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Abstract. Elemental mixtures of Al, Cu, Fe powders with the nominal composition of
Al70 Cu20 Fe10 were mechanically alloyed in a planetary ball mill for 80 h. Subsequent annealing of
the as-milled powders were performed at 600–800◦ C temperature range for 4 h. Structural characteristics of the mechanically alloyed Al70 Cu20 Fe10 powders with the milling time and the heat treatment
were investigated by X-ray diffraction (XRD), differential scanning calorimeter (DSC) and differential thermal analysis (DTA). Mechanical alloying of the Al70 Cu20 Fe10 did not result in the formation
of icosahedral quasicrystalline phase (i-phase) and a long time milling resulted in the formation of βAl(Cu,Fe) solid solution phase (β-phase). The i-phase was observed only for short-time milled powders after heat treatment above 600◦ C. The β-phase was one of the major phases in the Al70 Cu20 Fe10
alloy. The w-Al7 Cu2 Fe1 phase (w-phase) was obtained only after heat treatment of the short-time
milled and unmilled samples. The present investigation indicated that a suitable technique to obtain a
large amount of quasicrystalline powders is to use a combination of short-time milling and subsequent
annealing.
Keywords. Al–Cu–Fe alloy; quasicrystals; mechanical alloying; heat treatment.
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1. Introduction
Since an icosahedral quasicrystalline phase (i-phase) with a five-fold symmetry was found
in a rapidly solidified Al86 Mn14 alloy [1], studies on the formation, structure and properties of the quasicrystalline (QC) materials have attracted wide attention. The properties
of these materials are different from and often superior to those of conventional polycrystalline materials of the same compositions. Especially, Al-based QC alloys exhibit
many useful properties such as high strength, low electrical and thermal conductivities,
low surface energy, etc. [2]. Processing these materials as thin films, thick coatings, sinters, powders, ribbons and bulk materials with reproducible characteristics, reliable lift
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time and low cost has attracted a lot of interest throughout the world because QC
materials are expected to play an important role in catalytic activity and hydrogen storage. Hence, QC materials offer a new challenge to materials scientists and production
engineers.
QC materials are usually manufactured by rapid or conventional solidification from the
liquid phase. In recent years, it has been reported that QC materials can also be manufactured by mechanical alloying (MA) [3–6]. MA is basically a dry powder processing
technique first developed by Benjamin [7]. In this powder metallurgy process, materials
are produced in powder form, which can be compacted in desired shapes and dimensions
for practical applications. However, this technique has been employed to synthesize both
stable and metastable phases of commercially useful and scientifically interesting materials such as supersaturated solid solutions, QC materials, amorphous and nanocrystalline
alloys [8].
Among all the mechanically alloyed Al–Cu–Fe systems, Al70 Cu20 Fe10 , Al65 Cu20 Fe15
and Al63 Cu25 Fe12 are the most extensively studied, because it is easy to produce them, are
nontoxic and thermally stable and they are resistant to oxidation. In addition, their alloying elements are cheap. However, most of these compositions are restricted to a narrow
range near Al65 Cu20 Fe15 . The investigations on A1–Cu–Fe phase diagram show that an
ideally single QC phase can only be obtained close to this composition [9,10]. Also, it
was found that mechanical alloying of the elemental Al–Cu–Fe powders does not always
result in QC phase formation. Eckert et al [11] have investigated the effect of milling
time on the formation of i-phase in Al65 Cu20 Fe15 alloy, and he could not see QC phase
even after milling for up 374 h. However, Asahi et al [12] obtained QC phase from the
same composition after milling for 15 h. Recently, the QC phase has been synthesized
even in Al70 Cu20 Fe10 by MA. This suggests that QC phase formation domain can be
extended by MA. Calvayrac et al [13] have reported that in Al–Cu–Fe phase diagram the
Al70 Cu20 Fe10 composition is close to equilibrium tetragonal Al7 Cu2 Fe phase (w-phase).
Barua et al [14] synthesized a QC phase in Al70 Cu20 Fe10 after milling for 30 h. Murty
et al [15] have reported that MA of Al70 Cu20 Fe10 up to 40 h has lead to the formation
of an almost single i-phase and after 60 h of milling the i-phase completely transformed
to the β-Al(Cu,Fe) phase (β-phase). Yin et al [16] have recently reported that QC phase
did not form directly in Al70 Cu20 Fe10 powders milled for up to 40 h. However, Murty
et al [15] have also reported that 20 h of milling directly introduces the formation of
i-phase for Al65 Cu20 Fe15 powders, and continuous milling up to 40 h led to the dissolution of i-phase into a single β-phase. On the other hand, Yong et al [17] have showed that
for Al65 Cu20 Fe15 powder mixture, the i-phase did not form directly from the milling process, and i-phase was formed only after heat treatment. Therefore, by comparing previous
literature, it can be inferred that, with low milling intensity and without any process controlling agent, a QC phase forms directly, while high intensity milling conditions or milling
for too long results in the formation of crystalline β-phase. Thus, it is necessary to have
good control over the process parameters such as milling intensity, process control agent,
grinding media etc. Besides the MA technique, some works on mechanical milling (MM)
have been done to study the phase stability in Al–Cu–Fe system. Mukhophadhyay et al
[18–20] have reported that QC phase transforms nano QC and then nano B2 phase along
with amorphous phases during MM. The effects of the MA process and thermal treatment
on the formation of QC phases in Al70 Cu20 Fe10 alloy were studied in the present work using
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a combination of X-ray diffractometry (XRD), differential scanning calorimeter (DSC) and
differential thermal analysis (DTA).

