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a b s t r a c t

In the present work, the formation of nano quasicrystalline icosahedral phase in Al86Cr14, Al84Fe16 and
Al62.5Cu25Fe12.5 alloys has been investigated by mechanical alloying. Mixtures of quasicrystalline and
related crystalline phases have been observed under various milling conditions. The X-ray diffraction,
differential thermal analysis and electrical resistivity techniques have been used for characterization and
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physical property measurements. The particle size was calculated by X-ray profile using Williamson–Hall
plot method and it was found to be 25–50 nm size.

© 2010 Elsevier B.V. All rights reserved.
apid solidification
-ray diffraction

. Introduction

A nanomaterial of the icosahedral phase has been the object of
he quick growing attention in the last few years due to its potential
pplication in various fields (e.g. vehicles industry). These materials
re known to exhibit an unusual combination of properties such as
trength, good ductility, high fracture toughness, and good corro-
ion resistance [1]. These new and unsuspected physical properties
re not found in natural materials [2]. Recently, the production
f amorphous, intermetallic, quasi-crystalline, and nanocrystalline
aterials has received much attention. These materials can be

btained by non-equilibrium processes, such as mechanical alloy-
ng (MA), rapid solidification (RS), vapor phase condensation, or
rradiation/ion implantation. MA is a simple and adaptable pro-
ess that transfers high amount of energy from milling balls to the
lloy powder during the milling process [3]. MA is a dry solid-state
owder processing technique involving repeated welding, fractur-

ng and re-welding of powder particle in a high-energy ball mill.
he main attributes of MA are the extension of a solid solution,
efinement of structures in the nanometer range, production of fine
ispersion of a second phase, and synthesis of novel crystalline,
uasi-crystalline and amorphous phases.

There is an increasing interest in the development of high-

trength light alloys because of the recent strong demand for weight
eduction in transportation vehicles. So, aluminum alloys are the
ost widely used light alloys for weight reduction in structural

omponents [4–6] and low coefficient of friction and high resis-

∗ Corresponding author. Tel.: +20 101843720; fax: +20 623360257.
E-mail address: fariedhanna@yahoo.com (F.F. Hanna).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.11.001
tance to corrosion [7]. It is found that the nano quasicrystalline
aluminum iron alloy exhibited intermediate strength and ductility
values at room temperature among the alloys studied and showed
better microstructure stability at high temperature [8].

However, further strengthening may be possible by grain refine-
ment down to the nanocrystalline range. One way to achieve
the nanocrystalline and nano quasicrystalline microstructure from
aluminum-based alloy is the rapid solidification process and
mechanical alloying.

Al–Cr system is known to form icosahedral quasicrystal by rapid
solidification [9–13] or by using MA technique [14] over a wide
composition range. However, different reported results appear to
be processing condition dependence. Considerable amount of work
has also been concentrated on the synthesis of Al–Fe systems by
MA, where both quasi and amorphous phases’ formation are possi-
ble [15,16]. The sequences of phases which appear following milling
or milling with thermal treatment are in contradiction in their
results (see [17–19]).

On the other hand, the rapid solidification is considered to
be one of the most important methods for producing the qua-
sicrystalline phase. Earlier studies concerning the production of
quasicrystalline phase indicated that, it is possible to obtain a pure
quasicrystalline phase, i-phase, in AlCuFe by rapid solidification
followed by annealing at 800 ◦C [20,21]. The as quenched sample
contains a small amount of cubic �-AlFe phase and a consider-
able amount of structural defects, which are both eliminated by

the subsequent annealing treatment [22]. However, in the rapidly
quenched Al61Cu26Fe13 there was orientation relationship found
between the lattice of i-phase and the �-solid solution, where �-
solid solution contains fine regions of �-like displacement [23].
Moreover, mechanical alloying and subsequent heat treatment pro-

dx.doi.org/10.1016/j.jallcom.2010.11.001
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fariedhanna@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.11.001
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Fig. 2. The relationship between the peaks shift versus the intensity for Al and Cr
elements at different milling times.

