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In this investigation the Alg4Cuy4Fe;, alloy was melted in an induction furnace and solidified under
normal casting conditions. In order to obtain the icosahedral phase (i-phase) in a single-phase region,
the as-cast sample was subject to a heat treatment at 700°C under argon atmosphere. Subsequently,
the i-phase was milled for different times in order to evaluate phase stability under heavy deformation.
X-ray diffraction (XRD) and high-resolution electron microscopy (HREM) analysis were conducted to the
structural characterization of ball-milled powders. XRD results indicated a reduction in quasicrystal size
during mechanical ball milling to about 30 h. HREM analysis revealed the presence of aperiodic nano-
domains, for example, with apparent fivefold symmetry axis. Therefore, the i-phase remains stable over
the first 30 h of ball-milling time. However, among 30-50 h of mechanical milling the i-phase transforms
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progressively into 3-cubic phase.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that icosahedral quasicrystalline phase (QC)
Al-Cu-Fe has an intermetallic nature, because intermetallic phases
are their precursors. In addition, this phase has a narrow solu-
bility of its elements in the phase diagram, which is commonly
obtained in some intermetallic materials. Thus, both types of phases
share structural properties; however, the quasicrystalline phases
are characterized by a complex atomic ordering. The QC alloys pos-
sess unusually and interesting physical properties such as high
hardness, good corrosion resistance, low friction coefficients and
high wear resistance [1-3]. However, due to atomic ordering they
are brittle in nature, which limits their practical applications. It is
well known that the crystal size reduction at nanoscale regime
improve the mechanical properties. Mechanical milling/alloying
(MM/MA) is a specific technique to obtain crystals with nanometric
size dimensions [4]. However, it is well known that this technique
can induce disordering in ordered materials. Atomic disordering
can subsequently induced phase transformations in intermetallic
compounds [5-8]. On the other hand, MA process has also been
used to produce Al-Cu-Fe icosahedral quasicrystals starting from
elemental powders [9-12]. Most of these studies were dedicated
to investigate the icosahedral phase formation close to the per-
fect composition. However, there are few investigations dedicated
to explore the structural aspects and stability of pure i-phase out
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to the perfect composition when it is subjected to heavy defor-
mation induced by high-energy ball-milling [13,14]. Thus, in this
paper, we present a systematic investigation by high-resolution
electron microscopy combined with XRD studies after the mechan-
ically milled of single i-phase pre-alloyed specimen.

2. Materials and methods

Al-Cu-Fe alloy ingots were prepared by conventional casting using an induction
furnace (Power-Trak 35-95) starting from high purity materials (99.9%). The ingots
were prepared in air with a nominal composition of AlgsCuz4Fe;; at.%. The as-cast
alloy was annealed at 700°C by 96 h to obtain pure i-phase. After that, the sample
was subjected to high-energy ball milling using a SPEX 8000 mixer mill for 1, 3,
5, 10, 20, 30, 40 and 50 h periods of time. Hardness steel vial and balls were used
as milling media with ball-to-powder weight ratio equal to 8:1. The size of the
grinding medium was 12.7 mm in diameter. All materials were characterized by
X-ray diffraction (Siemens D5000), using Cu Ko« radiation. For the morphology and
structural analysis scanning (JEOL-6400) and transmission electron microscopy (FEG
Philips Tecnai F20) were used.

3. Results and discussion

Fig. 1(a) shows the X-ray diffraction pattern of as-cast specimen
with atomic composition of Alg4Cuy4Feq ;. This XRD pattern illus-
trate a typical mixture of phases; the ternary solid solution with bcc
structure Als(Cu,Fe)s and the icosahedral-stable quasicrystalline
(QC) phase (i-AlgCu;Fe). According to the phase diagram obtained
by previous works [15-18], in order to obtain icosahedral single
phase it is necessary to carry out an annealing treatment at 700 °C.
The XRD pattern from Fig. 1(b) corresponds to the heat treatment
alloy, only peaks related with the QC phase can clearly observed.
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Fig. 1. XRD patterns of specimens (a) as-cast, where i and (3 phases coexist, (b)
icosahedral phase as a single phase after a heat treatment at 700 °C by 96 h followed
by slow cooling.

Electron diffraction pattern shown in the inset, which shows diffuse
points consistent with scattering from the imperfect quasicrystals.

Few structural features from this phase before and after anneal-
ing can be commented, for example, before thermal treatment
(Fig. 1(a)) the i-phase XRD peaks clearly show a Gaussian profile,
however, peaks in Fig. 1(b) indicates broadening near to the back-
ground line like to Lorentzian profile. It is well-known from XRD
crystal theories that a Lorentz peak profile corresponds to peak
broadening due to crystal size diminished. However, after anneal-
ing process of the QC phase peaks like a Lorentzian profile are
obtained. Thus, this structural behavior is contrary to that expected
in the crystalline materials, where sharp peaks are obtained by
stress relaxation of the material after the heat treatment.

