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Abstract 

 

This study utilized aluminum, copper powder according to the stoichiometric ratio of Al₂Cu, and calcium 

powder in relation to the eutectic composition of Al-Ca at the ratio of 5.5 atomic percent. Two samples 

were prepared, one without calcium and another with calcium, and were analyzed to determine the impact 

of calcium on the formation of copper aluminide. Samples were subjected to thermal treatment at 

temperature of 400, 600, and 800ºC. The obtained results indicated that disappearance of Al₂Cu phase at 

800ºC in calcium-free sample and existence of Al₂Cu phase in calcium sample indicating a possible role of 

calcium in stabilization of Al₂Cu phase. Furthermore, it was concluded that calcium influences phase 

formation. There was higher diffusion of aluminum in to copper resulting in formation of Al₄Cu₉ not only 

in the sample with calcium, but also in calcium-free sample. One more finding of the research is that calcium 

influences microstructure and its homogenization as well. In particular, it was found that calcium-

containing sample has the least number of pores and was uniform in the structure. 
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Introduction 

 

Aluminium-copper (Al-Cu) alloys have high strength-to-weight ratio, high toughness, and good aging 

properties. Their properties enable Al-Cu alloys to be used in many engineering works that require load-

bearing [1-3]. Copper-aluminium alloys are used in electrical equipment too. Copper-aluminium alloys 

have properties, which include excellent corrosion resistance of copper and lightweight features of 

aluminium as well [4, 5].This alloy has remarkable efficiency in building construction requiring certain 

features such as strength, corrosion resistance, and weldability [6]. In the Al-Cu system, various compounds 

can be produced. Among them, we can mention the compound Al4Cu9 (γ2) with 62.5-69.0% copper and a 

cubic crystal structure. Also, Al3Cu4 (ξ2) with 55.2-56.3% copper and a monoclinic crystal structure can be 

produced in this structure. AlCu (η2) with 49.8-52.3% copper and a monoclinic crystal structure is another 

compound of this system. θ-Al2Cu, which has a body-centered tetragonal (BCT) structure in the 

environment, is also among other compounds that can be produced [7, 8]. Research has shown that when 

mixtures of copper and aluminum powders are heated to high temperatures, they will experience an increase 

in volume. This increase in volume is proportional to the amount of aluminum present in the samples. This 

is explained by the diffusion of aluminum atoms into the copper, leaving a certain number of voids in place 

of the migrated aluminum [9, 10]. 
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The θ phase (CuAl2) melts at 591°C. In the stoichiometric ratio of CuAl2 from elemental aluminum and 

copper powders, an endothermic peak at the melting temperature of the θ phase is observed in the DSC 

results. The next two visible peaks are attributed to pre-combustion reactions and the eutectic melting 

process. The heating rate can affect the number of peaks [11]. Dudina et al. [12] used Cu-10%Al and various 

methods such as spark plasma sintering (SPS), hot pressing (HP), and pressureless sintering, it has been 

shown that different phases and microstructures can be produced in this system. The major products 

included Al2Cu, Cu9Al4 and Cu(Al), with the -Cu9Al4¬γ phase observed in both the Cu-14%Al, and Cu-

35%Al molar ratios [13]. Various additives have been used in this powder system. For example, elements 

such as Ag [14, 15], and Ti [16]  have also been used in Al-Cu compounds to improve properties. Calcium 

is one of the additives used in this system. Calcium is an element that can be used as a suitable substitute 

for rare earth metals in the composition of Al-Cu casting alloys and increase their fracture resistance 

properties. Calcium is environmentally friendly and forms a low melting point eutectic with aluminum [17, 

18]. The presence of calcium can give better strength to Al-Cu alloys [19]. Calcium has also been able to 

create a more homogeneous and perfect structure in aluminum alloys [20]. Adding calcium to the aluminum 

matrix produces more compact interfacial reaction zones [21]. It has also been stated that calcium reduces 

the corrosion rate of aluminum alloys [22]. It has been reported that calcium can affect the mechanical 

properties of aluminum alloys in addition to the electrical properties [23]. In the aluminum-calcium system, 

three eutectic compositions with proportions of 5.5, 66.4, and 80.5 percent calcium are observed [24]. The 

number of phases that can be produced in the ternary Al-Cu-Ca system is reported to be very diverse 

compared to its binary system [25] . 