Table 1
Crystallite size and strain variations with milling time for “Al86Cr14”.

Milling time Particle size (nm) Strain

10 69.3 0.018
20 39.2 0.029

Based on the thermal analysis results, various intervals of
annealing times ranging from 30 min to 6 h are carried at 590 ◦C for
the 40 h milled powder. Fig. 4 shows XRD results of the annealed
powder. Phase formation readily observed and appears to be a
rather time dependent.

E
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DTA curve For Al84Fe16
DTA curve for Al86Cr14

410 C

352 C

582 C

372 C
ig. 1. XRD patterns of mechanically Al86Cr14 for: (a) 0 h, (b) 20 h, (c) 40 h, and (d)
0 h.

esses were reported to enhance the formation of quasicrystalline
hase for another ternary alloyed systems [24–26].

In this work, XRD technique was used to study the effects of
he mechanical alloying MA processes and the subsequent thermal
reatments on the formation of quasicrystals in AlCr and AlFe sys-
ems. A further investigation on the effect of a combination between
apid solidified and mechanical alloying techniques are used to
nhance the i-phase formation in the ternary AlCuFe system with
specific composition which was done.

. Experimental details

Pure aluminum (99.95%), iron (97.7%), and chromium (98%) are used as starting
owders, and a 2 wt% to organic surfactant (stearic acid) is added to the powders
uring milling as a process control agent. Two nominal mixtures of Al–14 at.% Cr
nd Al–16 at.% Fe are used. The attritor vial is used for milling and the ball to pow-
ers weight rate of 10:1 with milling speed of 500 rpm. To minimize contamination
ith oxygen and/or nitrogen, the mechanical alloying process is carried out under
continuous dry argon atmosphere.

A sample of nominal composition Al62.5Cu25Fe12.5 was prepared by rapid solid-
fication of the melt. Commercial iron, electrical copper, and an AlCu25 master alloy
f purity 99.9% were used for alloying. The melt was rapidly solidified by projecting
t into twin rolls system which consists of two pure copper cylinders with rota-
ional speed 1400 rpm. Thin ribbons of dimensions ≈0.25 mm × 4 mm × 15 mm were
btained.

15 g of rapid solidification sample followed by annealing at 800 ◦C for 1 h was
rinded and placed in attritor with 150 g balls of different sizes. The milling process
as performed for 10 h, 15 h and 20 h.

The thermal stability was examined using a Perkin-Elmer DTA, with a constant
eating rate of 15 ◦C/s in ambient air. The produced phases in all samples are char-
cterized by XRD, using Siemens D5000 diffractometer with copper K� radiation,
= 0.15406 nm and nickel filter. The diffractometer was operated with step time
ne second and step size 0.05◦ as a continuous mode. The electrical resistivity of
he as quenched and annealed samples, and its dependence with temperature was

easured by the four-probe method.

. Results and discussion

.1. Mechanical alloyed of Al86Cr14

X-ray diffraction patterns (XRD) of Al–14 at.% Cr powder after
illing for various intervals of time are shown in Fig. 1. It is

enerally observed that both peak intensities of aluminum and
hromium elements decrease with increasing processes time, up
o 60 h. This could indicate that there is no alloying taking place

nd amorphization could be expected at higher milling times which
epend on the milling intensity.

The observed small shift of peaks positions in XRD patterns,
ig. 2, could be related to a formation of super saturation solid solu-
ion phase of Cr in Al. Williamson–Hall plot method [27] is carried
30 31.4 0.044
40 24.6 0.069
50 25.2 0.068
60 25.9 0.064

out in order to determine both crystallite size and strain. A mini-
mum of 25 nm crystallite size and 0.067 strains were reached after
40 h milling (Table 1). Two exothermic peaks at 372 and 582 ◦C are
observed while heating the milled powder up to 600 ◦C (Fig. 3a).
The first peak could be related to annealing out of the defects gen-
erated during the milling process. The second one may be due to
the formation of a precipitate phase from the supersaturated solid
solution.
8006004002000

