant of decago-
nal quasicrystals [7]. Two icosahedra Al;Cog (the first
element refers to the central atom) and CoszAlyy are
present, as depicted in Fig. 1, which are respectively
reduced to Al;Cosz (effective cluster size is 10 atoms)
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and CojAlyg3 (effective cluster size is 13/3 atoms)
due to sharing of atoms between neighbouring clus-
ters. Hence the Al;Cos phase could be described
by cluster formulae [Al7Cos](Al3Co) = Al;pCos and
[Co1Alyg/3]Coy /5 = Alyg/3C04/3, with the cluster-to-glue
ratios being 10/4 = 2.5 and (13/3)/(1/3) = 13, respec-
tively. This large difference singles out the icosahedron
CosAly as the principal cluster to describe the AlsCos
phase. By utilizing the Goldschmidt atomic radii for
Al (0.143 nm) and Co (0.125 nm), the packing efficien-
cies of Al;Cog and CozAlyg are obtained, respectively
(0.143/((0.143 x 6-+0.125x 6)/12) —0.902) /0.902 = 18.3%
and (0.125/((0.143 x 10+0.125 x 2)/12) —0.902) /0.902 =
—1.0%, with the latter icosahedron indeed being densely
packed.

2. 24-electron cluster formulae of Al-based
quasicrystals
Recently, a cluster-resonance structural model has
been developed to assess the electrons per atom ratio

(e/a) of ideal metallic glasses [8]: £ = % palri" with p,
being the atomic density and r; being the radius of the
principal cluster. The ideal atomic density is propor-
tional to Z/r$, which can be obtained by considering a
super-cluster composed of densely packed unit clusters,
with Z being the number of atoms in unit cluster formula.
Thus, the total number of valence electrons per unit clus-
ter formula e/u = (e/a)Z turned out to be constant,
being close to 24. Since for chemical molecules the to-
tal numbers of valence electrons in unit molecules follow
usually the octet-electron rule, being 8 (e.g. HoO) and
its multiplications like 16 (e.g. CO3), 24 (e.g. CaCOg)
and 32 (e.g. HySOy), the cluster formulae here can be re-
garded as the “molecular” formulae because they are both
compositional and electronic structural units, mimicking
the molecular formulae of common chemical substances.

It is well accepted that quasicrystals are also sta-
bilized by Hume-Rothery mechanism, just like metal-

J

lic glasses. By using the principal icosahedral clusters
identified from corresponding approximants using the
close atomic packing and isolation criteria [3], compo-
sitions of binary Al-TM (transition metal) QCs were de-
ciphered via the 24-electron cluster formulae [6]. The
number of valence electrons per unit cluster formula e/u
could be determined by e/u = (e/a)Z, with e/a =
> Ci(e/a);, C; and (e/a); being the atomic fraction and
the electron concentration of the i-th element. Here we
adopted (e/a)a; = +3 and a composition dependent
e/a assignment of TMs proposed by Stiehler et al. [9],
(e/a)rm = 1 — (100 — z)/x, x being the atomic per-
centage of TM in the binary Al-TM-3d alloys. For
instance, decagonal quasicrystals (DQCs) Alz7.¢Mnag 4
is explained by [Mn2Al;;][Mn; = Alzse¢Mno 4 (e/u =
25.0, (e/a)ym = 1 — (100 — 21.4)/21.4 = —2.7); DQCs
A172_73CO27_28 and A176_70Ni24_30 are deciphered as
[(CO,Ni)gAho](CO,Ni) = A171.4(CO,Ni)28_6 (e/u = 240,
(e/a)coNi = —1.5), where the icosahedral clusters are
derived from crystalline approximants AlsMn, AlsCos,
and AlsNiFe, respectively. Icosahedral quasicrystals
(IQCs) Algg(Fe,Mn,Cr)14 are formulated as [TM3Aly;] =
A184_6TM15,4, with e/u = 24.0 ((e/a)pcyMn’cr = —4.5),
with the icosahedra being obtained respectively from
Aly5Crr, AlyMn, and Alj3Fey. Let us note that no glue
atoms are required for IQCs, which can be regarded as
random packing of icosahedra, thus supporting the icosa-
hedral glass model [10, 11].

With the aid of the relevant composition rules of
Al-TM binary QCs, ternary Al-based QCs (many
ternary QCs compositions are tabulated in Ref. [2]) are
revisited here and it will be shown that they are well ex-
plained by appropriate third elements substitutions of the
same base binary formulae [TM2Aly;] (TM = Fe,Mn,Cr)
for IQCS, and [Ml’lgAlll]Mnl or [TM3A110]TM1 (TM =
Co,Ni) for DQUs, as listed in Table.