While an abundance of literature exists on the molten Al-Cu-Ca ternary system, the investigation of the 

powder system is quite new, particularly regarding how calcium impacts the development of phases and 

the microstructure during solid-state sintering. Most investigations into powder metallurgy up to now has 

focused exclusively on the binary mixing of Al and Cu and how they influence the stabilization of 

intermetallic phases as well as Kirkendall porosity. The innovation of the present research lies in three 

aspects: (1) the assessment of the influence of calcium on the type of intermetallic phases in Al-Cu powder 

system in the temperature range of 400 to 800 °C; (2) the exploration of the situation where Al-5.5%Ca 

eutectic alloy serves as a source of calcium leading to the observation of both the phase formation and the 

changes in the microstructure; and (3) the provision of quantitative information about the effect of calcium 

on Al₂Cu as stable intermetallic phase at high temperatures. 

 

Experimental procedure 
 

In this study, aluminum powders (99.5%, <45 μm), copper (99%, <20 μm), and calcium powders (99%, 

<40 μm) were used. The desired composition was Al2Cu. Based on the stoichiometry of this composition, 

the stoichiometric amounts of Al and Cu powders were mixed based on the molar percentages calculated 

in Table 1. Then, based on the copper-aluminum binary diagram and considering the amount of aluminum 

available, calcium was added to the second sample. The amount of Ca added was to create a eutectic 

composition with 5.5% calcium, and Table 1 also shows the calculation of the molar percentages of the 

elements related to this sample. 

 

 

Table 1: Molar percentages used for samples containing and without calcium. 

 

%Ca %Cu %Al Sample 

 

0 33.33 66.67 Calcium-free 

 

3.74 32.08 64.18 Calcium-containing 
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To create a homogeneous mixture, the prepared powder mixture was first mixed for 10 minutes in a ball 

mill with a ball to powder ratio of 5:1 and at 200 rpm. Then, 2 grams of powder from each powder ratio 

was pressed into a cylindrical mold with a diameter of 1 cm under a pressure of 2 MPa to create proper 

contact between the powder particles. The obtained pressed samples were then heated for 5 hours at 

temperatures of 400, 600, and 800°C under an argon atmosphere in a tube furnace. XRD analysis (Bruker, 

D8) was used to determine the obtained phases, and SEM-EDX (KYKY, EM8000) was used to examine 

the microstructure of the samples. 

 

Results and Discussion 

 

 As previously stated, the selected stoichiometric ratio was chosen based on the Al2Cu composition. The 

calcium percentage was also chosen based on the aluminum-calcium binary diagram shown in Figure 1. At 

an atomic ratio of 5.5% calcium, a eutectic process is observed that lowers the melting temperature to 

613°C. Since the most important step in the production of aluminides is the melting of aluminum [26-31], 

it was predicted that the effect of calcium on reducing the melting temperature of aluminum could also be 

effective in the production of aluminide compounds. 

 

 
 

Figure 1: Aluminum-calcium binary diagram [32] . 

 

According to the binary diagram of aluminum-copper [33], since the composition Aal2Cu ¬ occupies a 

narrow compositional range, and also considering the nature of the powder metallurgy method, it was 

expected that other compounds could also appear. Therefore, studies in which different ratios of aluminum 

and copper were investigated were considered to determine what phases could be formed. Also, research 

on the stability of various copper aluminide phases was considered to make an accurate prediction of the 

type of phases that can be produced. Aravind et al. [34] reported that for eutectic compositions (32.5 wt%, 

17.1 at%), the Al2Cu peak and at hypereutectic values, in addition, the AlCu phase was also observed [34]  .

In the study conducted by Wang et al. [4] when Al-Cu powder mixtures with different ratios were heated 

at at 500°C for 2h, only elemental powders were visible. However, in the study by Aravind et al. [34]. 
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where the temperature was much higher (1000°C), the possibility of producing a molten phase was also 

provided, and eutectic phases with a dendritic structure appeared. 

Alam and his colleagues [35]  also produced Al2Cu by the mechanical alloying method. They chose a 

powder ratio of 33.33 atomic percent Cu for their research. Using a ball mill for 25 hours and heating the 

samples at 1000 degrees, the production of the Cu2Al phase was confirmed. Among the copper aluminide 

compounds that can be formed, Al2Cu has been reported to have the most negative enthalpy. Therefore, it 

is stated that the system has a greater tendency to produce this phase compared to others [35] . 

Aluminum-copper compounds are also used in the strengthening process in the aluminum field. This result 

has been reported not only through solid dissolution strengthening, but also through the formation of stable 

and quasi-stable compounds such as Guinier-Preston (GP) zones, θ' (Al2Cu), and θ (Al2Cu) [36] . 

