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Abstract: The structure and microstructure of constituent phases in annealed IQCjoo_ . DQC, alloys, made from mix-

tures of AlgxCups sFejn s icosahedral quasicrystal (1QC) and AlygCoisNijs decagonal quasicrystal (DQC), were studied by

X-ray diffractometry( XRD), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy ( EDAX) .

These constituent phases are mostly approximants: A B and T3. In addition, an AFCurCo DQC phase is observed in

1QCgyDQCyg alloy. The nature of these approximants and their relationship with the quasicrystals( QCs) are discussed;

and the evolution of these phases is interpreted by the shifting of their e/ a-constant lines in the AF(Cu, Ni)-(Fe, Co)

pseudoternary phase diagrams.
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1 INTRODUCTION

With nowadays improvement in the understand-
ing of the quasicrystalline material, its potential ap-

plications have been gradually pointed out in various

U light absorption'® !,

6]

fields as thermal insulation
power generation ! and hydrogen storage!” ®, etc.
Private companies have shown great interest especial-
ly in the application of its tribology and thermo-power
generation properties. Therefore, better understand-
ing of the scientific natures of quasicrystals ( QCs)
and its approximant is believed to become a good path
that will finally leads to further discovery of many po-
tential applications of this material.

The study of approximants is an effective way to
investigate the structures and properties of related
QCs. In addition to complex approximants like o
AMnSil”" and XAlj; Fes, some QCrrelated crys
talline phases having simple structure (like B2'® and
T1) were also considered as approximants due to
their similar valence concentration values to the corre-
sponding QCs''".

Structures of two major types of QCs, namely i
cosahedral quasicrystals (1QCs) and decagonal qua
sicrystals( DQCs), have already been studied quite
extensively. In IQC, its basic cluster-icosahedra are
arranged in quasiperiodic ways in three directions.

While in DQC, the icosahedra are arranged in two dir
mensional quasiperiodic lattices. Although they be-
long to different types, they both contain icosahedral
clusters as their common basic units.

Due to their structural similarities, the transfor
mation from IQC to DQC occurs in many QC sys
tems. This transition was first observed by Schaefer
et al in the AFMn system!'"!. Later, in the AFPd
Mn system, a high-temperature stable DQC phase
was found to precipitate from a supersaturated 1QC
phase through a solidstate reaction' '

In this paper, the mutual transition of these two
different types of QCs is studied with different
method: two representatives of these two types of
QCs namely are mixed together and then melt in an
induction furnace. Therefore, by studying the evolu-
tion of their phase constitutions in the mixed alloys,
the way of interaction of their basic clusters can be in-
vestigated and the degree of disorders that has been
introduced into original perfect quasiperiodic lattice
structure can be estimated. These studies are consid-
ered to be beneficial to the future production of QC-
based amorphous materials.

2 EXPERIMENTAL

Two stable quasicrystals, 1QC-Alg, Cuzs.sFen s
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and DQC-Al;0Coi5Nijs, were chosen as the two start-
ing components for alloying. The two starting qua
sicrystalline ingots were prepared by melting respec
tively Al, Cu, Fe and Al, Co, Nielements, with pu-
rities superior to 99.99%, in a high-frequency induc
tion furnace under Ar atmosphere. The as cast
AlsyCuss sFeiz. s ingot is further annealed at 750 C
for 2 h to remove the B phase impurity[ =

In experiment, eight 1QCip- » DQC, alloys
were designed with x = 10, 20, 30, 50, 60, 70, 80
and 90( mass fraction). Each alloy was obtained by
melting x % of DQC‘Al70CO15Ni15 with ( 100- « ) %
of 1QC-Algx Cuzs.sFein s in the same high-frequency
induction furnace. For easy comparison, the corre-
spondence betw een the compositions of the pseudo-bi
nary alloys in mole fraction and in mass fraction are
presented in Table 1. All the samples were cooled
down slowly in the furnace by decreasing the current
gradually after that the melt was sufficiently homoge-
nized. The cooling rate is estimated to be about 1 K/
s. The as cast samples were subsequently annealed at
1023 K for 1 h in a vacuum furnace to remove
metastable phases.