Another feature observed from both XRD patterns, are related to
the intensities of the main diffraction peaks (211111),(221001)
proposed by Cahn et al. [19]. After annealing treatment, we can see
that the (21111 1) principal reflection decrease in intensity, now
being the (22100 1)reflection the most intense in the XRD pattern.
This structural behavior has been observed in early investigations
[9,10,20]. According to the XRD crystalline statements, this result
suggests preferential QC orientation and the oriented reflections
could be quasi-crystallographically related.
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Fig. 3. XRD patterns from ball-milled samples for different times illustrating the
i-to-3 phase transformation.

To complement the structural characterization of the starting
material HREM analysis of the ingot were performed. Thus, Fig. 2
shows different HREM images and its corresponding FFT pattern.
For example, in (a) fivefold, (b) twofold, and (c) pseudo twofold
zone axes are illustrating the icosahedral quasicrystalline nature of
the sample. One of the main characteristics along fivefold symme-
try (Fig. 2a) is the presence of the donuts contrast, in which each
point is surrounding by ten points as a result of forbidden lattice.
The fast Fourier transform (FFT) pattern from the image resemble
the fivefold symmetry and have all the characteristics due to the
icosahedral structure.

The XRD patterns for the as-milled QC phase with the increment
of milling time are shown in Fig. 3. During mechanical milling dif-
ferent structural changes can be observed, for example, for 10 h
of milling the principal peaks of QC phase remain stable which

Fig. 2. Different HREM images and its corresponding FFT pattern of as cast sample showing a quasicrystalline phase oriented along (a) fivefold zone axis, (b) twofold and (c)

pseudo twofold zone axis.
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presume their stability. However, the reflections tend to overlap-
ping. In addition, the relative intensities decrease suggesting finer
crystallite size but it is important to mention that this is based
on crystals X-ray theories. As the milling time increase up to 20h,
the overlapping continues even more loosely the peaks resolution.
At 30h of milling, the diffraction peaks (indicate by arrows) are
related with the (3-Al(Cu,Fe) crystalline solid solution and icosa-
hedral phase. These results suggest that, the i-phase transforms
gradually with milling time to the 3-phase. We can observe that
this phase transition begins among 20 and 30 h of milling. Finally,
at 50 h of milling the i-phase almost completely transforms to the
[B-cubic solid solution. However, as the quasicrystal size decreased
due to milling effect, the stable phase for this alloys composition is
the cubic phase.

During the phase transition, it was observed that, the
icosahedral-phase diffraction peaks tend to deviate from their per-
fect angular positions, for example, the (22100 1) reflection tends
to shift towards lower angles, while the (21111 1) reflection was
shifted towards higher angles. This behavior suggests that the i to
B-phase transformation could be related with the i-phase atoms
diffusion and confirms the close structural relationship between
them [18].

Another important feature of these XRD patterns is the pro-
gressive decrease in the intensity of the main reflection of
i-phase with the milling time, especially for specimen milled at
40h. Thus for example, the (221001) diffraction peak (100%
peak) decreases in intensity, while the (21111 1) peak remains
unchanging. This peak diminution could be related with an
atomic quasicrystal rearrangement that take place after 3h of
MM, where the (221001) peak appear at the first time dimin-
ished in intensity in comparison to the (211111) diffraction
peak.

The peak intensity diminution can be due to a decrease in
the efficiency of the XRD scattering. This mean that in the
(221001) atomic planes, there are heavy atoms substitution
inside the structure by atoms with lower atomic numbers, which
is consistent with the variations of d-spacings of (221001)
and (211111) reflections. In this way, these results suggest
atomic diffusion of i-phase during milling and consequently a
kind of order-disorder transition in the quasicrystalline mate-
rial. The order-disorder transition begins within 3h of MM
and continues above 20h, where the i-phase transforms to (3-
phase.

On the other hand, XRD pattern of cubic phase (Fig. 3, 50 h of
MM) shows, among others the (1 00) reflection which corresponds
to the resulting crystalline phase. The presence of this reflection
suggests the ordered character of the intermetallic phase formed.
Therefore, the QC structures suffer an order-disorder transition
during the first 20 h of ball-milling. MM processing of i-phase under
the present milling conditions can induced gradually point defects,
for example, vacancies and antisites atoms which contribute sig-
nificantly to i-phase disordering. From a thermodynamic point of
view the i-phase energy stored after MM, resulting in the forma-
tion of point defects which increase the system entropy and induces
atoms diffusion. It is important to note that MM process does not
induce phase transitions between the quasicrystalline symmetry
itself.

