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Abstract: Mechanical alloying is a powder processing technique used to process materials farther
from equilibrium state. This technique is mainly used to process difficult-to-alloy materials in which
the solid solubility is limited and to process materials where nonequilibrium phases cannot be
produced at room temperature through conventional processing techniques. This work deals with
the microstructural properties of the Al-20 at. % Cu alloy prepared by high-energy ball milling
of elemental aluminum and copper powders. The ball milling of powders was carried out in a
planetary mill in order to obtain a nanostructured Al-20 at. % Cu alloy. The obtained powders were
characterized using scanning electron microscopy (SEM), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). The structural modifications at different stages of the ball milling are
investigated with X-ray diffraction. Several microstructure parameters such as the crystallite sizes,
microstrains and lattice parameters are determined.
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1. Introduction

Mechanical alloying (MA) is considered a powerful technique as it can facilitate true alloying
materials. In general, both stable and metastable phases can be produced by ball milling [1–6].
Solid-state reactions induced by high-energy ball milling have recently attracted a large amount of
research work [7,8]. This is because the high-energy ball milling approach has been recognized as a
complex process which can be applied to the processing of advanced materials at low cost. Among
these, mechanical alloying (MA) has often been reported to be a powerful and relatively simple
technique that allows for the preparation of nanostructured alloys [8]. It is commonly known that
during MA, powders undergo a severe plastic deformation, which introduces a number of defects
into the material, and it is worth noting that this causes a gradual change in the state of the powder
mixtures and hence their properties [8,9]. Further, Eckert et al. [10] found that the final grain size
is determined by the competition between the deformation produced by a milling process, and the
dynamic recovery in the milled material. On the other hand, it has been suggested that the stacking
fault energy (SFE) has a strong influence on the evolution of the dislocation structure, which precedes
and results in the nanocrystalline structure formation [11].

The Al-Cu system is an example of a binary system with a low solid miscibility at room temperature
(a miscibility of approximately 0.1 at. % [12]). According to the phase diagram, the solubility of Cu in Al is
about 1 at. % near 350 ˝C and reaches a maximal value (about 2.5 at. %) at 548 ˝C [13]. However, by means
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of MA, Al-Cu solid solutions can be obtained. At these temperatures, the solid solution is in equilibrium
with the chemical compound Al2Cu. In general, the mechanical strengthening of Al metal was usually
achieved by the impurity doping of 0.5%–4% Cu [14,15]. Further studies on Al-Cu have reported
that θ-Al2Cu is the first nucleus intermetallic compound [16]. Premkumar et al. [15] added that this
intermetallic becomes γ-Al4Cu9 or η-AlCu as the purity of the Cu wire increases. Generally, depending
on the thermodynamics, the diffusion couples of Al-Cu can be produced in several intermediate phases
and in many ways. Earlier studies reported by Li et al. [17] and by Chattopadhyay [18] have indicated
that mechanical alloying yields a metastable bcc solid solution in the composition range of Al-35
to 65 at. % Cu. Moreover, Murray indicated that the maximum solid solubility of copper in Al by
mechanical alloying is estimated to be 2.7 at. % Cu, which is larger than the solubility of 0.1 at. % Cu in
the equilibrium state at room temperature. In the present work, we are interested the compound Al-20
at. % Cu prepared by the mechanical milling technique. The microstructure changes as a function of
milling time were investigated by means of X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Furthermore, special attention will be paid to thermal stability by using differential scanning
calorimetry (DSC).

2. Materials and Methods

Al (99.5% purity, mean particle size <50 µm, 325 mesh) and Cu (99.95% purity, mean particle size
<40 µm, 200 mesh) elemental powders were used as starting materials. The initial powders with the
nominal compositions of Al-20 at. %Cu were milled up to 20 h using a planetary ball mill (Pulverisette
P7, Fritsch, Industriestraße 8, Idar-Oberstein, Germany) under argon atmosphere. The ball-to-powder
weight ratio was maintained as 1:5. The milling was repeated for different milling times (2 h, 4 h, 6 h,
10 h, 16 h, and 20 h) at 600 rpm. To avoid the local temperature rise inside the vials during milling,
each 10 min of milling was followed by a pause of 5 min. The structural changes of the milled samples
were investigated by X-ray diffraction (XRD) by means of a Bruker D8 Advance diffractometer (Bruker
D8; Manning Park Billerica, MA, USA) in a (2θ) geometry using Cu-Kα radiation (λαCu = 0.15406 nm).
The XRD data was collected at a slow scan rate of 0.016˝/4 s. The microstructural parameters were
taken out from the refinement of the XRD patterns by using the MAUD program [19] which is based
on the Rietveld method. The evolution of the particle morphology during MA was carried out by
means of a scanning electron microscope (SEM) (DSM960A ZEISS, Norman, OK, USA) with energy
dispersive X-ray microanalysis (EDX, Norman, OK, USA). Thermal analyses were performed by means
of differential scanning calorimetry (DSC, DSC822 apparatus of Mettler Toledo; Columbus, OH, USA)
instrument with a heating rate of 20 ˝C/min up to 700 ˝C under constant Ar flow.

