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Al73Cu11Cr16 alloys were prepared by mechanical alloying of the irradiated by Ar+ ions elemental powders.
Evolution of alloy structure at ball milling, as well as during the further annealing, was investigated using X-ray
di�raction and di�erential scanning calorimetry. It was shown that ball milling leads to the Cu dissolution in Al
and Cr and to the formation of Al2Cu intermetallic phase. An increase of the milling duration leads to an increase
of the Al2Cu phase content in the samples. Ion irradiation of initial elemental powders results in an increase of
their interaction rate at milling. In the case of irradiated powders using as initial materials, a content of Al2Cu
phase after milling is higher than in the case of using non-irradiated elemental powders. No e�ect of irradiation
of initial elemental powders on the phase transformation at heating was observed. The annealing results in the
decomposition of Al- and Cr-based supersaturated solid solutions. An increase in the Al2Cu phase content at
heating was observed only in the samples, which were milled for 4 h. In the samples milled for 14 h, nearly no
increase in Al2Cu phase content at heating was observed. Heating up to 500�600 ◦C results in the single-phase
decagonal quasicrystalline phase formation for all of the studied samples.
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1. Introduction

The peculiarities of quasicrystals, such as a combina-
tion of high hardness with high antifriction properties,
allow us to consider them as promising materials for in-
dustrial application [1�3]. However, there are some ob-
stacles to the widespread use of quasicrystals as the struc-
tural materials. Quasicrystals usually have a narrow (no
more than 1�2 at.% for each component) concentration
range of existence, and complex process of crystallization
from the melt, which hampers the use of classic metal-
lurgical techniques for quasicrystal formation. To over-
come the above-mentioned di�culties, alternative meth-
ods of alloys preparation, such as mechanical alloying,
can be used. It is known that mechanical alloying al-
lows one to extend the concentration range of existence
of phases [4, 5]. This is of particular importance in the
case of intermetallic compounds, including quasicrystals.
Moreover, at mechanical alloying, all reactions proceed
in the solid state. This helps to overcome the problems,
which are associated with complex behavior of solidi�ca-
tion during conventional casting.
The formation of quasicrystals both directly by me-

chanical alloying and by heating of mechanically alloyed
powders has been widely reported [6�16]. The quasicrys-
tals are considered as promising �llers for polymer [17�19]
and metal [19-22] matrixes to design wear-resistive an-
tifriction composites. The quasicrystals of most studied
Al-Cu-Fe system, however, possess some drawbacks, such
as a high chemical activity, and, correspondingly, a low
corrosion resistance [23, 24]. That is why the investiga-
tion of the quasicrystals of the relative systems, such as
Al-Cu-Cr, may be of particular interest.

In our previous papers, the phase transformations in
Al-Cu-Cr system at mechanical alloying and subsequent
heating were studied. A possibility of decagonal qua-
sicrystalline phase formation by mechanical alloying and
subsequent heating was shown [25, 26]. The phase trans-
formations at heating of mechanically alloyed powders
were studied in detail in [27, 28]. Here, we investigate an
e�ect of ion irradiation of initial elemental powders on
the mechanical alloying of Al73Cu11Cr16 powder.

2. Experimental details

The elemental powders of Al (98.0%, powder size
≈ 250 µm), Cu (99.5%, ≈ 30�50 µm) and Cr (98.5%,
≈ 30�50 µm) were used as the start materials. The ion
irradiation of elemental powders was carried out by con-
tinuous Ar+ gas ion beams according to technique de-
scribed in [29]. The tape ion beam (20 by 100 mm2 in
cross-section) was cut from Ar+ gas ion beams of round
cross-section using a collimator. Stainless steel tray with
the powder was moved under the ion beam with a veloc-
ity of 1 cm/s. The thickness of the irradiated powder was
close to an average size of its particles. The irradiation
parameters were as follows: the ion energy was 20 keV,
the ion current density was 150 µA/cm2; the number of
passes under the beam was 50 times, which corresponded
to the irradiation dose of 6 × 1016 cm−2; and the maxi-
mum temperature of heating by ion beam was no more
than 100 ◦C.
Mechanical alloying was carried out in the Ar at-