The XRD analysis was carried out in an X-ray
diffractometer ( Siemens d500) with Co K, source
(A= 0.178 896 5 nm) to identify existing phases in
each alloy. The morphology and composition were de-
termined with a Philips XL30 SEM equipped with
EDAX on polished unetched sections. The composi-
tion measurements of each phase were per
formed on at least three testing points in order to
ensure objectivity and later arithmetic means of
these measured values were used as the representa -

Table 1 Correspondence betw een mass fraction
and mole fraction in 1CQ 100- . DQC,

pseudo-binary alloys
w/! % x/ %

Composition of alloys
(mole fraction, %)

I0C DQC IQC DQC

90 10 89.2 10.8  Alsz 9oCusy 7Fer; 1Coy 6Nip g
80 20 78.5 21.5  Algs 7Cun. oFeg gCo3.2Ni3. 2
70 30 68.1 31.9 Algs. 6Cuy7. 4Feg. sCoq. gNig. g
50 50 47.8 52.2  Alss2Cuyp 2Fes 0Co7 gNig g
40 60 37.9 62.1  Alsr.0Cuo 7Fes 7Co9. 3Nig 3
30 70 28.2 71.8 Alg7.7Cuz.2Fes 5C010.8N1ij0. 8
20 80 18.6 81.4 AlsgsCuy 7Fes 3C012.2Nij2 0
10 90 9.2 90.8  Algy.3Cup 4Fe;.2Co1.5Nii3.6

tive composition of the phases. All the SEM images
presented in this paper are back-scattered electron

(BSE) images.

3 RESULTS

The X-ray diffraction ( XRD) patterns carried
out on ten annealed samples including the two initial
quasicrystalline alloys and eight 1QCjoo- «DQC, alloys are
illustrated in Fig. 1 respectively. And Fig. 2 presents the
back-scattering electron ( BSE) images of the eight pseu-
do-binary alloys, i. e. the 1QCipo- « DQC, alloys, show-
ing the morphology of the identified phases. The compo-
sitions of the identified phases are listed in Table 2. The
valence electrons per atom values, e/ a, of each phase are
also listed in the table for reference. From 1QC to DQC,
three  important  approximants  were  involved
in the whole transition process: AlFetype B phase,

Table 2 Compositions and e/ a values of phases identified in 1QCipo- ,DQC, alloys

w(1QC)/ w(DQC)/ T3 AN, X AlsFey
Yo Yo Composition (mole fraction% ) e/ a Composition (mole fraction, %) e/ a
90 10 Alsg 2Cuss 9Fe7. 3Co7.gNia 6 2.20 Al3.7Cu4. 7Fe17.7C02. 7Niy 2 2.09
80 20 Alse. 3Cu30.sFes 1C02.4Nis. 3 2.122 Al3. 5Cus 1Fe1s 2Coq. 4Niy g 2.09
70 30 Algs. sCusp Fes. 7C04. 3Nz 9 2.22 Al 6Cugs, 6Fers 6Cora 6Niz 3 2.10
50 50 Al 3Cuz 3Fez 3C06. 1 Nir1. 7 2.13 Alz4CuzgFes 3C010.7Ni3. 9 2.08
40 60 Ale1.1Curs aFe 0Cos 4aNip3. 1 2.10 Alz3.3CusFeg 3Co9. 3N, 3 2.08
30 70 Als7.2Cuy, gFey 5Cog sNij3 2.01 Al Cus 6Fes 3Co3 3Nig 4 2.00
20 80 Alsa. 7Cug sFer 7C06 9Nitg 1 2.00 Al71.7CusFe; 5Corz sNig 3 2.02
10 90 Alss.9Cus. sFe1. 0Cos gNix. 7 1.96

w (1QC)/  w (DQC)/ 10C DQC

% % Composition (mole fraction% ) e/ a Composition ( mole fraction, %) e/ a

90 10 Als2. 9Cuz4.3Fe10.2C01. 4Niy 2 2.25

80 20 Algs.9Cun ¢Feg 3C02 4Nip g 2.24 Ale7Cuis. sFeo 1Co4 4Niz 7 2.17

70 30 AlesCuiz. sFer 3C06. 1Nis o 2.14

20 80 Aly1 9Cus 4F ey 5Co12. 5Nig 7 2.03

10 90 Al;1.1Cuy gFep 9Coo 9Niia 4 2.00
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Fig. 1 XRD patterns of annealed 1QCjpo- . DQC, alloys,
(a) —x=0; (b) —x=10; (¢) —x= 20; (d) —x= 30; (e) —x= 50;