3. Results and Discussion

3.1. X-ray Diffraction

Evidence of the continuous refinement of the microstructure and the introduction of several
structural defects (grain boundaries, dislocations, vacancies, stacking faults, etc.), with increasing
milling time, was provided by the decrease of the diffraction peak intensities and their broadening.
The disappearance and/or the appearance of some peaks can be assigned to the mixing of the elemental
powders and, therefore, to the formation of new phases [8].

Figure 1 presents the XRD patterns of the powders milled for various milling times. The unmilled
sample exhibits a pattern consistent with the structure of fcc-Al (space group Fm3m; a0 = 0.4046(4) nm)
and fcc-Cu (space group Fm3m; a0 = 0.3611(4) nm) precursors. As shown in Figure 1, after 2 h milling,
the peaks specific to the Al and Cu diffraction peak profiles became asymmetric and started to broaden
and no significant mechano-reaction occurred during this initial period of milling. However, after
4 h milling, one can see the decrease of the main Cu diffraction peak and the appearance of new ones
for 2θ ~43.98; 64.14; 80.96 and 97.40˝. These peaks can be indexed as nonequilibrium body-centered
cubic (bcc) phase with space group Immm and lattice parameters a0 = 0.2897(4) nm. The same results
have been found by Chattopadhyay et al. [5] after MA of the Al-Cu system in the composition range
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Al65Cu35 to Al35Cu65. After 6 h milling, tetragonal-Al2Cu with space group I4/mcm and lattice
parameters a = 0.9107(4) nm and c = 0.4460(4) nm started to form.
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Figure 1. XRD patterns of Al-20 at. % Cu powders collected at different milling times.

Figure 2 gives the Rietveld refinement for patterns obtained before (corresponds to 0 h) and after
mechanical milling for 4 h, 6 h, and 20 h. The best Rietveld refinement (GOF = 1.12) for the pattern
of the unmilled powder is obtained with two crystalline phases as well as the fcc-Al phase with the
lattice parameter a = 0.4051(1) nm and the fcc-Cu phase with the lattice parameter a = 0.3617(5) nm
(Figure 2a). The best Rietveld refinement (GOF = 1.3) for the pattern of the mixture milled for 4 h is
obtained with both crystalline phases and the apparition of a bcc-AlCu solid solution with the lattice
parameter a = 0.2897(4) nm (Figure 2b). Increasing the milling time up to 6 h, the diffusion of the Cu
atoms into the Al matrix leads to the formation of two supersaturated solid solutions, tetragonal-Al2Cu
and bcc-AlCu. This result was confirmed by the best Rietveld refinement (GOF = 1.27) of the pattern
corresponding to MA powder for 6 h (Figure 2c). In a previous work, Onuki et al. [20] reported that
the formation of the tetragonal-Al2Cu phase during mechanical milling is due to the negative enthalpy
of the mixing of the Al-Cu system. Furthermore, the solubility of the solutes is enhanced with a grain
refinement on the nanometer scale. After 20 h milling, the Rietveld refinement of the powder pattern
was successfully obtained with the fcc-Al and tetragonal-Al2Cu phases (Figure 2d). These phases
correspond to the Al-20 at. % Cu composition in the equilibrium phase diagram of the Al-Cu system
at room temperature.
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The lattice parameter of Cu increases from 0.3611(4) to 0.3617(5) nm after 2 h of milling.
The relative deviation of the lattice parameter from that of the perfect crystal, which is defined
by ∆a/a0 = (a ´ a0)/a0, reaches as much as 0.16%. The lattice parameter of the Al phase is enhanced
by 0.20% after 4 h of milling. Sui et al. [21] attributed this lattice distortion (lattice expansion or
contraction) to the supersaturation of point defects or vacancies inside the nanometer crystallites due
to their higher energetic solution.