24-electron formulae of Al-based QCs from the cluster-plus-glue-atom model. TABLE
IQCs stands for icosahedral quasicrystals and DQCs for decagonal ones.
Experimental compositions Cluster formulae Z | r1 [nm] Em[ﬁumlszii e/u
IQC-Alg2.5Cuz4 5Fes3 0.2736 67.8 19.2
IQC7A165Cu20Mn15 02634 675 216
TM2(AlsC = Alg1.5Cu23.1TMs. 13
1QC-AlgsCuzaCris [TM2(AlsCus)] = Alga.sCuzs.1 TMis.4 0.2656 67.6 21.0
IQC*A161,60u24_8Ru13,6 0.2758 65.8 19.2
IQC*Alag_lcumJRum_g 0.2758 64.3 19.7
TM2Alg(Cu,Pd)2| = Al Cu,Pd ™ 13
IQC-AlyoPd;sMnds [TMzAls (Cu,Pd)] 692(C,Pd)15.4TM15.4 0.2634 63.9 22.8
IQC*A168,7Pd21_7Mn9,6 [MnPd(AlgPdQ)] = Alsg_Qszg,lMij 13 0.2634 63.2 23.0
DQC*A169_8Pd12‘1Mn18A1 [MH(MHDdeOﬁ)AllDPd]Pd = A171.4Pd10A7Mn17A9 14 02634 640 245
DQC*A1720015_5N112,5 [(CONiz)AhQ]CO = [(NiCOQ)Aho]Ni :Al71‘4CO14.3N114,3 14 0.2627 66.7 23.7
DQC-Algs.3Cu21.9Co13.8 [(COCUQ)(AIQCU)]CO — Algs.3Cu21.4Co14.3 14 0.2627 67.7 23.3
DQC*A](;GCU170017 [CO(CHO,5000,5)CHAIQCH]CO = A164,4Cu17‘80017,8 14 0.2627 67.8 23.3

“Ref. [16].
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Since it is difficult to assign the e/a contributions
from TMs in ternary QCs, here we adopt an alter-

native way to estimate e/u = (e/a)Z by use of the

. 3
expression & = 1:20m_1_
a 3 pary

model. The atomic density p, is po, = Nap/Ma, where
Na = 6.02 x 10*®* mol~! is the Avogadro constant,
Ma =Y C;M; is the average molecular mass of the alloy,
C; and M; represent the atomic fraction and atomic mass
of the i-th element, p is the mass density, which can be
estimated by p = > (C:M;)/ > (C:M;/p;) [12], where p;
is the mass density of a pure element i. With the help of
the estimated atomic density p,, the radius of the cluster
r1 and the number of atoms in unit cluster formula Z,
e/u is then assessable.

Take the Al-Cu—Co DQC for example. As seen in
the previous section, the icosahedron CoszAlyy derived
from the Al;Co, phase has been identified to be the
principal icosahedron cluster. By referring to the clus-
ter formula [CosAl;g]Co; of binary DQC-AlCo, DQC-
Al@4,3CU21‘90013,8 [13] could be explained by substitut-
ing two Co and one Al atoms in the shell sites of the icosa-
hedron CozAljg by three Cu atoms: [CoCusAlgCu]Coy =
Algs.3Cu2;1 4Co14.3. The composition deviation (the com-
position distance in ternary phase diagram) is only
0.7 at.%. By introducing atomic masses of Al (Ma, =
26.982 g mol™!), Cu (Mc, = 63.546 g mol™!), and Co
(Mg, = 58.933 g mol~!) along with the corresponding
mass density (pa] = 2.7 g em ™3, pcy = 8.93 g cm 3 and
pco = 8.9 g cm~3) into the empirical mass density equa-
tion, p = > (0.643 x 26.982 + 0.214 x 63.546 + 0.143 X
58.933)/ >°(0.643 x 26.982/2.7 + 0.214 x 63.546/8.93 +
0.143 x 58.933/8.9) = 4.4 g cm™3 is obtained, in good
agreement with the measured density of 4.5 g cm™3 for
the decagonal phase Alg3SiaCuggCoys [14]. The atomic
density p, = 6.02 x 10?3 x 4.4/(0.643 x 26.982 + 0.214 x
63.546 + 0.143 x 58.933) = 67.7 nm~3. Using the av-
erage cluster radius r; = 0.2627 nm of the icosahe-
dron CoszAlyg, the total number of valence electrons
per unit cluster formula e/u is then assessed: e/u =

(e/a)Z = 1'2:;?3“ so3ca X 14 = 23.3, which is close
to 24. Another DQC-AlggCuy7Co;7 [15] formulated as
[CO(CU.(),5COO_5)CUAIQCU]Col = A164.4CU17_80017.8 is ex-
plained using parameters p, = 67.8 nm ™3, r; = 0.2627 A,
Z = 14, which leads to e/u = 23.3. The composition de-

viation is about 2.1 at.%.

from the cluster-resonance

As summarized in Table, the cluster formulae of
ternary Al-based QCs all conform to the 24-electron rule,
with exceptions of Al-Cu-Fe and Al-Cu—Ru systems.
The relatively low e/u values may be due mainly to the
overestimated cluster radius 71, which is difficult to be
determined when the shell atoms of the principal cluster
are scattered over a wide range. Meanwhile, substitutions
by third elements of different atomic radii may also in-
troduce errors in the radius of the cluster r; for ternary
Al-based QCs. For instance the twelve shell atoms of
the FepAly; icosahedron spread over a distance range
from 0.2304 to 0.3476 nm, with an averaged radius of