2. Experimental methods
In the present study, ternary Al–Cu–Fe powder alloy with the nominal composition of
Al70 Cu20 Fe10 was mechanically alloyed in a planetary ball mill (Fritsch Pulverisette 5).
The composition was nominally expressed in atomic per cent. The average particle size
was less than 100 μm. The powders were mixed and sealed under argon atmosphere in
a 250 ml cylindrical stainless steel container together with 9–12 mm diameter stainless
steel balls. During MA, stearic acid (1% mass) was used to reduce the adhering of ductile
metals to the milling medium such as vial wall and milling balls. The powders (99% purity)
were milled at a ball-to-powder mass ratio of 10 : 1. The MA was performed at a speed
of 300 rpm in intervals of 20 min milling and 20 min rest to prevent the mixture from
overheating. To avoid oxidation, the vial was not opened during MA. The milled powders
were annealed at 600–800◦ C for 4 h in vacuum. The structural evolution of the as-milled
and heat-treated powders were characterized by X-ray diffraction (XRD) using a Philips
X‘Pert PRO diffractometer with CuKα radiation (λ = 0.154 nm). Thermal behaviour of the
milled powders was analysed by differential scanning calorimeter (DSC) using a PerkinElmer’s Sapphire DSC and differential thermal analysis (DTA) using a Perkin–Elmer’s
Diamond TG/DTA thermal analyser at 20◦ C min−1 heating rate under flowing nitrogen
atmosphere.

3. Results and discussion
Figure 1 shows the XRD spectra as a function of milling time for Al70 Cu20 Fe10 powders. In
the early stage of processing, XRD pattern exhibited initial crystalline peaks, corresponding
to the elemental Al, Cu and Fe phases. By increasing the milling time, the peak intensity
of the initial phases decreased and the peak became broader. This change seems to result
from the refinement of the crystal grain size. However, after 5 h of milling, a θ -Al2 Cu
phase (θ -phase) was observed with a weak peak intensity and this θ -phase was disappeared
after milling for 40 h. This indicated that θ -phase was formed only in short-time milling.
After 10 h of milling, the XRD pattern showed the presence of cubic β-Al(Fe,Cu) solid
solution phase (β-phase). At this stage, the peak from elemental Fe was still observed with
a high intensity, suggesting that dissolution was slower for Fe during MA than for Al and
Cu, possibly due to the lower diffusivity and lower solubility of Fe in Al. After 40 h of
milling, the XRD pattern showed an increase in the intensity of β-phase associated with
dissolution of the other phases. On further milling up to 80 h, no significant change has
been observed in the XRD pattern. Thus, at the end of 80 h of milling, the XRD pattern
showed only single β-phase. This indicates that the β-phase is the stable phase for this
composition under the milling conditions. It is clearly seen that i-phase was not formed
in the mechanically alloyed Al70 Cu20 Fe10 powders. Yin et al [16] have reported similar
results for the Al70 Cu20 Fe10 powders. They have reported that QC phase did not form
directly in the mechanically alloyed Al70 Cu20 Fe10 powders milled for up to 40 h. However,
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Figure 1. XRD patterns as a function of milling time for Al70 Cu20 Fe10 powders.