Fig. 4 shows the variation of quasicrystal/crystal size with
milling time. These measurements were carried out from the
(221001) i-phase diffraction peak and the (100) reflection of
the cubic phase. The crystal size was estimate from the Sherrer
method which does not consider strain. Thus, we consider only
the peak broadening from small diffraction domains. This consid-
eration is based on the low amount of deformation that may have
the quasicrystalline material and a peak-Lorentzian profile selec-
tion. Due to peaks overlapping the crystal size was only measured

C. Patifio-Carachure et al. / Journal of Alloys and Compounds 509 (2011) 10036-10039

80
75 Initial quasicrystal
70 @
65 ]
60
55 ]
50 -]
45
40
35
30
25 ] L Growth of crystal

20
15 ] \ e
1 e //
10 *
5]

Time(h) Size(nm)
7
23
13
12
40 18

50 19

W = O

Quasicrystal size (nm)

o777 T T T T
¢ 5 10 15 20 25 30 35 40 45 S0

Ball milling time (h)

Fig. 4. Quasicrystal/crystal size with the increment of high-energy ball milling.

for 1, 3 and 5h of milling of the icosahedral phase, while for the
crystalline phase was measured in 40 and 50 h of MM. In the case
of quasicrystalline phase, the quasicrystal size decreased with the
increment of milling time from 1 to 5h of MM reaching values of
12nm.

In the same way for the 3-phase, the crystal size are increased
with milling time, reaching values of 50nm at 50h of MM,
which is greater than the quasicrystal material because the
structure crystallization. As observed from these results, when
phase transition begins (after 20h milling) the disordered QC
structure has smaller values of quasicrystal size than 12 nm.
This nanometer QC size contributes to the phase transforma-
tion. Thus, the complex atomic order of QC phase is lost as
the MM process take place, leading first to an internal structure
disordering and the subsequent phase transformation from the i-
disordered phase to an ordered structure with lower symmetry
(cubic).

High-resolution electron microscopy has been used to exam-
ine the XRD results obtained and evaluate the i-phase stability.
Fig. 5(a) shows HREM images and the corresponding FFT pattern
(inset) of the milled sample for 10 h. The presence of nanoqua-
sicrystalline regions as small as 15nm has been observed here.
HREM analysis of crystallite size and structure is in good agree-
ment with XRD results. The FFT pattern confirms the superlattice
character of the structure and the aperiodic order with fivefold axis
of symmetry.

Fig. 5(b) shows HREM image of the alloy milled by 30h.
With increasing ball-milling time the quasicrystalline regions
reduce in size. In this image nanophase quasicrystalline region
of less than 10 nm surrounded by several deformed crystalline
planes can be observed. The interplanar distances of the periodic
structure were measurements which approximately correspond
to 2.05A of the (110) planes of BCC structure. The pres-
ence of both phases can also be seen from the FFT pattern,
where the points which correspond to the periodic distances
are marked. In here, the points which correspond to the peri-
odic distances and a distorted icosahedral symmetry due to the
mechanical milling are also illustrated. However, the quasiperi-
odic super-reflections almost disappear at this time of milling.
These results are in agreement of XRD results for 30 h of milling,
where the XRD pattern illustrate a mixture of phases (i and 3
phases).



C. Patifio-Carachure et al. / Journal of Alloys and Compounds 509 (2011) 10036-10039

10039

Fig. 5. HREM images of ball-milled powders: (a) 10h, it can observe the typical fivefold symmetry which correspond to the i-phase, (b) 30 h of milling, QC nanoregions
coexisting with nanocrystals that correspond to 3 cubic phase, (c) HREM image which correspond to milled specimen by 50 h, can clearly observed the presence of 3-phase

as a single phase along [11 1] zone axis.

Fig. 5(c) shows HREM images of the alloy milled by 50 h. In this
image we observe crystalline region, in this case from the [111]
direction of the BCC structure, the interplanar distances were 2.06 A
which correspond to (1 10) planes of B2 structure. These crystalline
regions coexist with small non-crystallized regions. Previous inves-
tigations have found that the i-phase is formed from a peritectic
reaction [20]. The [3-solid solution reacts with the liquid to form i-
phase. According to the present results partially amorphous regions
are observed and are justified from the kinetic behavior of the
i-phase formation on the solidification of this alloy composition.
Therefore, amorphous regions are necessary for the decomposi-
tion of i-phase. Thus, this result suggests that the i-phase tends to
transforms to the amorphous phase and after this, a crystallization
phenomena conduct to the 3-phase formation.

4. Conclusions

After the mechanical milling of icosahedral single-phase, a
decrease in the quasicrystal size reaching values of about 12 nm
for a period of time ranging from about 3 to 20h was obtained.
The results indicate that point defects are induced during this
period of milling time leading to atomic diffusion. Consequently,
an order-disorder quasicrystal transition was obtained. Increas-
ing the milling time over the range 20-30h, the results indicate
that the i-phase begins to transform to the [3-phase until at 50 h,
when widely completed the phase transition. This transforma-
tion confirms the structural relationships between both types of
structures; due to this mechanism is approximately the same
mechanism for which the i-phase is formed on cooling in equi-
librium at 700°C. The highly ordered i-phase of high symmetry
transforms to a crystalline phase with intermetallic character and
lowest symmetry.
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