mosphere using an AGO-2M ball mill at a rotational
frequency of 620 rpm and centrifugal acceleration of
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210 m/s2. The duration of milling was 4, 8, and 14 h.
The powder-to-ball ratio was 1:10; 200 g of balls (ball
bearing steel) were charged in each vial (hardened steel)
with a �lling ratio of 35�40%. The 0.2 ml of ethyl alcohol
served as a process control agent preventing adhesion of
mixtures on the work surfaces.
The di�erential scanning calorimetry (DSC) curves

were measured using a SETARAM LABSYS by heating
of the powder samples in Al containers with a rate of 20
K/min in argon atmosphere; the same setup was used for
annealing of samples. The X-ray di�raction (XRD) data
were obtained with Co Kα radiation and treated using
the Rietveld algorithm [30]. Error in lattice constant es-
timation was of ±0.0001 nm. The QC volume fraction
was evaluated by measuring the absolute intensity of al-
most single-phase quasicrystal obtained in [28] against
the corundum reference.

3. Results and discussion

Figure 1 shows the X-ray di�ractograms of powders,
which were obtained by mechanical alloying from the ir-
radiated elemental powders. It is seen that the inter-
action between aluminum and copper with Al2Cu phase
formation proceeds at mechanical alloying, as well as it
was observed at mechanical alloying of the same com-
position from non-irradiated elemental powders [28]. No
XRD patterns related to pure Cu phase were observed
after the milling.

Fig. 1. X-ray di�raction patterns of samples prepared
from irradiated powders by milling for 4 (a), 8 (b) and
14 (c) h.

Figure 2 shows the dependences of Al2Cu phase con-
tent on the milling time for the samples, which were ob-
tained from the irradiated and non-irradiated elemental
powders. An increase in the milling time leads to an in-
crease in the Al2Cu phase content; for samples, which
were mechanically alloyed from irradiated powders, the
Al2Cu phase content was higher than for those mechan-
ically alloyed from the non-irradiated powders.
Figure 3 shows the DSC curves for the mechanically al-

loyed samples. The curves are close in the shape to those
obtained in [28] for the samples, which were mechanically

Fig. 2. Dependences of Al2Cu phase content on milling
time for samples prepared from non-irradiated (1) and
irradiated (2) elemental powders.

alloyed under similar conditions from the non-irradiated
elemental powders. Large exothermal peak was observed
in the temperature range of 370�430 ◦C. This peak cor-
responds to the solid state phase transformation in sam-
ples. Increase in milling time results in the decrease in
the temperature of this peak, it means that for long-time
milled samples phase transformations at heating proceeds
at lower temperatures. Besides of this large peak, some
small exothermal e�ects also occur in the DSC curves,
nature of these small peaks is not clear.

Fig. 3. DSC curves for prepared from irradiated pow-
ders by milling for 4 (a), 8 (b) and 14 (c) h.

The endothermal e�ects at the temperatures above
800 ◦C correspond to the decomposition of decagonal qua-
sicrystalline phase. The most intensive transformation at
heating started at 900 ◦C (for the samples milled for 8 h)
and at 920 ◦C (for the samples milled for 14 h); probably,
these e�ects are associated with the peritectic transfor-
mation.
Figure 4 shows the typical evolution of XRD patterns

of the samples, which were mechanically alloyed from the
irradiated powders, after annealing for 1 h at various tem-
peratures. It is seen that the phase transformation pro-
ceeds intensively up to a temperature of 550 ◦C, whereas
in the temperature range of 550�900 ◦C, no noticeable
changes in the XRD pattern shape were observed.
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Fig. 4. Temperature evolution of X-ray di�raction pat-
terns of samples prepared from irradiated powders by
milling for 14 h. Peaks related to the decagonal qua-
sicrystalline phase are indicted by arrows.

Fig. 5. Dependences of Al phase content on annealing
temperature for samples prepared from non-irradiated
(1 and 3) and irradiated (2 and 4) elemental powders
by milling for 4 (1 and 2) and 14 (3 and 4) h.