Temperature(ºC)

Fig. 3. DTA curves of 40 h milled powder for (a) Al86Cr14 and (b) Al86Fe14.
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formation of both Al13Fe4 and Al3Fe, through the interaction with
the elemental lines of �-Al and �-Fe (Fig. 6). The melt spun tech-
nique confirmed the presence of various metastable phases among
which is the Al13Fe4 with alloys up to 20% Fe [31]. However, in
comparison with less iron-content alloy ≈12 at.% Fe only Al3Fe is

In
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Al Fe
Al 6 Fe

Al 6 Fe Al 3 Fe

Al 13 Fe 4

(a)

(b)

(c)

(d)
ig. 4. XRD patterns for 40 h mechanically alloyed Al86Cr14 annealed at 590 ◦C for
a) as milled, (b) 30 min, (c) 2 h, (d) 4 h, and (e) 6 h.

The quasicrystalline phase was identified in the XRD after
0 min isothermal annealing and continues to increase in quantity
p to 4 h annealing after which it decreases. The annealed struc-
ure contains two other phases, the first one can be indexed as
l4Cr hexagonal type, using reported d-values of this phase which

s known to be isomorphous with �-Al4Mn [28], therefore it is
alled �-Al4Cr type. This phase had been reported to form in the as
uenched and rapidly solidified Al–Cr alloys with composition up
o 20 at.% Cr [13,29]. It has been reported that for a rapidly solidified
l–Cr system in the Al-rich side, it is possible to obtain additional

wo other phases �-Al4Cr and �′-Al4Cr and they are closely related
o �-Al4Cr phase type and both are an approximation of the icosa-
edral phase [13].

Moreover, results also showed the possible existence of a third
hase of the type Al13Cr2 in the annealed material, this phase is
lso reported [12] to coexist with icosahedral rapidly quenched
l–Cr, and both phases (quasi and intermetallic Al13Cr2) seemed

o be more or less stable compared to Al4Cr. It is to be noted that
he present results agreed to a large extent with similar work on
l–Cr processed by mechanical alloying. It is worthy to mention

hat a planetary ball milling for 60 h followed by heating at 300 ◦C
or 100 h and almost single icosahedral phase is obtained for the
l86Cr14 composition [30]. In that case, milling conditions differ-
nce can be responsible for such results, mainly the high intensity
f planetary ball milling, other factors such as milling speed, initial
aterial purity and contamination can also be responsible for the

ifference in the reported results. The complex structures obtained
ollowing the present condition of processing resemble the one for
l–Cr alloys produced by rapid solidification [13,29].

It is expected that the quasiphase will occur on �-Al (Cr) super-
aturated phase enriched in chromium which is formed during
illing, while the second phases Al4Cr and Al13Cr2 are expected

o be formed due to the interaction between the remaining Al and
r elements during milling.

.2. Mechanical alloyed of Al84Fe16

XRD patterns of Al with 16 at.% Fe after various processing times
re shown in Fig. 5. Again, increasing milling time causes the peaks
o be broadening and decrease its intensity. The peak broadening
s a result of reducing particle size and introducing strain during

illing. The calculated crystallite size and strain are ≈37 nm and

0.072 after 40 h milling respectively as indicated in Al–Cr system.
urthermore, Al-lines shift slightly toward higher angles suggested
lloying of Fe with Al leading to a solid solution formation, similar
o that in Al–Cr system. However, a few new low intensities peaks

ainly in the low angle region of 2� = 38–44◦ appeared in XRD pat-
Fig. 5. XRD patterns of mechanically alloyed Al84Fe16 for (a) 0 h, b) 20 h, c) 40 h, d)
60 h, e) 190 h.

tern after 40 h milling and continue up to 60 h milling. Those lines
could be indexed as a metastable Al6Fe phase. However, a fewer
number of peaks are present and makes it difficult to evaluate the
d-values change with further milling at 60 h. On the other hand, it
is not likely that the metastable Al6Fe will transform to the rather
stable Al3Fe phase with further milling. Hence, Al3Fe phase has a
complex monoclinic structure with a large unit cell, where a higher
atomic mobility is needed and is not likely to be provided by milling
process under the present conditions. Moreover, only partial amor-
phization is observed after milling for 190 h as shown in Fig. 5. It is
possible that with increasing milling that amorphization would be
completed.