The crystal structure of these phases is given in Figure 2. The θ'' (Al3Cu) structure is face-centered 

tetragonal, with a unit cell height approximately twice that of aluminum. θ' (Al2Cu) has a body-centered 

tetragonal structure, with the same lattice unit length as the aluminum structure but with a larger C. θ 

(Al2Cu) also has the same body-centered tetragonal structure, except that it has less symmetry than the θ' 

type [37] . 

 
 

Figure 2: Crystal structures of different phases in the aluminum-rich part of the Al-Cu system. (a) α-Al. (b) 

θ'' (Al3Cu), (c) θ' (Al2Cu), and (d) θ (Al2Cu). Copper atoms are red and aluminum atoms are blue [37]. 

 

In the study by Liu et al., the formation energies of θ'', θ' and θ were calculated by considering only the 

vibrational entropy [37]. The results of this study are shown in Figure 3. 

 

 
Figure 3. Formation energies θ'',  θ' and θ as a function of temperature, including the vibrational entropy 

contribution [37] . 
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If the stability of the various copper aluminide phases is examined, it will be found that AlCu2 has the 

lowest formation energy (Figure 4). 

 

 
Figure 4. Formation energies of different phases in the Al-Cu system were calculated by DFT [37]. 

 

The enthalpy of formation as a function of copper concentration has also been investigated in more detail 

for Al2Cu precipitates with different structures [38]. The effect of temperature on the free energy of 

formation of copper aluminide phases has also been calculated, and the results are shown in Figure 5. It 

seems that the results obtained in the study of Ouyang and his colleagues [38] are in contradiction with the 

results obtained in the study of Liu [37]. Because Ouyang introduced the 'θ' phase as the phase with the 

minimum formation energy, while in the report of Liu, the θ phase was identified as the most stable phase 

after a temperature of 450 °C. Perhaps the reason for this can be found in the simplified hypothesis in the 

study of Liu, which only considered the contribution of vibrational entropy in determining the free energy 

of formation. 

 

 
Figure 5. Effect of temperature on the formation energy (calculated free energy of formation of 

precipitates as a function of temperature) [38]. 

 

In the present study, XRD analysis was used to determine the produced compounds. First, the results 

obtained for the calcium-free sample that was heat treated at temperatures of 400, 600, and 800°C will be 

examined (Figure 6). It was observed that at 400°C, Al₂Cu, Al₄Cu₉ phases and residual aluminum and 
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copper are present in the products obtained from heat treatment at this temperature. This means that the 

reactions are not completed due to the low temperature. It is true that, according to the Gibbs free energy 

diagram, the formation of copper aluminide compounds of the Al2Cu phase occupies the lowest free energy 

(Figure 5). However, due to the nature of powder metallurgy and the possibility of inhomogeneity and 

composition change in some areas of the sample, as well as due to the different penetration rates of copper 

in aluminum and aluminum in copper, the initial stoichiometry can change slightly in some powder areas. 

Therefore, it will be possible to produce other copper aluminide compounds. On the other hand, it has been 

reported that the kinetics of formation of some phases is faster than Al2Cu [39, 40]. Therefore, the 

possibility of other phases in the products is not impossible. At a temperature of 600°C, the main phase 

seems to be Al4Cu9, with Al2Cu and AlCu also formed. It is likely that eutectic phases can also be formed 

at this temperature, which is slightly higher than the melting temperature of Al2Cu. The melting temperature 

of Al2Cu has been reported to be 548 to 550°C [41-43]. At a temperature of 800°C, the final phases observed 

in the final product included the phases Al₄Cu₉ and Al2Cu₃. 

 

 

 

 
Figure 6: XRD analysis results of calcium-free samples heat-treated at 400, 600, and 800°C. 

 

Figure 7 shows the XRD results of calcium-containing samples heat-treated at 400, 600, and 800°C. It can 

be seen that the ternary phases of Al, Cu and Ca were not formed at any temperature. This can be attributed 

to the low percentage of calcium in the sample. 

At 400°C, the Al2Cu, Al4Ca phases are formed. However, the presence of residual aluminum and copper 

indicates that the process is not complete at this temperature. At 600°C, the same phases are formed as 

before, except that there is no trace of aluminum or copper. This temperature was sufficient to complete the 

reactions. With an increase in temperature to 800°C, the Al2Cu phase is the dominant phase, with some 

Al2Ca also appearing. It seems that the Al4Ca phase that was formed at lower temperatures has completely 

converted to Al2Ca. 
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Figure 7: XRD results obtained from calcium-containing samples that were heat-treated at temperatures 

of 400, 600, and 800°C. 

