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The Al65Cu20Fe15 alloy has been prepared by conventional casting to the mould and by melt spinning or
atomisation techniques. The melt spun ribbon was in the form of fragmented, brittle �akes, atomized powder has
spherical shape with average size 17.2 µm. It was found that icosahedral I-phase was the main phase in all types of
prepared samples. In the conventionally cast alloy the following phases have been identi�ed additionally: λ-Al13Fe4,
τ -AlCu(Fe) and η2-AlCu. In the melt-spun ribbon the formation of η2 is avoided, while in the atomised powder
the I-phase coexists with small amount of copper rich τ -phase. In the cast ingot the I-phase form as a product of
peritectic reaction λ+ L, while in the ribbon and in the powder quasicrystal solidi�ed from the undercooled melt
as primary phase and next metastable cubic τ -AlCu(Fe) was formed at the interdendritic areas. Single I-phase
grains of the sizes about 1 µm are observed in the ribbon close to the wheel side.
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1. Introduction

Al�Cu�Fe quasicrystalline alloys exhibit unique com-
bination of physical, thermal, and mechanical properties.
Due to their thermodynamic stability, non-toxicity and
low cost of their alloying elements they have potential
for practical applications [1, 2]. Stable icosahedral qua-
sicrystalline phase (I-phase) lies in very narrow composi-
tion range in ternary Al�Cu�Fe system [3, 4] and usually
it coexists with other phases in cast alloys. For instance,
quasicrystalline as well as crystalline faceted single grains
of four phases were obtained during directional crystal-
lization of an alloy by the Bridgman technique [5].
The solidi�cation sequence of the quasicrystal form-

ing Al�Cu�Fe alloys depends on chemical composition
and solidi�cation rates. It has been already shown
that the I-phase forms by peritectic reaction L + λ +
β → I-phase at slow and moderate cooling rates [6, 7].
Usually the reaction is not completed and other crys-
talline phases can form. A broader area for quasicrys-
talline structure can be formed in rapidly solidi�ed al-
loys and indeed single I-phase structure was observed in
the rapidly solidi�ed Al65Cu20Fe15 ribbon [8, 9]. How-
ever, for the same composition the single quasicrys-
talline phase cannot be obtained by using the cooling
rate 5�7 × 104 deg/s and the ribbons exhibit two- or
three-phase microstructure [7, 10]. In the case of ribbons
quasicrystals solidi�ed directly from the melt as primary
phase and crystalline phases formed at the inter-dendritic
region from the remaining melt [7]. It was shown also
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that a single I-phase can be obtained by annealing at
600�800 ◦C around the alloy composition Al64Cu24Fe12�
Al61.75Cu25.5Fe12.75 [11].
Although there have been many investigations con-

cerning the alloys solidi�ed with di�erent cooling rates,
the results are not consistent. In the present study,
the microstructural characteristic of rapidly solidi�ed
Al65Cu20Fe15 alloy obtained by two methods: melt spin-
ning (ribbon) and by atomization (powder) have been
done and compared to the conventionally cast alloy.

2. Experimental
The Al65Cu20Fe15 (in at.%) alloy were prepared by in-

duction melting under argon atmosphere using Al, Cu,
and Fe elements of purity 99.99%. The cast alloy was
used as an initial material for rapidly solidi�ed ribbon
and atomized powder. Ribbon was produced using a
melt-spinning technique under helium atmosphere. In
this process melted alloy was ejected onto a copper wheel
rotating at linear velocity v = 20 m/s. The pressure of
the gas ejecting the molten alloy was 180 mbar. The
obtained ribbon was in the form of fragmented, brit-
tle �akes. The powders were prepared by gas atom-
ization device under argon using Rayleigh-plateau forces
in primary mode. The estimated cooling rate for the
ribbon and for the atomized powder was in the range
105�106 K/s.
The microstructure of the conventionally cast alloy,

melt spun ribbon, and atomized powder was examined
using Philips PW 1840 X-ray di�ractometer (XRD) with
Cu Kα radiation (λ = 1.5406 Å), FEI scanning elec-
tron microscope E-SEM XL30 (SEM) and FEI trans-
mission electron microscope Tecnai G2 (TEM) operat-
ing at 200 keV equipped with high-angle annular dark
�eld scanning transmission electron microscopy detector
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(HAADF-STEM) combined with energy dispersive X-ray
(EDX) EDAX microanalysis. In the case of the ribbon
Tenupol-5 double jet electropolisher was used for the thin
foil preparation in an electrolyte containing nitric acid
and methanol (1:3) at the temperature of −30 ◦C and
voltage of 15 V. In order to prepare the TEM samples
from atomized powder, thin slices of the powder embed-
ded in kit were cut with Leica EM UC6 ultramicrotome
using diamond knife. Then thin slices were placed on a
carbon �lm supported by a nickel grid.