(f) —x=60; (

) —x= 70; (h) —x= 80; (i) —x=90; (j) —x= 100
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Fig.2 SEM BSE images of 1QCioo- »DQC, alloys after annealing at 1 023 K for 1 h
(a) —x= 10; (b) —x= 20; (¢) —x= 30; (d) —x= 50; (e) —x= 60; (f) —x= 70; (g) —x= 80; (h) —x= 90

AljsFestype A phase and ALNirtype T3 phase. 3.1 Annealed initial IQC Als; Cws, s Ferz.5 and
These phases will be referred to as B, Aand T3 in the DQC Al CorsNiys alloys
rest of the paper. Details about the structures, com- As shown in Fig. 1(a), the initial AFCurFe 1QC

positions and morphologies of the identified phases are sample V_Vlth the‘ nominal composition of AlsyCups.s
Feiy. s still contains a small amount of the B phase af-

presented in the following sections for all the
1QCigo- «DQC, (x = 0, 10, 20, 30, 50, 60, 70,
80, 90 and 100) alloy.

ter annealing. The measured composition of the 1QC
phase is Alg 5Cuz7. 7Fej0. 5. On the contrary, in Fig.
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1(j), the XRD of the other initial alloy Al;CoisNijs
exhibits a pure DQC structure without any additional
crystalline phase. Its measured composition is Al g
Coya.8Nij4. 4.

3.2 IQGCyDQC alloy

From the XRD pattern in Fig. 1 (b), its con-
stituent phases are identified to be B, 1QC and A a
mong which the B phase is the predominant phase. In
the corresponding BSE images (Fig. 2(a)), areas
with dark, gray and white contrast correspond re
spectively to the A phase, the IQC phase and the B
phase. In addition to these identified phases, there
exists a unidentified area with fine lamellar structure.
Due to its fine structure, only average composition
can be obtained: Alg; 5Cuas. 3Feqg 1-Coz 4Nip 7, which
is very close to the IQC composition.

3.3 IQGCsDQG alloy

Different from the phase content in the previous
alloy, in the alloy with 20% DQC content, the B
phase is replaced by a T3 phase (Fig. 1(¢)). In addi
tion to the Aand T3 phases, a phase which is absent
in the ascast alloy has been identified from the XRD
pattern ( Fig. 1(c¢)) with peak positions similar to
DQC-Algs Cupo Cojs. The BSE image of this alloy
(Fig. 2(b)) is similar to that of 1QCor-DQCio alloy
(Fig. 2(a)):
sponds to the Aphase, and the phase with white con-

the phase with black contrast corre-

trast corresponds to the T3 phase. The phase locates
next to the A phase and connects with the T3 phase
with gray contrast is identified to be the 1QC phase.
This IQC phase is hardly detectable in the XRD pat-
tern due to its small volume fraction and overlapped
diffraction peaks with the newly formed DQC phase.
In the region containing fine lamella structure, the
average i
Alg7Cuis. sFeo 1Cos.4Ni3. 7, different from the similar

measured composition 18
structure in the 1QCooDQCio alloy. In its composi-
tion, it is worth to note that the mole ratio of ( Cu+
Ni) to (Fe+ Co) is close to that of Cu to Co in the
DQC-AlssCunpCoys phase.

3.4 IQC70DQC30 alloy

From the XRD pattern( Fig. 1(d)), Aand T3
are identified as the major component phases. Weak
diffraction peaks corresponding to the DQC-Algs Cuzo
Cois phase could also be found. From its BSE image
(Fig.2(c)), the area with white contrast is identified
to be T3 and the one with dark contrast to be A The
volume fractions of these two phases are approximate-
ly equal. The measured average composition of areas
containing fine lamella structure is
AlsgCuiz gFe7. 3C06. 1Nis. 9, close to the composition of
the similar structure in the 1QCg-DQCyo alloy. The

volume fraction of the area with this morphology is

relatively small. The weak diffraction peaks with
DQC structure in the diffraction pattern have thus
been identified as that originated from this lamellar
structure.

3.5 1QGsDQGs alloy

The XRD pattern( Fig. 1(e)) exhibits only two
phases: A and T3. The intensity of the peaks indi-
cates a large volume fraction of the T3 phase in the al-
loy. In the BSE image(Fig. 2(d)), the area with
black contrast is identified to be the A phase. The
area with black and white lamella structure contains
two phases. The white lamellae are identified as T3
phase and the black lamella as A phase since their
compositions coincide with those of the previous A
phase with black contrast.