the presence of β-phase in Al70 Cu20 Fe10 alloy suggested that the composition of this alloy
is outside the i-phase field. This is supported by the earlier reports by Tsai et al [21,22]
and Faudot et al [23]. On the other hand, the main peak position of the β-phase decreases
systematically from 44.80◦ to 43.70◦ by increasing the milling time from 10 to 80 h. This
suggests a change in its composition. Also, it should be mentioned that this shift of the β(1 1 0) peak towards lower 2θ angle side with increase in milling time indicates an increase
in lattice parameter of the β-phase. As seen from figure 2, the lattice parameter of βphase increases with milling time. It was found that the lattice parameter varried for 2.86
to 2.93 Å during different stages of milling from 5 to 80 h. Moreover, as seen in figure 1,
for an increase in milling time from 5 to 80 h, the peak broadening was seen due to the
refinement of crystallite size and internal lattice strain. Thus, the crystallite size and the lattice strain values were calculated using Scherrer’s [24] and Stokes–Wilson’s [25] formulas.
Figure 3 shows the variation in the crystallite size and lattice strain of the (1 1 0) peak for
the β-phase as a function of milling time. The values were not corrected for instrumental
and strain broadening. So, the crystallite size values may be underestimated. The results
showed that the crystallite size increases and the lattice strain decreases with the increasing
milling time. These results are in agreement with other results [26–29].
The mechanochemical interaction in mechanically alloyed Al70 Cu20 Fe10 powders can be
expressed by the following equation:
Al + Cu + Fe → θ -Al2 Cu phase + β-Al(Fe,Cu)phase
→ β-Al(Fe,Cu)phase.
Figure 4 shows the XRD patterns as a function of milling time for Al70 Cu20 Fe10 powders
after subsequently annealing for 4 h at different temperatures. At an annealing temperature
738
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Figure 2. The variation in lattice parameter of the β-phase as a function of milling
time.

Figure 3. The variation in crystallite size and lattice strain of the β-phase as a function
of milling time.
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Figure 4. XRD patterns of Al70 Cu20 Fe10 powders annealed for 4 h at: (a) 600◦ C,
(b) 700◦ C and (c) 800◦ C.

of 600 ◦ C, the unmilled powders transformed into w-Al7 Cu2 Fe1 phases (w-phase), in which
more than 10 diffraction peaks completely match with the JCPDS card [30] (figure 4a). At
this stage, elemental Al and Fe peaks were also observed. However, XRD patterns of the
740
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Figure 4. Continued.

Figure 5. Long range parameter of the β-phase after 10 h of milling as a function of
temperature.
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Figure 6. DSC traces of Al70 Cu20 Fe10 powders at a continuous heating rate of
20◦ C min−1 .

powder annealed after 5 and 10 h of milling showed the presence of i-phase together with
w-phase. The powders annealed after 10 h of milling showed also the presence of β-phase,
and at this stage of processing, the intensity of w-phase decreased. The w-phase completely
disappeared after annealing of 20 h milled powders. The XRD pattern of the annealed
sample after 30 h milling consisted of a majority of β-phase and no i-phase was observed
in this case. This suggests that i-phase forms only for short-time milled and subsequently
annealed powders of Al70 Cu20 Fe10 alloy. Similar results were obtained for Al65 Cu20 Fe15
powders by Yong et al [17] and of Al70 Cu20 Fe10 powders by Barua et al [14]. However, the
XRD patterns of the powders milled for 60 and 80 h consisted of β-phase and λ-Al13 Fe4
phase (λ-phase) after heat treated at 600◦ C. This implies that the λ-phase forms after longer
time of milling and subsequent annealing of this alloy composition.
The XRD result for the unmilled powders annealed at 700◦ C is quite similar to those
of the unmilled powders annealed at 600◦ C. No significant difference even in the peak
intensities was observed in both cases. However, the highest concentration of i-phase was
observed in the powder heated at 700◦ C after 5 and 10 h of milling (figure 4b). The intensity
of the i-phase significantly decreased after 20 h of milling, and the i-phase completely
disappeared in the powder milled for 30 h after annealing. The XRD pattern of the annealed
sample after 5 h of milling also showed the presence of β-phase. Although the w-phase
was observed in the powders annealed at 600◦ C after 5 and 10 h of milling, it was not
observed in the powders annealed at 700◦ C after 5 and 10 h of milling. However, XRD
patterns of the powders milled for 30, 60 and 80 h showed a series of λ-phase and β-phase
after annealing.
742