The observed broadening of diffraction peaks suggests the accumulation of lattice strain and
a reduction in crystallite size. Figure 3 presents the evolutions of the average crystallite size and
microstrains deduced from the Rietveld refinement as a function of milling time. As shown, one
can observe an important decrease of the crystallite size and an increase of the microstrains during
the first stage of milling (0 to 4 h milling). For a prolonged milling time, both the crystallite size
and microstrains become less dependent on the milling time. After 10 h of milling, the bcc-AlCu is
characterized by a smaller crystallite size and higher microstrains as compared to the Al2Cu. The final
values of the average crystallite size of the Al and Al2Cu phases calculated after 20 h of milling were
7 nm and 13 nm, respectively. The high degree of microstrains in the Al2Cu (1.08%) may be due to
a high concentration of stacking faults and a high dislocation density. In general, microstrains may
arise from a mismatch in the size of the constituents, an increase in the grain boundary fraction, or a
mechanical deformation [22]. The microstrains caused by MA have also been previously reported in the
literature and have commonly been attributed to the generation and movement of dislocations [23,24].
In order to investigate the stage’s mechanical stabilities during milling, we have the calculated phase’s
proportions of the identified phase as a function of the milling times. Note that there are some phases
that progressively decrease (Al and Cu) and others which arise in the form of solid solutions (bcc-AlCu
and Al2Cu). In addition, we observe that the percentage of the bcc-AlCu stage reaches a maximum
(70%) after 12 h of milling, and then it progressively decreases to a value of 8.80% after 16 h of milling,
while the percentage of the Al2Cu phase increases continuously with the milling time to reach its
maximum value at a milling time of 20 h (82%). So the final system obtained after 20 h of milling is
biphasic with two phases: fcc-Al and tetragonal-Al2Cu phases.
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3.2. Scanning Electron Microscopy

The morphologies of as-received Al and Cu powders are shown in Figure 4. Before milling, the
Al particles have a spherical-like morphology while the Cu particles have elongated forms (Figure 4a).
The changes in morphology during the milling process are due to the competition between the
fracturing, cold welding, agglomeration and de-agglomeration of the powder particles. After 4 h of
milling, as is normal during the milling of ductile-ductile systems, the mixture is only composed of big
particles (Figure 4b). Since the powder particles are soft during the early stage of milling, they tend to
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weld together and form big particles. With the increase of the milling time (6 h), fine particles aggregate
to shape flake-like powders. A broad range of a particle size can then be seen (Figure 4c). Due to the
hardening of the powder under the effect of the repeated shocks of the balls during continued milling
(20 h), the particles become fractured, and are hence fine and fairly homogeneous in size and shape
(Figure 4d). The induced heavy plastic deformation in the powder particles during the milling process
gives rise to the creation of a great amount of crystal defects such as dislocations, vacancies, interstitials
and grain boundaries which promote a solid-state reaction at ambient temperature. Depending on
the initial mixture, changes in structures of mechanically alloyed powders can occur as follows: grain
refinement, solid solution diffusion and/or formation of new phases.
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3.3. Thermal Stability

Nanostructured and disordered structures obtained by MA are metastable and, therefore, they
will experience an ordering transition during heating. Hence, the thermal stability of the alloy is
dependent on the structural state after each milling time. Several thermal effects are revealed in the
DSC curves of the Al-20 at. % Cu powders milled several times (Figure 5). Before milling, the analysis
of the mixture of the powders in the temperature range 25 ˝C–700 ˝C shows an endothermic peak at
660 ˝C, attributed to the melting of aluminum particles [25]. As shown in Figure 5b, the DSC trace
of 4 h milled powder exhibited an endothermic peak at 560 ˝C followed by an exothermic peak at
580 ˝C. This later was followed by a small endothermic peak at 610 ˝C. The endothermic peaks might
be caused by the melting of the bcc-AlCu phase identified by XRD (see Figure 1) and another fine
Al-rich phase formed through the diffusion of Cu into Al during heating. After the powder was milled
for 6 h, the DSC trace presented an exothermic peak at 580 ˝C followed by an endothermic peak
at 650 ˝C, which might be related to the formation and dissolution of the Al-rich phase. The same
results have been reported by Ying et al. [26] in the case of Cu-Al alloy with an Al composition of
35 at. % for different times. They attributed these endothermic peaks to the melting of Al-rich phases
formed during heating. The endothermic peaks identified for the powder milled for 12 h were in
the temperature range of 560 ˝C and 580 ˝C, and they were likely caused by the melting of Al-rich
phases initially formed through the diffusion of Cu into Al during MA as well as bcc-AlCu and Al2Cu.
The DSC trace of the powders milled for 20 h exhibited an endothermic peak at 550 ˝C followed by
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an exothermic one at 600 ˝C, attributed to the melting of the eutectic Al-Cu binary phase and the
formation of the Al-Cu intermetallic, respectively.