 

Using HSC software, the stability of the phases that can be produced between aluminum and calcium was 

investigated (Figure 8). Based on the results obtained in Figure 8, it was determined that the Al4Ca phase 

is formed first, and with increasing calcium content, the Al2Ca phase will be stable. This is confirmed by 

comparing these results with the results obtained in Figure 7. Calcium also tends to form compounds with 

copper [44]. However, the lack of production of copper-calcium compounds indicates that in competition, 

aluminum has a greater tendency to form compounds with calcium than copper. 

Previous studies have shown that calcium can affect the stability of the Al₂Cu phase and form ternary phases 

Al-Cu-Ca [45-47]. However, in the present study, these ternary compounds were not formed. Incidentally, 

the presence of calcium made Al2Cu stable at all three temperatures of 400, 600, and 800ºC, while in the 

calcium-free sample, Al2Cu was not observed in the products at 800. This could be due to the presence of 

calcium and its positive effect on the formation and stabilization of Al2Cu. 
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Figure 8: Study of intermetallic compounds that can be produced in the aluminum-calcium system 

obtained with the help of HSC software. 

 

Next, the microstructure of the calcium-free sample that has been heat treated at temperatures of 400, 600, 

and 800 ºC (Figure 9) is examined. As can be seen in this figure, the intermetallic phases Al2Cu and Al4Cu9 

are seen in the background. The remaining aluminum and copper are also visible in the structure. With the 

temperature to 600ºC, the AlCu phase also forms in the structure, and there is no longer any trace of the 

remaining elemental phases. Upon reaching a temperature of 800 degrees, no trace of Al2Cu is visible, but 

the Al2Cu3 phase has formed. 

 

  
600 400 
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Figure 9: Microstructure of a calcium-free sample 

that has undergone heat treatment at temperatures of 

400, 600, and 800ºC. 

 

 
800 

 

As a result, SEM obtained from the calcium-containing sample that was heat treated at temperatures of 400, 

600, and 800ºC (Figure 10) shows that at 400 degrees Celsius, Al2Cu and Al4Ca are formed. Of course, 

unreacted aluminum and copper are also observed in the products. With the temperature at 600ºC, no trace 

of the remaining elemental phases is observed. Finally, upon reaching a temperature of 800 degrees, the 

Al2Cu phase is the dominant phase, although Al2Ca is also visible in the grain boundary regions. It seems 

that the formation of Al2Ca at the Al2Cu grain boundary has been able to prevent further copper penetration 

and the formation of copper-rich phases. Also, the homogeneity of the structure at a temperature of 800 

degrees confirms that calcium has probably been able to minimize the effects of the Kirkendall 

phenomenon. 

 

 

  

600 400 
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Figure 10: Microstructure of a calcium-containing 

sample that has undergone heat treatment at 

temperatures of 400, 600, and 800ºC. 

 

 
800 

Now it is necessary to compare the results of the present study with previous studies: Wang et al.[4] used a 

temperature of 450°C for 30 minutes for the heat treatment of the aluminum-copper system. It was found 

that this time and temperature were not sufficient for the formation of Al and Cu intermetallic compounds. 

In comparison, in the present study, at a temperature of 400°C, the intermetallic phases Al2Cu and Al4Cu9 

were formed, which could be related to the long time of 5 hours used in the present study. 

Rajasekhar et al.[48] evaluated percentages between 5% and 15% by weight of copper. They found that 

with 10% by weight of copper, good interfacial microstructure, microclusters, and relative density could be 

achieved. In contrast, Rashad et al.[49] found that the hardness and wear resistance of copper increased 

with increasing aluminum content. It seemed that the results of the present study were also in this direction. 

Because with the formation of a copper-rich phase (Al₄Cu₉) at a temperature of 600°C, considering that this 

phase has high hardness, it is expected that the hardness of the samples would have increased. 

Ying et al.[13] have investigated the reaction of aluminum and copper in the solid state. For this purpose, 

mechanical alloying and subsequent heat treatment have been used. It has been found that for a powder 

ratio of Cu–14at.%Al, the θ-CuAl2 or γ-Cu9Al4 phase is formed first. While for a powder ratio of Cu–

35at.%Al, the first phase was θ-CuAl2. In the present study, in addition to Al2Cu, the Al4Cu9 phase has also 

been formed, which has become the dominant phase with an increase in temperature to 600ºC. 