3. Results and discussion

The X-ray di�raction pattern (upper curve in Fig. 1)
revealed that there are three main phases in the cast
ingot: icosahedral I-phase, monoclinic λ-Al13Fe4 (space
group C2/m, a = 1.5489 nm, b = 0.80831 nm, c =
1.2476 nm, β = 107.72◦) and cubic β (or τ) Al(Cu,Fe)
(space group Pm3m, a = 0.29 nm). Both phases, iron
rich β and low temperature, copper rich τ (denotes also
as β′ in [6]) have similar lattice constants and the X-ray
is not suitable to distinguish them.

Fig. 1. X-ray patterns of as cast, melt spun ribbon,
and atomized powder of Al65Cu20Fe15 alloy.

Fig. 2. SEM image of the Al65Cu20Fe15 cast alloy.

High temperature β-AlFe(Cu) is stable while the cop-
per rich τ -AlCu(Fe) is metastable and forms at the later
stage of solidi�cation at the interdendritic region. Ad-
ditional weak re�ections present in the X-ray pattern
could be identi�ed as low temperature modi�cation of
the η2-AlCu (space group I12/m1, a = 0.9889 nm,
b = 0.4105 nm, c = 0.6913 nm, β = 89.99◦). Distri-
bution of phases identi�ed by X-ray was visible in SEM
image in Fig. 2. Dark gray phase was identi�ed by EDX
microanalysis as the λ phase, which forms as primary
phase from the melt. The grey phase corresponds to the
peritectically solidi�ed I-phase while the light-grey phase
could be identi�ed as copper rich cubic τ -AlCu(Fe). The
light phase lying inside the τ -phase with slightly di�erent
composition corresponds to the η2 phase.

The mean compositions of the phases obtained by EDX
microanalysis in SEM (errors were calculated as standard
deviations of the obtained results for each phase) as well
as the range of composition are shown in Table.

TABLE

Chemical compositions of the phases observed in cast alloys, ribbons and atomized powder.
The composition range for each phase is also included.

Al [at.%] Cu [at.%] Fe [at.%]

Phase
Composition

range
Mean
value

Composition
range

Mean
value

Composition
range

Mean
value

Cast alloy

λ 69.6�70.0 69.9± 0.2 4.3�5.2 4.8± 0.4 25.2�25.7 25.4± 0.3

I 62.3�62.9 62.5± 0.3 23.4�25.1 24.3± 0.8 12.6�13.7 13.2± 0.5

τ 50.5�51.3 51.0± 0.4 43.8�45.2 44.5± 0.7 4.2�4.9 4.5± 0.4

η 46.8�47.5 47.1± 0.4 50.4�51.3 50.9± 0.5 1.9�2.1 2.0± 0.1

Ribbon

I 63.3�68.6 66.9± 1.3 12.7�18.3 16.2± 2.0 14.7�19.6 16.8± 1.9

λ 71.5�72.8 72.1± 0.9 5.6�6.6 6.1± 0.7 20.5�22.8 21.7± 1.6

τ 40.3�40.6 40.5± 0.2 53.6�55.5 54.5± 1.3 3.9�6.1 5.0± 1.5

Atomized powder

I 62.3�68.3 66.0± 1.3 15.2�19.9 17.2± 1.9 14.2�18.6 16.8± 1.4

τ 42.5�44.0 43.1± 0.6 52.5�55.5 54.2± 1.3 1.2�4.9 2.7± 1.7
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Similar sequence of phases in Al65Cu20Fe15 has been
observed by Cheung et al. [12] although the crystal struc-
ture of the copper rich phase with the composition related
to η2 was not described. It was found also that for the
same alloy composition the Θ-Al2Cu phase could solidify
together with the τ -phase instead of the η2 [13].
The η2 phase has been observed in the number of

AlCuFe cast alloys with Fe content in the range 7.5�
17.85 at.% and copper content in the range 12.5�31 at.%,
as �nal stage of solidi�cation of remaining liquid [6]. The
�rst-principles calculations showed that the η2 phase is
stable at concentrations less than 2.5% Fe due to iron
localization in the copper sublattice and coexist with
τ -AlCu(Fe) phase [14].
In the rapidly solidi�ed ribbon the amount of phases

was reduced as compared to the alloy cast as an ingot
and only re�ections related to the I-phase, τ and λ were
observed in X-ray pattern (Fig. 1). The SEM image of
the cross-section of the ribbon showed that it consists
mainly of the cell or dendrites (grey phase) of the I-phase
surrounded by light in contrast τ -phase (Fig. 3). Parti-
cles of a light grey contrast corresponding probably to
the λ-phase could be also noticed. The microstructure is
not homogeneous and the area of small grains are located
near the wheel side of the ribbons. The TEM observation
con�rmed the presence of two regions inside the ribbon.