A differential thermal analysis study of the MA powder indicated
the presence of two exothermic peaks at 352 and 410 ◦C (Fig. 3b).
Isothermal heating for various time intervals is carried therefore
at 500 ◦C on the 40 h milled specimens in order to examine the
possible phase evolution during annealing. XRD results indicated
changes mainly in the metastable Al6Fe phase lines leading to the
807060504030

Two theta (deg.)

Fig. 6. XRD patterns for 40 h mechanically alloyed Al84Fe16 annealed at 500 ◦C for
(a) as milled, (b) 30 min, (c) 2 h, and (d) 4 h.
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ig. 7. XRD patterns of Al62.5Cu25Fe12.5: (a) as quenched, (b) annealed at 680 ◦C for
h, and (c) annealed at 800 C for 1 h.

ormed following both mechanical alloying and thermal treatment
16]. It is to be noted that Al6Fe lines are still observed even after 4 h
nnealing, i.e. the dissolution or rather the transformation process
as a slow-rate. Different sequences of phase transformation have
een given by several authors [15,32], from which it is possible to
how that the initial processing conditions and annealing tempera-
ure, control to large extent the final structure produced by milling
nd subsequent annealing treatment.

.3. The ternary Al62.5Cu25Fe12.5 prepared by rapid solidification

A rapid solidification technique is used to produce the quasicrys-
alline phase in the ternary Al62.5Cu25Fe12.5 alloy composition.
owever, a single quasicrystalline phase was not obtained, but the
roduced ribbons consist of three mixtures of phases (Fig. 7). This
ould be possible due to the rate of cooling was not high enough.
oreover, thermal stability tests indicated the presence of single
xothermic peak at 670 ◦C, as shown in Fig. 8. Therefore, anneal-
ng was carried at two temperatures of 680 and 800 ◦C for further
hermal stability assessment.

900800700600500400

Temperature (C)
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as quenched sample
sample annealed at 680 C
sample annealed at 800 C

ig. 8. DTA curve of the as quenched sample Al62.5Cu25Fe12.5, annealed at 680 ◦C and
00 ◦C for 1 h.
ompounds 509 (2011) 2198–2202 2201

3.3.1. The rapid solidified structure
The obtained ribbons XRD, Fig. 7a shows that a quasicrystalline

(i-phase) is presented in a relative high volume fraction, in addition
to two other phases that are most likely to be Al2Cu phase and
Al7Cu2Fe (�-phase). The fact that under present rapid solidification
that more than one phase appears, indicate that the quasi-phase
formation is processing dependent.

The electrical resistivity of the sample is measured at room tem-
perature giving a resistivity value of 625 �� cm, which is mainly
related to the presence of the icosahedral AlCuFe phase. The pure
iscosahedral is reported to give a value resistivity of 1000 �� cm
[33]. The temperature dependence of resistivity from 20 K up to
room temperature is shown in Fig. 9, the electric resistivity is
observed to increases linearly up to room temperature which is
the usual behavior of the ordinary metals and not to quasi-phase.
The resistivity ratio �20/�295 for the present as-quenched mate-
rial is 0.42. However, it is in the order of 2.0 for a simple phase
quasicrystalline and about 0.1 or less for metallic alloys. Therefore,
the present ratio can form the behavior of phases mixture of the
as-quenched material.

