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a  b  s  t  r  a  c  t

In  this  investigation  the  Al64Cu24Fe12 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.
eywords:
uasicrystals
echanical alloying

ransmission electron microscopy (TEM)
-ray diffraction

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
progressively  into  �-cubic  phase.
. Introduction

It is well known that icosahedral quasicrystalline phase (QC)
l–Cu–Fe has an intermetallic nature, because intermetallic phases
re their precursors. In addition, this phase has a narrow solu-
ility of its elements in the phase diagram, which is commonly
btained in some intermetallic materials. Thus, both types of phases
hare structural properties; however, the quasicrystalline phases
re characterized by a complex atomic ordering. The QC alloys pos-
ess unusually and interesting physical properties such as high
ardness, good corrosion resistance, low friction coefficients and
igh wear resistance [1–3]. However, due to atomic ordering they
re brittle in nature, which limits their practical applications. It is
ell known that the crystal size reduction at nanoscale regime

mprove the mechanical properties. Mechanical milling/alloying
MM/MA)  is a specific technique to obtain crystals with nanometric
ize dimensions [4].  However, it is well known that this technique
an induce disordering in ordered materials. Atomic disordering
an subsequently induced phase transformations in intermetallic
ompounds [5–8]. On the other hand, MA  process has also been
sed to produce Al–Cu–Fe icosahedral quasicrystals starting from
lemental powders [9–12]. Most of these studies were dedicated

o investigate the icosahedral phase formation close to the per-
ect composition. However, there are few investigations dedicated
o 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 Al64Cu24Fe12 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 K� 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 Al64Cu24Fe12. This XRD pattern illus-
trate a typical mixture of phases; the ternary solid solution with bcc
structure Al5(Cu,Fe)5 and the icosahedral-stable quasicrystalline
(QC) phase (i-Al6Cu2Fe). 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 � phases coexist, (b)
i
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The XRD patterns for the as-milled QC phase with the increment

F
p

cosahedral phase as a single phase after a heat treatment at 700 ◦C by 96 h followed
y  slow cooling.

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

Few structural features from this phase before and after anneal-
ng can be commented, for example, before thermal treatment
Fig. 1(a)) the i-phase XRD peaks clearly show a Gaussian profile,
owever, peaks in Fig. 1(b) indicates broadening near to the back-
round line like to Lorentzian profile. It is well-known from XRD
rystal theories that a Lorentz peak profile corresponds to peak
roadening due to crystal size diminished. However, after anneal-

ng process of the QC phase peaks like a Lorentzian profile are
btained. Thus, this structural behavior is contrary to that expected
n the crystalline materials, where sharp peaks are obtained by
tress relaxation of the material after the heat treatment.

Another feature observed from both XRD patterns, are related to
he intensities of the main diffraction peaks (2 1 1 1 1 1), (2 2 1 0 0 1)
roposed by Cahn et al. [19]. After annealing treatment, we can see
hat the (2 1 1 1 1 1) principal reflection decrease in intensity, now
eing the (2 2 1 0 0 1) reflection the most intense in the XRD pattern.
his structural behavior has been observed in early investigations

9,10,20]. According to the XRD crystalline statements, this result
uggests preferential QC orientation and the oriented reflections
ould be quasi-crystallographically related.

ig. 2. Different HREM images and its corresponding FFT pattern of as cast sample showi
seudo  twofold zone axis.
Fig. 3. XRD patterns from ball-milled samples for different times illustrating the
i-to-�  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.
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

ng a quasicrystalline phase oriented along (a) fivefold zone axis, (b) twofold and (c)
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Fig. 4. Quasicrystal/crystal size with the increment of high-energy ball milling.
0038 C. Patiño-Carachure et al. / Journal of All

resume their stability. However, the reflections tend to overlap-
ing. In addition, the relative intensities decrease suggesting finer
rystallite size but it is important to mention that this is based
n crystals X-ray theories. As the milling time increase up to 20 h,
he overlapping continues even more loosely the peaks resolution.
t 30 h of milling, the diffraction peaks (indicate by arrows) are
elated with the �-Al(Cu,Fe) crystalline solid solution and icosa-
edral phase. These results suggest that, the i-phase transforms
radually with milling time to the �-phase. We  can observe that
his phase transition begins among 20 and 30 h of milling. Finally,
t 50 h of milling the i-phase almost completely transforms to the
-cubic solid solution. However, as the quasicrystal size decreased
ue to milling effect, the stable phase for this alloys composition is
he cubic phase.

During the phase transition, it was observed that, the
cosahedral-phase diffraction peaks tend to deviate from their per-
ect angular positions, for example, the (2 2 1 0 0 1) reflection tends
o shift towards lower angles, while the (2 1 1 1 1 1) reflection was
hifted towards higher angles. This behavior suggests that the i to
-phase transformation could be related with the i-phase atoms
iffusion and confirms the close structural relationship between
hem [18].