Fig. 3. SEM image of the cross-section of
Al65Cu20Fe15 ribbon.

The microstructure presented in Fig. 4a shows the cell
of the I-phase and the τ -phase in inter-cell areas. The
crystal structure of both phases were identi�ed by se-
lected area di�raction patterns (SADP) and the exam-
ple of SADP obtained for τ -phase with zone axis [111]
is inserted in Fig. 4a. The λ particles with character-
istic stacking faults in the 010 planes, surrounded by
I-phase are presented in Fig. 4b, together with corre-
sponding SADP. Similar morphology of the λ particles
was observed also in the Al66Cu21Fe13 ribbon [15].
The second type of microstructure found in investi-

gated ribbon consists of the small grains of the I-phase
with sizes approximately 1 µm (Fig. 5). Only I-phase

Fig. 4. TEM bright-�eld image of the Al65Cu20Fe15
ribbon of (a) cell of I-phase and τ phase located at
inter-cell areas; inserted SADP obtained for the τ -phase,
(b) particle of the λ-phase and corresponding SADP.

Fig. 5. TEM bright-�eld image of the Al65Cu20Fe15
ribbon and SADP obtained from one grain of the I-phase
(3-fold symmetry).

have been identi�ed based on the SADP (as an example
threefold icosahedral electron di�raction obtained for one
of the grains is inserted in Fig. 5). All phases found in
the ribbon were analysed by EDX in TEM to get infor-
mation of their composition. The EDX results are shown
in Table. It could be concluded that part of the ribbon
which solidi�ed �rst at the highest cooling rate contains
single I-phase.
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Fig. 6. (a) SEM image of the cross-section of the atom-
ized powder of the Al65Cu20Fe15 alloy and (b) STEM-
-HAADF image and selected area electron di�raction
patterns from the dendrite of I-phase (3-fold symmetry)
and τ -AlCu phase located at interdendritic areas.

The morphology of atomized powder is spherical, the
particle size distribution had a single mode as lognormal
Gaussian curve with the average diameter of 17.4 µm.
Figure 6a shows SEM image of as-atomized powder cross-
-section. The microstructure of the powder is similar to
that of the melt spun ribbon and consists of homoge-
neously distributed dendrite of the I-phase and τ -phase
in interdendritic areas.
Two phase microstructure is con�rmed by X-ray pat-

tern presented in Fig. 1. The chemical composition of
the both phases measured by EDX in TEM are shown in
Table. The HAADF-STEM image of the powder particle
is presented in Fig. 6b, where light phase was identi-
�ed as τ -phase, while the grey areas correspond to the

I-phase. The phase identi�cation was con�rmed by elec-
tron di�raction. In Fig. 6b the SADPs corresponded to
icosahedral dendrite with 3-fold symmetry and to the cu-
bic τ -phase located between dendrite are presented.

4. Conclusion
The icosahedral I-phase was the main phase in cast

ingot, melt spun ribbon, and atomized powder of the
Al65Cu20Fe15 alloy. The highest amount of this phase
was observed in ribbon and atomized powder prepared
at the highest solidi�cation rate. The ribbon is more in-
homogeneous due to variable cooling rate across its cross-
-section (highest in the wheel side).
In the conventionally cast alloy, besides the I-phase,

the following phases have been identi�ed: λ-Al13Fe4,
τ -AlCu(Fe) and η2-AlCu. In the melt-spun rapidly solid-
i�ed ribbon the formation of η2-AlCu phase is avoided,
while in the atomised powder the I-phase coexists only
with copper rich τ -AlCu(Fe) phase.
In cast ingot the icosahedral phase was formed by peri-

tectic reaction. In the melt-spun ribbon and atomised
powder quasicrystal solidi�ed as primary phase from the
undercooled melt in the form of dendrites or cells. The
amount of cubic τ -AlCu was reduced with an increase of
the cooling rate (near the wheel side of the ribbon and
with decrease of the size of atomised powder particles).
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