Pramana – J. Phys., Vol. 77, No. 4, October 2011

Structural evolutions of the mechanically alloyed Al70 Cu20 Fe10 powders

Figure 7. XRD patterns from the sample after heating to and rapidly quenched from
the different temperatures: (a) unmilled powder, (b) as-milled powders.
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Figure 8. DTA curves obtained during heating from 200 to 1200◦ C at a heating rate of
20◦ C min−1 for Al70 Cu20 Fe10 powders after different milling times.

At an annealing temperature of 800◦ C, XRD result of the unmilled powders showed the
presence of w-phase which is similar to those of the unmilled powders annealed at 600 and
700◦ C. However, after 5 and 10 h of milling, the XRD patterns showed i-phase together
with β-phase. In this case the w-phase was not observed. This indicates that the w-phase
forms only in the unmilled powders after annealing and/or at low-temperature annealing
after shorter time of milling (annealing at 600◦ C after 5 and 10 h of milling). This is supported by the earlier reports of Barua et al [14], Yin et al [16] and Yong et al [17]. However,
XRD patterns of the powders annealed at 800◦ C after 20, 30, 60 and 80 h of milling showed
a series of λ-phases, and the intensity of the λ-phase increased with increasing milling time
from 20 to 80 h. This suggests that the highest concentration of λ-phase forms at longertime milling after high-temperature annealing (80 h milling after annealing at 800◦ C in the
present case). However, the formation of the λ-phase appears to follow by a polymorphic
transformation of β-phase. On the other hand, in this investigation no i-phase was observed
by annealing the unmilled powder at 600, 700 and 800◦ C. Therefore, we can safely say that
the MA enhances the rate of the i-phase formation. However, Yong et al [17] have observed
the i-phase for Al65 Cu20 Fe15 by annealing the unmilled powders at 700 and 800◦ C. This
could be due to the difference in the nominal composition of the alloy studied. The present
investigation also shows that MA assisted by heat treatment can be an effective route for
the i-phase formation, as it is not formed directly by MA even after a long duration of
milling (80 h in the present case). The present investigation indicates that a suitable technique to obtain a large amount of QC powders is to use a combination of short-time milling
and subsequent annealing. Moreover, during annealing (600–800◦ C), the β-phase exists to
be an ordered phase. To understand the degree of ordering in β-phase, long-range order
744
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parameter (S) was calculated using the equation given by Mukhopadhyay et al [19].
Figure 5 shows the long-range order parameter of β-phase after 10 h of milling at different annealing temperatures. It is found that the degree of ordering increased form 0.5
in the as-milled state to 0.9, 1.04 and 1.11 after annealing at 600, 700 and 800◦ C for 4 h,
respectively.
Figure 6 shows typical DSC traces obtained during continuous heating of Al70 Cu20 Fe10
powders, as-received and after different milling durations. The DSC trace of the unmilled
powders exhibited a big exothermic peak at around 615◦ C, a small exothermic peak around
595◦ C and a small endothermic peak around 600◦ C. However, the DSC traces of the
powders after 5, 10 and 20 h of milling showed a series of exothermic effects at around
300–500◦ C, and these exothermic effects disappeared after 30 h of milling. To determine
the crystallization products, the milled and unmilled powders were annealed at temperatures 465 and 620◦ C, respectively, corresponding to the end temperatures of the exothermic
effects in figure 6, and then cooled rapidly to freeze the microstructure for subsequent
XRD analysis. XRD patterns from the powders heated to these temperatures are shown in
figure 7. For the unmilled powders, a majority of w-phase with a small amount of θ -phase
were detected after heating to 620◦ C. The pseudobinary Al3 Fe–Al2 Cu phase diagram indicates the existence of a eutectic reaction between θ -phase and w-phase at 584◦ C, where the
melting temperature of θ -phase is 591◦ C [23]. This indicates that during heating to 620◦ C,
the θ -phase may form first from elemental Al and Cu by solid diffusion before its melting
temperature is reached and then it starts melting. Finally, w-phase forms from this liquid,
resulting in a big exothermic peak at around 615◦ C. Thus, it is clear that the exothermic