Metals2016, 6, 145  6 of 7 

 

and Al2Cu. The DSC trace of the powders milled for 20 h exhibited an endothermic peak at 550 °C 

followed by an exothermic one at 600 °C, attributed to the melting of the eutectic Al‐Cu binary phase 

and the formation of the Al‐Cu intermetallic, respectively.   

 

Figure 5. DSC pattern of the Al‐20 at. % Cu powders milled for different milling times: (a) 0 h; (b) 4 h; 

(c) 6 h; (d) 16 h; (e) 20 h.   

4. Conclusions 

Structural,  morphological  and  thermal  properties  of  mechanically  alloyed  Al‐20  at.  %  Cu 

powders have been carefully studied as a function of milling time. The interdiffusion of Cu and Al 

leads  to  the  formation of bcc‐AlCu and  tetragonal Al2Cu phases. The  formation of  the bcc‐AlCu 

phase was observed  in  the early stage of milling  (4 h of milling), while  the  tetragonal Al2Cu was 

revealed from 6 h of milling. It was also found that the crystallite size of the relatively milled powder 

was decreased with the increasing milling duration. The crystallite size and microstrain of the milled 

powder were estimated to be in the range of 10–15 nm and 1%–1.1%, respectively. It was shown that 

during  the milling process, Al and Cu particles underwent severe plastic deformation, which can 

lead to grain refinement, solid solution diffusion and/or the formation of new phases. The thermal 

stability of  the mechanically alloyed Al‐20 at. % Cu powders was  found  to be dependent on  the 

structural state after each milling  time. Endothermic and exothermic reactions are revealed  in  the 

DSC curves; they are attributed to the melting and the formation of Al‐rich phases. 

Acknowledgments: Authors would  like  to  thank Xavier Fontrodona Gubau  for her XRD  support and Leila 

Mahfoudhi  from  the  English  Language  Unit  at  the  Faculty  of  Sciences  of  Sfax  (Tunisia)  for  accepting  to 

proofread and polish the language of this paper.   

Author Contributions:  Joan  Joseph Sunol, Mohamed Dammak and Mohamed Khitouni conceived, designed 

the experiments and wrote the SEM, DSC and XRD results; Molka Ben Makhlouf and Tarek Bachaga performed 

the  experiments  and  analyzed  the  data.  All  authors  discussed  the  results  and  worked  on  preparing  the 

manuscript.   

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Bachaga, T.; Daly, R.; Escoda, L.; Suñol,  J.J.; Khitouni, M. Amorphization of Al50(Fe2B)30Nb20 mixture by 

mechanical alloying. J. Metall. Mater. Trans. A 2013, 44, 4718–4724. 

2. Esparza, R.; Rosas, G.; Ascencio, J.A.; Pérez, R. Effects of minor element additions to the nanocrystalline 

FeAl intermetallic alloy obtained by mechanical alloying. Mater. Manuf. Process. 2005, 20, 823–832. 

Figure 5. DSC pattern of the Al-20 at. % Cu powders milled for different milling times: (a) 0 h; (b) 4 h;
(c) 6 h; (d) 16 h; (e) 20 h.

4. Conclusions

Structural, morphological and thermal properties of mechanically alloyed Al-20 at. % Cu powders
have been carefully studied as a function of milling time. The interdiffusion of Cu and Al leads to
the formation of bcc-AlCu and tetragonal Al2Cu phases. The formation of the bcc-AlCu phase was
observed in the early stage of milling (4 h of milling), while the tetragonal Al2Cu was revealed from
6 h of milling. It was also found that the crystallite size of the relatively milled powder was decreased
with the increasing milling duration. The crystallite size and microstrain of the milled powder were
estimated to be in the range of 10–15 nm and 1%–1.1%, respectively. It was shown that during the
milling process, Al and Cu particles underwent severe plastic deformation, which can lead to grain
refinement, solid solution diffusion and/or the formation of new phases. The thermal stability of the
mechanically alloyed Al-20 at. % Cu powders was found to be dependent on the structural state after
each milling time. Endothermic and exothermic reactions are revealed in the DSC curves; they are
attributed to the melting and the formation of Al-rich phases.
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