3.6 1IQGC4DQCy alloy
The XRD pattern of this alloy (Fig. 1(f)) is al

most the same as that of the IQCs0DQCso alloy and
can also be indexed with Aand T3. The high diffrac
tion peaks of T3 indicate that this phase is the pre-
dominant phase in the alloy. In its BSE image ( Fig. 2
(€e)), the area with dark gray contrast is identified as
Aphase. Fine lamellar structure is found to be a com-
mon structure in the alloy. Phases with white con-
trast surrounding the fine structure are identified as
T3 phase. The fine structure has an average composi-
tion of AlsoCui2 3Fei2.3-Coi2.3 Nig.s which lies be-
tween Aand T3 and is supposed to be composed of a
mixture of these two phases by analogy with the
1QCsoDQCso alloy. Therefore fine lamellae with gray
contrast are thus identified as A phase and lamellae
with white contrast as T3 phase.

3.7 1QGDQGC; alloy
The same phases as identified in the 1QCsq

DQCsp and 1QC40DQCeo alloys are observed: A and
13 (Fig. 1(g))-

(Fig.2(f)), the fine lamella structure is predominant

From its corresponding BSE image

in this alloy and grains with size of 20 Hm can be ob-
served. Detailed study of their coarse lamella revealed
that the white lamella can be identified as 13 and the
black lamella as A The average composition of the
fine lamella phases is Alg 2CugFes 6-Co10.7 Niio. 6,
close to the DQC composition.

3.8 1IQGDQGs alloy

In the XRD pattern of 1Q C2DQCsp alloy ( Fig. 1
(h)), in addition to the T3 and A phases, a DQC
phase from the AFCo-Ni system can also be observed.
In its BSE image (Fig. 2(g)), a similar lamella grain
structure as that in the 1Q C30DQ C7 alloy can also be
seen in this alloy with the difference that the black
and white mixed structure is located at the grain
boundaries only. The white phase is identified as T3



Vol.13  Ne 6

Approximants in annealed 1QC-DQC pseudo-binary alloys

* 1365 -

and the black phase as A The center of the grains
with gray contrast is identified as a DQC phase.
Noticing that the compositions of A and DQC are al-
most the same in this alloy, it is deduced that the A
phase is derived from the previous DQC phase before
annealing.

3.9 1IQC;DQCy alloy
This alloy is composed of a nearly pure DQC
phase with measured composition Al7; 1 Cuz s Feo o

Conz. sNip2 4( Fig. 2(h) and (Fig. 1()).
4 DISCUSSION

4.1 Approximants in 1QC - .DQC; alloys

In almost every intermediate alloy, approximants
Aand T3 are closely related with the transition pro-
cess. Theoretically, these approximants are all closely
related with the formation of their corresponding
QCs.

The monoclinic A phase is a complex approxi-
mant phase. It possesses successive pseudo-icosahe
dral layered structure similar to that of aAIMnSi
1QC!™.

decagonal phases because of its pseudo-quasiperiodic

It is also considered a prototype to model

distribution of the atoms in the layer perpendicular to
the b-axis. It is therefore considered to be an approx-
imant phase to both types of QCs.

As to the crystalline phases with B2-based struc
ture such as B-AlFe and T3-AL3Ni,, they are related
to QCs via similar e/ a values and are thus also con-
sidered to be approximants'®. Although they have
only simple structures, the two phases also possess
certain structural correlations with QCs. The struc
ture of T3-AlsNiy can be described by a six-layered
stacking of ( 102) planes that correspond to the quasr
periodic planes of the decagonal phase'”. As to the B
phase, its local atomic structure is found to resemble
that of QCs'®: atoms on B{110) planes, which is
parallel to the 5 or 10-fold planes of QCs, can be
linked to a Penrose tiling type of network. The pseu-
do~5-fold or 10-fold symmetry is thus present even in
the B2-based structures. These approximants are all
Humer Rothery phases.

4.2 Formation of AFCu Co DQC phase in 1QCsy-
DQG alloy

The most interesting result in this work is the
appearance of a AFCu-Co DQC phase with 20% DQC
(mass fraction) deviation from the AFCuFe 1QC al-
loy. The formation of this QC phase in annealed
1Q CgoDQ Cyp alloy proves that even intensive alloying
process was applied, and the icosahedron or near i
cosahedron atomic configurations were still retained in
the alloy.