peak at around 615◦ C corresponds to the formation of w-phase. This is also supported
by XRD results, where the unmilled powders heated to 620◦ C have transformed predominantly to w-phase as seen in figure 7a. Similar results have been reported by Yong et al
[17] for the mechanically alloyed Al65 Cu20 Fe15 powders. On the other hand, XRD traces
of 5 and 10 h milled powders after heating to 465◦ C, showed the w- and θ -phases. This
clearly indicates that the exothermic peaks around 300–500◦ C in figure 6, corresponds to
the w-phase formed through solid-state diffusion during heating, whereas the θ -phase was
formed during mechanical alloying. However, at an annealing temperature of 465◦ C, XRD
results of the 30–80 h milled powders consisted of a majority of β-phase, which is similar
to XRD traces of the as-milled (30–80 h) powders, as seen in figure 1. This is consistent
with the DSC results, since DSC traces of the 30–80 h of milling powders have shown no
exothermic peak.
DTA curves obtained during continuous heating from 200 to 1200◦ C with the heating
rate of 20◦ C min−1 for Al70 Cu20 Fe10 powders, after different milling time are shown in
figure 8. DTA results showed a good agreement with the DSC results at low temperature (< 600◦ C). Although at high temperature (> 600◦ C) DTA results of the milled powders
showed three to four reactions, they differ considerably from one to another. This difference can be due to the inhomogeneity of the powders and to the strain induced during
mechanical alloying. On the other hand, the DTA trace of the unmilled powders showed a
clear endothermic peak at around 750◦ C. The pseudobinary Al3 Fe–Al2 Cu phase diagram
indicates the melting temperature of w-phase to be 740◦ C [23]. Thus, it is clear that the
endothermic peak at around 750◦ C corresponds to the melting of the w-phase. However,
if we combine the DTA results with the XRD results, as-milled powders can be divided
into two classes based on the peak present in the DTA traces. DTA traces of the powders
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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milled for shorter time (5, 10 and 20 h) consisted of two or three exothermic peaks around
300–500◦ C, corresponding to the formation of w-phase (as explained above). DTA results
of these powders also consisted of two or three exothermic peaks around 600–800◦ C. The
XRD results of these powders annealed at 600–800◦ C (figure 4) showed the presence of
i-phase together with β-phase. Therefore, this is an indication that the exothermic peaks
around 600–800◦ C corresponds to the formation of i-phase.
DTA traces of the powders milled for longer time (30–80 h) consisted of two to four
exothermic peaks at temperatures higher than 800◦ C. The XRD results of these powders
annealed at 700–800◦ C for 4 h (figure 4) showed the presence of β- and λ-phases. Therefore, this is an indication that the exothermic peaks at temperatures higher than 800◦ C
correspond to the formation of λ-phase. However, the transformation of the mechanically
alloyed Al70 Cu20 Fe10 powders during continuous heating follows a complicated path, and
further work is needed to provide a detailed explanation.
4. Conclusions
The formation of quasicrystalline i-phase in Al70 Cu20 Fe10 by MA has been investigated
and the following conclusions were drawn from the present investigation. Quasicrystalline
i-phase did not form directly by milling, but only after additional annealing at elevated
temperatures. Long time milling resulted in the formation of β-phase, while short time
milling resulted in the formation of θ -phase. The i-phase has always been associated with
β-Al(Cu,Fe) phase, suggesting that the composition studied is outside the single-phase
field of the former. The w-phase formed in shorter-time of milling after low-temperature
annealing and un-milled powders after annealing. DSC results of the short-time milled
powders consisting of a series of exothermic effects around 300–500◦ C, correspond to the
formation of w-phase. However, DSC results of the long-time milled powders have shown
no exothermic peak. DTA results were very similar to the DSC results at low temperature
(< 600◦ C). However at high temperature (> 600◦ C), the DTA results showed three to four
reactions depending on the thermal history of each specimen in this experimental range.
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