Figure 5 shows the dependences of the content of the
phase with fcc lattice (as it is shown below, it is the Al-
based solid solution) on the annealing temperature. The
annealing leads to a decrease in the Al-based phase con-
tent; for the samples, which were milled for a longer time,
an amount of this phase decreases more intensive, and for
such samples this phase disappears at lower temperatures
than for the samples with lower milling duration.

Fig. 6. Dependences of Cr phase content on annealing
temperature for samples prepared from non-irradiated
(1 and 3) and irradiated (2 and 4) elemental powders
by milling for 4 (1 and 2) and 14 (3 and 4) h.

Similar dependences (Fig. 6) were observed for the
phase with bcc lattice, which is a Cr-based solid solu-
tion. It should be noted that the Cr-based phase is more
stable than the Al-based phase: a certain amount of Cr-
based phase was kept up to rather high temperature.
Figure 7 shows the dependences of the content of

Al2Cu phase on the annealing temperature. For the sam-
ples, which were mechanically alloyed for 4 h, a signi�cant
increase in the Al2Cu phase content on the initial stage
of annealing was observed. For the samples, which were
milled for 14 h, no signi�cant increase in this phase con-
tent at annealing was observed, which can be associated
with a high-rate formation of decagonal quasicrystalline
phase at annealing of the samples, which were milled for
a longer time.

Fig. 7. Dependences of Al2Cu phase content on an-
nealing temperature for samples prepared from non-
irradiated (1 and 3) and irradiated (2 and 4) elemental
powders by milling for 4 (1 and 2) and 14 (3 and 4) h.

A signi�cant (more than twice) increase in the Al2Cu
phase content at annealing, which was observed for the
samples milled for 4 h, was unexpected, because no resid-
ual copper was found in the mechanically alloyed sam-
ples by XRD. According to the equilibrium phase dia-
gram [31], the Al2Cu phase has a narrow concentration
range of existence; an addition of chromium to the Al-
Cu system did not noticeably extend this range [32]. Ac-
cording to [33], the lattice constants of Al2Cu phase in-
crease with increasing aluminium content in the phase
from a = 0.60613 nm and c = 0.48724 nm at the alu-
minium content of 66.4 at.% to a = 0.60718 nm and c =
0.48802 nm at the aluminium content of 68.0 at.%. In our
case, Al2Cu phase lattice constants for as-milled samples
are a = 0.6067 nm and c = 0.4886 nm; these values were
equal for samples, which were prepared from irradiated
and non-irradiated elemental powders. After annealing
at 430 ◦C, the lattice constants were a = 0.6061 nm and
c = 0.4879 nm both for samples, which were prepared
from irradiated and non-irradiated elemental powders. It
is seen that the Al2Cu phase lattice constants decrease
at annealing. According to [33], this corresponds to a de-
crease of the aluminium content in the phase. Moreover,
the changes in the lattice constants at annealing corre-
spond to the deviation of chemical composition of Al2Cu
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phase within the concentration range of their existence
according to the equilibrium phase diagram [31, 33]. The
results of lattice constant values analysis exclude a possi-
bility to increase the Al2Cu phase content at heating by
the dissolution of aluminium in this phase.
An increase in the Al2Cu phase content at the an-

nealing can be explained by the dissolution of copper in
chromium and aluminium at mechanical alloying. The
equilibrium solubility of copper in chromium and alu-
minium is insigni�cant; however, it is known that me-
chanical alloying can result in the formation of signi�-
cantly supersaturated solid solutions [34]. The highest
solubility of copper in aluminium at mechanical alloying
is of 5.6 at.% [34]; and the highest solubility of copper in
chromium at mechanical alloying is up to 30 at.% [35].
Figure 8 shows the dependences of lattice constants

of Al- and Cr-based phases for as-milled samples on the
milling time. These values were nearly the same for the
samples, which were obtained from the irradiated and
non-irradiated elemental powders. The lattice constant
of Al-based phase decreased with increasing milling time,
whereas the lattice constant of Cr-based phase increased
with increasing milling time. According to [35, 36], such
changes in the lattice constants correspond to an increase
in copper content of Al and Cr.