 Ren and his colleagues [50] have studied the liquid-solid reaction of copper and aluminum. They have 

shown that Al2Cu and AlCu are the two main phases that can be produced in this system. With increasing 

temperature, the thickness of Al2Cu increases and finally it transforms into AlCu phase. However, in the 

present study, the Al2Cu phase is not observed at 800°C. The reason for this difference is probably that in 

Ren's study, a solid-liquid reaction was used, in which the mechanisms and diffusion rate are completely 

different from the solid state. 

Zhao et al. [51] studied the reaction between copper and aluminum in the temperature range of 600 to 

800ºC. They reported that the intermetallic compound Cu3Al2 was formed with a larger thickness and Cu3Al 

with a smaller thickness. They reported the formation of the phases in the following order: first, the Cu9Al4 

phase was formed. Then CuAl and then Cu3Al2, which finally converted to Cu3Al. Ying et al.[13] also 

showed that the γ₁-Al₄Cu₉ phase was formed after 5.5 hours of milling. By increasing the milling time to 

90 hours, the Al2Cu phase could be produced. Of course, at low temperatures, more Al2Cu was observed 

because it was stated that γ₁-Al₄Cu₉ is thermally unstable. Relatively speaking, the same sequence was 

observed in the formation of Al4Cu9 and its conversion to Al₂Cu₃ in the present study. 

There is little research available on the ternary system Ca-Al-Cu. In one study by Akopyan et al. [25], high-

aluminum compositions were used. In a study by Xingwen et al. [52], it was shown that in the range of 0.5 

to 2.0 wt% Ca, Al₂Cu Al₈CaCu₄ phases were formed at 800 °C. AKOPYAN et al. [53] reported that 

Al₈CaCu₄ + Al₂Cu phases were formed in the copper-rich region. 

In the copper-rich and calcium-poor region, Al₈CaCu₄ + Al₂Cu phases have been reported. It has been stated 

that the Al₈CaCu₄ phase is very hard and has a high coefficient of thermal expansion, and calcium can also 

replace and substitute for aluminum[53]. The reason why no ternary compound was formed in the present 
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study is that this can be attributed to the type of heat treatment, the local percentage of calcium, or the 

tendency of calcium to form a compound with aluminum compared to forming a ternary compound. 

Research has also shown that as the sample is heated and the temperature rises to temperatures below the 

melting point of aluminum, copper, due to its smaller atoms, penetrates more into the aluminum particles 

than aluminum despite the melting point [54]. It is probably by this mechanism that the Al2Cu phase is 

formed. Based on the results obtained from the research conducted by Junge and his colleagues [55], it has 

also been obtained that aluminum penetrates more into copper than copper into aluminum. 

Therefore, with the penetration of aluminum into copper in the first step, a phase with a higher molar 

percentage of copper is formed. For this reason, at temperatures of 400 and 600º, we witness the formation 

of the Cu9Al4 phase. Of course, at the interface of this phase and aluminum, the possibility of producing the 

Al2Cu phase is also provided. The formation of this phase is probably related to the low free energy of 

formation of this phase.  

Similar to the results obtained in this study, it has been observed that θ-Al2Cu is formed first, and then γ2-

Al4Cu9 is formed [56]  and finally AlCu can be formed. It has been stated that the activation energy of Al₂Cu 

formation is lower than the other AlCu + Al₃Cu and Al₄Cu₉ layers [57] . 

 

Conclusion 

 

 In this study, the powder ratio of aluminum, copper, with a stoichiometric ratio of Al2Cu, and calcium was 

investigated based on the eutectic composition of Al-Ca with an atomic ratio of 5.5. A sample containing 

calcium and a sample without it were prepared to evaluate the effect of calcium on the formation of copper 

aluminide. Temperatures of 400, 600, and 800ºC were used for heat treatment. 

It was observed that, considering the removal of Al2Cu at 800°C in the calcium-free sample and the presence 

of the dominant Al2Cu phase in the calcium-containing sample, calcium could probably have a stabilizing 

effect on the formation of the Al2Cu phase. It was also found that calcium could change the sequence of 

phases. Due to the greater penetration of aluminum into copper, the Al4Cu9 phase was produced in both the 

calcium-containing and calcium-free samples.  

Another result of this study was the effect of calcium on the microstructure and its homogenization. In the 

calcium-containing sample, the number of pores was minimized, and a uniform structure was achieved. 

From a practical and engineering perspective, adding calcium can control phase stability and 

microstructure. In comparison to using rare earth metals, this is considered to be a more affordable option 

providing similar efficiency in terms of the performance of Al-Cu alloys. The alloy Al-5.5%Ca used in the 

research works properly owing to its melting point of 613 °C which helps to carry out the experiments 

without losses of calcium.  
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