Another important feature of these XRD patterns is the pro-
ressive decrease in the intensity of the main reflection of
-phase with the milling time, especially for specimen milled at
0 h. Thus for example, the (2 2 1 0 0 1) diffraction peak (100%
eak) decreases in intensity, while the (2 1 1 1 1 1) peak remains
nchanging. This peak diminution could be related with an
tomic quasicrystal rearrangement that take place after 3 h of
M,  where the (2 2 1 0 0 1) peak appear at the first time dimin-

shed in intensity in comparison to the (2 1 1 1 1 1) diffraction
eak.

The peak intensity diminution can be due to a decrease in
he efficiency of the XRD scattering. This mean that in the
2 2 1 0 0 1) atomic planes, there are heavy atoms substitution
nside the structure by atoms with lower atomic numbers, which
s consistent with the variations of d-spacings of (2 2 1 0 0 1)
nd (2 1 1 1 1 1) reflections. In this way, these results suggest
tomic diffusion of i-phase during milling and consequently a
ind of order–disorder transition in the quasicrystalline mate-
ial. The order–disorder transition begins within 3 h of MM
nd continues above 20 h, where the i-phase transforms to �-
hase.

On the other hand, XRD pattern of cubic phase (Fig. 3, 50 h of
M) shows, among others the (1 0 0) reflection which corresponds

o the resulting crystalline phase. The presence of this reflection
uggests the ordered character of the intermetallic phase formed.
herefore, the QC structures suffer an order-disorder transition
uring the first 20 h of ball-milling. MM processing of i-phase under
he present milling conditions can induced gradually point defects,
or example, vacancies and antisites atoms which contribute sig-
ificantly to i-phase disordering. From a thermodynamic point of
iew the i-phase energy stored after MM,  resulting in the forma-
ion of point defects which increase the system entropy and induces
toms diffusion. It is important to note that MM process does not
nduce phase transitions between the quasicrystalline symmetry
tself.

Fig. 4 shows the variation of quasicrystal/crystal size with
illing time. These measurements were carried out from the

2 2 1 0 0 1) i-phase diffraction peak and the (1 0 0) reflection of
he cubic phase. The crystal size was estimate from the Sherrer

ethod which does not consider strain. Thus, we  consider only

he peak broadening from small diffraction domains. This consid-
ration is based on the low amount of deformation that may  have
he quasicrystalline material and a peak-Lorentzian profile selec-
ion. Due to peaks overlapping the crystal size was only measured
for 1, 3 and 5 h 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 5 h of MM reaching values of
12 nm.

In the same way  for the �-phase, the crystal size are increased
with milling time, reaching values of 50 nm at 50 h of MM,
which is greater than the quasicrystal material because the
structure crystallization. As observed from these results, when
phase transition begins (after 20 h 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 15 nm 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 30 h.
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 2.05 Å of the (1 1 0) 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 �
phases).
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ig. 5. HREM images of ball-milled powders: (a) 10 h, it can observe the typical fi
oexisting with nanocrystals that correspond to � cubic phase, (c) HREM image wh
s  a single phase along [1 1 1] zone axis.

Fig. 5(c) shows HREM images of the alloy milled by 50 h. In this
mage we observe crystalline region, in this case from the [1 1 1]
irection of the BCC structure, the interplanar distances were 2.06 Å
hich correspond to (1 1 0) planes of B2 structure. These crystalline

egions coexist with small non-crystallized regions. Previous inves-
igations have found that the i-phase is formed from a peritectic
eaction [20]. The �-solid solution reacts with the liquid to form i-
hase. According to the present results partially amorphous regions
re observed and are justified from the kinetic behavior of the
-phase formation on the solidification of this alloy composition.
herefore, amorphous regions are necessary for the decomposi-
ion of i-phase. Thus, this result suggests that the i-phase tends to
ransforms to the amorphous phase and after this, a crystallization
henomena conduct to the �-phase formation.

. Conclusions

After the mechanical milling of icosahedral single-phase, a
ecrease in the quasicrystal size reaching values of about 12 nm
or a period of time ranging from about 3 to 20 h was obtained.
he results indicate that point defects are induced during this
eriod of milling time leading to atomic diffusion. Consequently,
n order–disorder quasicrystal transition was obtained. Increas-
ng the milling time over the range 20–30 h, the results indicate
hat the i-phase begins to transform to the �-phase until at 50 h,
hen widely completed the phase transition. This transforma-

ion confirms the structural relationships between both types of
tructures; due to this mechanism is approximately the same

echanism for which the i-phase is formed on cooling in equi-

ibrium at 700 ◦C. The highly ordered i-phase of high symmetry
ransforms to a crystalline phase with intermetallic character and
owest symmetry.

[
[
[

 symmetry which correspond to the i-phase, (b) 30 h of milling, QC  nanoregions
rrespond to milled specimen by 50 h, can clearly observed the presence of �-phase
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