3.3.2. Structure at 680 ◦C
Following the XRD pattern of the sample annealed at 680 ◦C for

1 h as shown in Fig. 7b, it is observed that after this treatment,
the Al2Cu phase disappeared completely, and the amount of the
Al7Cu2Fe phase increased to a large extent. The results indicate that
the instability nature of this phase (Al2Cu) by which it might dis-
solve and transform to the more stable Al7Cu2Fe phase as reported
in [34].

The DTA curve of the sample after annealing at 680 ◦C shown in
Fig. 8 indicates that, there is no further possible phase transforma-
tion to be expected. Measurements of the electrical resistivity at
room temperature of the sample annealed at 680 ◦C give the value
of 460 �� cm. This value is less than the value obtained for the
as-quenched sample, which could be due to the dissolution of the
Al2Cu phase and the increasing of the volume fraction of the �
phase.

3.3.3. Structure at 800 ◦C
The X-ray diffraction pattern and DTA measurement, of the

annealed sample at 800 ◦C, are shown in Figs. 7c and 8 respectively.
The obtained data showed a similar structure and behavior to the
one obtained after 680 ◦C annealing, i.e. the structures are stable
between 680 and 800 ◦C. This result is in analogous with the elec-
trical resistivity measurements at room temperature, 470 �� cm.
The temperature dependence of the resistivity measurement for
the annealed sample at 800 ◦C, Fig. 9, showed that the resistivity
increases as the temperature increases. That is an indication for
metallic behavior contribution, i.e. further phase transformations
are not expected.

3.4. The effect of mechanical milling on rapid solidification
structure

To study the effect of mechanical alloying on a rapid solidified
sample, various milling times were done on that sample after the
thermal treatment at 800 ◦C. The XRD patterns of the various milled
samples are shown in Fig. 10. The patterns show that, with the
increase of the milling time, the peaks of the � phase (Al7Cu2Fe)
decrease in their intensity and also in their number, and disappear
completely after 15 h of milling. On the other hand, with increas-

ing the milling time, the icosahedral phase is still presented in an
appreciable volume fraction, in a way that, it may be thought that
the process of milling tends to enhance the i-phase formation. How-
ever, further work should be carried out in order to determine the
exact volume fraction of i-phase after milling process. It is also to be
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ig. 10. X-ray diffraction pattern of Al–Cu–Fe alloyed sample prepared by rapid
olidification followed by annealing at 800 ◦C. (a) Before milling, (b) after 5 h milling,
c) after 10 h milling, and (d) after 15 h milling.

oted that, the peaks of the i-phase are broadened with the increase
f the milling time, which is expected due to the mechanical strain-
ng present during the process of milling [35]. A new undefined
hase began to appear after 10 h of milling and this phase contin-
es to increase with further milling but there are not enough lines
o be indexed. However, other routes were used to produce the
cosahedral quasicrystalline phase in AlCuFe through mechanical
lloying and annealing sequence [36], the main phases obtained
ompare well with the present processing sequence.
. Conclusions

MA and subsequent heat treatment of Al86Cr14, led to the forma-
ion of quasicrystalline phase in addition to other two crystalline

[

[

[

Compounds 509 (2011) 2198–2202

phases Al13Cr2 and Al4Cr. On the other hand, MA and subsequent
heat treatment of Al84Fe16, led to the formation of stable Al3Fe and
Al13Fe4 phases, besides the metastable Al6Fe phase. In both com-
positions nanocrystalline powders particle of ≈25 nm and ≈37 nm
size have been obtained for Al86Cr14 and Al84Fe16 respectively.

It is possible to obtain a quasicrystalline phase Al62.5Cu25Fe12.5
(i-phase) by rapid solidification technique under the present con-
ditions, but not as a single phase even after annealing. Instead,
two phases were obtained after annealing (i-phase + � phase). Such
deviation could well be related to slow rate of cooling lead to certain
composition separation. This deviation can be due to some mate-
rial losses during the process of alloy melting. Thermal analysis of
the annealed structure proves its stability up to melting tempera-
ture. Addition milling to rapid solidification structure did not lead
to massive transformation to i-phase.
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