Fig. 8. Dependences of Al (1) and Cr (2) phases lattice
constant for samples prepared from irradiated elemental
powders, on milling time.

The solubility of copper in Al and Cr can be estimated
from the lattice constant. For the samples milled for
4 h, the lattice constant of Al-based phase is 0.4029 nm
and the lattice constant of Cr-based phase is 0.2888 nm.
These values are the same for the samples obtained from
the irradiated and non-irradiated elemental powders. Us-
ing the linear dependence of lattice constant of Al-based
solid solution on the copper content [36], (assuming that
no other impurities are present in the solution), in our
case the solubility of copper in Al was estimated at
2.5 at.%. Similarly, comparing the Cr-based phase lat-
tice constant with the data obtained in [35], we can pro-
pose that the Cr-based phase contains up to 25 at.% cop-
per. Comparing these data with the results of quantita-
tive phase analysis, we calculate that the Al-based solid

solution contains about 15 at.% of the total amount of
copper in the sample. Similarly, Cr-based solid solution
contains of about 40 at.% of the total amount of copper
in the sample. Thus, about 55% of copper atoms can
locate in the Al- and Cr-based solid solutions in the sam-
ples milled for 4 h. Such amount is enough to provide a
signi�cant increase in Al2Cu phase content at annealing
(Fig. 7a).

Our conclusions can be supported by the fact that an-
nealing up to 430 ◦C results in an increase of Al-based
phase lattice constant to 0.4053 nm, whereas Cr-based
phase lattice constant decreases to 0.2882 nm. The lat-
tice constants of Al- and Cr-based solid solutions for the
annealed samples are close to the values for pure metals
(0.4050 and 0.2885 nm, respectively [37]). This supports
our conclusion that annealing leads to the decomposition
of solid solutions with the transition of copper atoms to
the Al2Cu intermetallic phase.

From the temperature dependences of Al2Cu phase
content (Fig. 7), it is seen that the e�ect of ion irra-
diation is compensated by the heating of samples. A
comparison of curves 1 and 2 (Fig. 7) shows that, for as-
milled samples, an amount of Al2Cu phase is higher for
the samples, which were prepared from the irradiated el-
emental powders (see also Fig. 2), whereas, at heating, a
di�erence in the Al2Cu phase content between the sam-
ples obtained from irradiated and non-irradiated powders
gradually decreases and, then, vanishes.

The absence of irradiation e�ect on the phase trans-
formation at heating can be con�rmed also by the tem-
perature dependences of the decagonal quasicrystalline
phase content in samples (Fig. 9). The dependences for
the samples, which were prepared from the irradiated
and non-irradiated powders, almost coincide. The rate of
single-phase quasicrystalline structure formation depends
only on the mechanical alloying duration; an increase in
the milling time leads to a decrease in the temperatures
of both quasicrystalline phase formation and completion
of single-phase quasicrystalline structure formation.

Fig. 9. Dependences of QC phase content on annealing
temperature for samples prepared from non-irradiated
(2 and 4) elemental powders by milling for 4 (1 and 2)
and 14 (3 and 4) h.
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4. Conclusions

The formation of Al73Cu11Cr16 single-phase decagonal
quasicrystalline alloy by mechanical alloying with sub-
sequent annealing was investigated. It was shown that
both solution of copper in aluminium and chromium and
Al2Cu intermetallic phase formation proceed during ball
milling. An increase in the milling time leads to an in-
crease of Al2Cu content in the as-milled samples. The
ion irradiation of initial elemental leads to an increase
in the component interaction rate at milling; the con-
tent of Al2Cu is slightly higher in samples, which were
obtained from the irradiated powders. No e�ect of the
irradiation on the phase transformations at heating was
observed. An increase in the milling time leads to a de-
crease in the temperatures of both quasicrystalline phase
formation and completion of single-phase quasicrystalline
structure formation. The annealing at the temperatures
of 500�600 ◦C leads to the formation of completely single-
phase quasicrystalline structure.
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