As it is well known, the AFCu-Co DQC phase is

a stable decagonal phase having similar atomic struc
ture to the AFCo-Ni DQC. According to Steurer et
all" | these two decagonal phases share similar de-
caprismatic clusters and their columnar structure a-
long the terrfold screw axis are all characterized by
the same 4 A translation period. The similar XRD
patterns (Fig. 1(¢) and (h)) confirm the similarity in
their structures.

In Table 2, e/ a values of constituent phases are
calculated according to their measured compositions in
each alloy. It is discovered that all the phases formed
in pseudo-binary alloys have very close e/ a values. It
is also worth to mention that the intense peak posi-
tions of the main constituent phase in the XRD pat-
terns of these alloys are nearly unchanged. These
peak positions actually define the dimensions of the
Brillouin  zones in contact with the Fermi
spheres.

All the above findings indicate that the formation
of icosahedral cluster in these pseudo-binary alloys
still follows the Humer Rothery rule. The alloying
process has in fact destroyed the quasiperiodic ar
rangement of the icosahedra and transformed it into
periodic or partially periodic arrangements of these -
cosahedra. This result indicates that the introduction
of different size or type of clusters can be considered
an effective way of introducing disorders into the o-
riginal perfect lattices and leading to the formation of
more disordered structures.

4.3 AF(Cu, Ni)-(Fe, Co) pseudo ternary phase
diagram

A pseudo-ternary phase diagram AF( Cu, Ni)-
(Fe, Co) (Fig.3) has been constructed to explain the
phase formation sequences in the 1Q Cipo- .~DQC, al-
loy series. Composition points representing two start-
ing QCs, namely 1QC-Alsi sCuz7. 7Fer7.7 and DQC-
Alyp §Co14.8 Nijg 4 are marked in the figure. Their
corresponding e/ a-constant lines are also drawn in
the figure. Composition points representing the eight
intermediate 1Q Cjpo- . DQC, alloys are also indicated.
It is obvious to find that the eight intermediate com-
position points forms a straight line linking the com-
position points of the two initial QCs. One composi
tion point representing the newly formed AFCu-Co
DQC is also marked in the diagram.

The calculation of e/ a values from measurement
compositions of constituent phases proves that there
exists a tendency of evolution of their corresponding
e/ a-constant lines from the 1QC line to the DQC
line. And the formation of constituent phases in each
alloy would also follow the evolution of their corre
sponding e/ a-constant lines. At the IQC end, the
phase formation would follow the rule in the AFCu-Fe
alloy system: their main constituent

is 1QC with B and A . When the DQC content



* 1366

Trans. Nonferrous Met. Soc. China

Dec. 2003

Al-Cu-Co DQC-

% Algz 9Cuy 6Feg 3C0, 4Nij g
o 1QC-Alg; sCuy7 7Fe 09
s o(Fe)=0.22-0.4¢(Cu)
k-1
101
¢-A110CH10F9
AN ~.0
8-AlLCu_AlNi, 7-AlCu
] N G\\A\ NN

0 10 20 30 0 40 50 60
x(Cu, Ni)/%

Fig. 3 AF(Cu, Ni)-(Fe, Co) pseudo-ternary

phase diagram

increases, the composition of these constituent phas-
es will also change towards phases in the DQC alloy
system: the XAlj3Fes phase is gradually replaced by
Ali3Cos4 and T3-Aljg Cuio Fe phase replaced by T3-
AlNip. These findings have additionally proved the

effectiveness of the HumerRothery rule in QC related
alloy systems.

S CONCLUSIONS

After investigation of the phases formed after an-
nealing in the 1QCipo- « DQC, alloys, the following
conclusions can be drawn:

1) The addition of the AFCo-Ni DQC into the
AFCuFe 1QC have effectively broken the original
quasiperiodic lattice structures and produces mainly
approximants: XAljsFey, T3ALNiy and B-AlFe.

2) The formation of the approximant phases in
the intermediate alloys is characterized by constant-e/
a feature and follows the corresponding e/ a-constant
lines between the two lines representing the two ini-
tial QCs in the pseudo-ternary AF( Cu, Ni)-(Fe, Co)
phase diagram.

3) Icosahedron or near icosahedron atomic con
figurations are still retained in the resulted approxi
mant phase after the alloying process. The formation
of icosahedral cluster in these pseudo-binary alloys is
still governed by the HumerRothery rule.
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