0.2736 nm, but 24 electrons would require a smaller r;
value of 0.2538 nm.
3. Conclusions

In this contribution, compositions of Al-based QCs
have been deciphered by unified cluster formulae
[icosahedron](glue)y 1 according to the cluster-plus-glue-
-atom model and the cluster-resonance model. The icosa-
hedra are identified from the corresponding AI-TM bi-
nary approximants according to dense atomic packing
and cluster isolation criteria. Ternary Al-based QCs are
all constructed by third elements substitutions on the
shell sites of the icosahedra in the base binary cluster
formulae. Furthermore, it has been verified that these
unit cluster formulae conform to the 24-electron rule as
deduced from the cluster-resonance model proposed for
ideal metallic glasses, which implies that the cluster for-
mulae of QCs are both the chemical and electronic struc-
tural units, mimicking the molecular formulae for chem-
ical substances.

Acknowledgments
The present work is supported by Natural Science
Foundation of China under grant number 51131002.
References

[1] A.L. Mackay, J.L. Finney, J. Appl. Crystallogr. 6,
284 (1973).

[2] C.Dong, Q. Wang, J.B. Qiang, Y.M. Wang, N. Jiang,
G. Han, Y.H. Li, J. Wu, J.H. Xia, J. Phys. D, Appl.
Phys. 40, R273 (2007).

[38] J.X. Chen, Q. Wang, Y.M. Wang, J.B. Qiang,
C. Dong, Philos. Mag. Lett. 90, 633 (2010).

[4] D.B. Miracle, W.S. Sanders, O.N. Senkov,
Mag. 83, 2409 (2003).

[6] Q. Wang, C. Dong, J.B. Qiang, Y.M. Wang, Mater.
Sci. Eng. A 449, 18 (2007).

[6] H. Chen, J.B. Qiang, Q. Wang, Y.M. Wang, C. Dong,
Isr. J. Chem. 51, 1226 (2011).

[7] S. Song, E.R. Ryba, Philos.
(1992).

[8] G. Han, J.B. Qiang, F.W. Li, L. Yuan, S.G. Quan,
Q. Wang, Y.M. Wang, C. Dong, P. Hiussler, Acta
Mater. 59, 5917 (2011).

[9] M. Stiehler, J. Rauchhaupt, U. Giegengack, P. Haus-
sler, J. Non-Cryst. Solids 353, 1886 (2007).

[10] D. Shechtman, I.A. Blech, Metall. Trans. A 16, 1005
(1985).

[11] P.W. Stephens, A.I. Goldman, Phys. Rev. Lett. 56,
1168 (1986).

[12] O.N. Senkov, D.B. Miracle, V. Keppens, P.K. Liaw,
Metall. Mater. Trans. A 39, 1888 (2008).

[13] S. Taniguchi, E. Abe, Philos. Mag. 88, 1949 (2008).

[14] N.K. Mukhopadhyay, G.C. Weatherly, J.D. Embury,
Mater. Sci. Eng. A 315, 202 (2001).

[15] J. Guo, E. Abe, T. Sato, A.P. Tsali,
Phys. 38, L1049 (1999).

[16] A.P. Tsai, A. Inoues, Y. Yokoyama, T. Masumoto,
Philos. Mayg. Lett. 61,9 (1990).

Philos.

Mag. Lett. 65, 85

Jpn. J. Appl.


http://dx.doi.org/10.1107/S0021889873008691
http://dx.doi.org/10.1107/S0021889873008691
http://dx.doi.org/10.1088/0022-3727/40/15/R01
http://dx.doi.org/10.1088/0022-3727/40/15/R01
http://dx.doi.org/10.1080/09500839.2010.495356
http://dx.doi.org/10.1080/1478643031000098828
http://dx.doi.org/10.1080/1478643031000098828
http://dx.doi.org/10.1016/j.msea.2006.02.271
http://dx.doi.org/10.1016/j.msea.2006.02.271
http://dx.doi.org/10.1002/ijch.201100139
http://dx.doi.org/10.1080/09500839208207519
http://dx.doi.org/10.1080/09500839208207519
http://dx.doi.org/10.1016/j.actamat.2011.05.065
http://dx.doi.org/10.1016/j.actamat.2011.05.065
http://dx.doi.org/10.1016/j.jnoncrysol.2007.01.052
http://dx.doi.org/10.1007/BF02811670
http://dx.doi.org/10.1007/BF02811670
http://dx.doi.org/10.1103/PhysRevLett.56.1168
http://dx.doi.org/10.1103/PhysRevLett.56.1168
http://dx.doi.org/10.1007/s11661-007-9334-z
http://dx.doi.org/10.1080/14786430802035683
http://dx.doi.org/10.1016/S0921-5093(01)01186-8
http://dx.doi.org/10.1143/JJAP.38.L1049
http://dx.doi.org/10.1143/JJAP.38.L1049
http://dx.doi.org/10.1080/09500839008206473

