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Abstract

:

In this study, combustion synthesis involving mechanical milling and subsequent sintering process was utilised to fabricate Cu/AlxCuy/Al2O3 in-situ composite through the aluminothermic reduction of CuO powders. First, CuO and Al powders were mixed, and ball milled for 30–150 min to facilitate self-propagating high-temperature synthesis (SHS). Then, mechanically activated Al-CuO powders were mixed with elemental Cu powders and experienced subsequent cold compaction and sintering processes. The reactions during synthesis were studied utilising differential thermal analysis (DTA), X-ray diffraction (XRD), and scanning electron microscopy (SEM). Densification and hardness of green and sintered bodies were also obtained. The results indicated that despite the negative free energy of the aluminothermic reaction, an initial activation energy supply is required, and mixed Al-CuO powders did not show significant progress in the combustion synthesis method. The aluminothermic reaction became probable whenever the activation energy was entirely provided by high-energy ball milling or by the sintering of ball-milled Al-CuO mixed powders. DTA results showed that the aluminothermic reaction temperature of Al-CuO decreased with milling times, whereas after 150 min of ball milling, the reaction was completed. XRD patterns revealed that the formation of Al2Cu and Al2O3 reinforcing phases resulted from CuO reduction with Al. Al4Cu9, Cu solid solution, and Al oxide phases were observed in sintered samples. The relative density of the samples was reduced compared to the green compacted parts due to the nature of the Cu-Al alloy and the occurrence of the swelling phenomenon. The hardness results indicated that in-situ formation of reinforcing phases in samples that experienced thermally assisted thermite reaction yielded superior hardness.
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1. Introduction


The fabrication of metal matrix composites (MMC) through conventional methods can frequently lead to several considerable challenges, including the wettability of reinforcing particles and the uncontrollable reaction between particle and matrix that results in an inappropriate distribution of particles [1]. However, the in-situ approach is one new technique for producing metal-matrix composites in which the reinforcing phase is formed through a chemical reaction between precursor materials in the matrix [2,3,4,5,6,7]. Therefore, the reinforcement is uniformly dispersed, and greater compatibility can be seen in the matrix [8,9,10]. Among the in-situ preparation methods, self-propagating high-temperature synthesis (SHS) is a promising process capable of fabricating composite materials through exothermic reactions such as aluminothermic reduction [11,12,13,14]. The SHS method, sometimes known as internal oxidation, has been extensively employed to fabricate reinforcements, which are difficult to manufacture by conventional methods due to their high formation temperature in the metal matrix composites [15]. Therefore, ceramic reinforcements, such as oxides or intermetallics, are suitable candidates for SHS processing. SHS has the advantages of a high production rate, low energy consumption, simple process, and low cost [16].



Recently, several efforts have been made to fabricate in-situ composites with Al2O3 reinforcement through the aluminothermic reduction of various metal oxides. Chen et al. [17] reported a chemical reaction between ZnO and molten aluminium, which led to the formation of very fine Al2O3 particles and the dissolved elemental zinc in the aluminium matrix composite. Roy et al. [18] prepared Al matrix composites reinforced with well-dispersed Al2O3 and Ti-aluminide crystallites by hot pressing of Al and nano TiO2 particles. One another vastly used oxide in aluminothermy is CuO [19]. In the Al-CuO system, the reduced Cu can be dissolved to some extent in the Al matrix and, at the same time, react with the Al to form an intermetallic phase that can reinforce the matrix of the composite [20]. Alam et al. [21] evaluated the Al-CuO thermite reaction and proposed that the in-situ process can take place in two succeeding reactions consisting of [20,21,22,23]:


2Al + 6CuO → Al2O3 + 3Cu2O










2Al + 3Cu2O → Al2O3 + 6Cu











They concluded that these reactions could be combined into:


2Al + 3CuO → Al2O3 + 3Cu











Aluminothermic reduction of CuO particles has been used successfully in molten aluminium [24]. Zhao et al. [25] used a displacement reaction between Al and CuO powders at 900 °C to produce an in-situ Al2O3 reinforced Al(Cu) matrix composite. By utilising a weight ratio of 4:1 for Al to CuO powders, they reported Al2Cu–Al(Cu) eutectic phase and Al2O3 particles along with the Al2Cu phase. Shengqi et al. [26] investigated the solid-state mechanically activated aluminothermic reaction of CuO and observed a probable reduction of CuO during ball milling. The revealed final composite products were Cu + Al2O3, Cu9Al4 + Al2O3, CuAl2 + Al2O3 and Al2O3 + Al(Cu) solid solution with increasing amounts of aluminium. A similar method was employed by Arami et al. [27]. They explored the effect of using high-energy attrition milling under a high purity argon atmosphere on the reaction between CuO and Al powders. They reported that the reaction was completed after 60 h and occurred immediately at a temperature of over 840 °C. Venugopal et al. [28] examined Cu/Al2O3 nanocomposite synthesis through reactive milling of Al-CuO powders for up to 20 h. They disclosed that the reduction extent increases with Al content. They inhibited the SHS reaction by means of using toluene as a milling medium, which resulted in the formation of nanostructured Cu and Al2O3.



Copper matrix composites have a wide range of applications comprising high electrical and thermal conductivities. Cu-Al2O3 composites are mostly used in electrode materials, especially spot welding [24,29,30,31,32,33]. These composites are ordinarily prepared by conventional powder metallurgy [34] or casting [35] routes. However, the in-situ reinforced Al2O3 can increase the strength and improve composites’ tribological, electrical and thermal properties [36,37,38,39].



In the current study, attempts have been made to produce in-situ Al2O3 (and AlxCuy intermetallic) reinforced Cu matrix composite via a solid-state self-propagating high-temperature synthesis (SHS) method. Our main purpose in the current study is to lower the fabrication temperature of a copper matrix composite encompassing in-situ reinforcement phase(s) by conducting a preliminary mechanical activation. We believe hybrid in-situ reinforcements (compared with ex-situ reinforcing materials) may bring superior mechanical and physical properties. Here, we preferred to work with a reasonably high Al:CuO molar ratio (relatively similar mass contents) to mix powders better, leading to a more significant combustion synthesis reaction. On the other hand, to reduce the ignition temperature towards lower thermite temperatures in solid-state, mixed Al-CuO powders experienced an initial mechanical activation (high energy ball milling). The paper also describes the effect of synthesis temperature on phase transformations and subsequent obtained mechanical properties.




2. Materials and Methods


The as-received pure Aluminum powder (>99.0%, the average particle size of 20 μm, from Merck, Darmstadt, Germany) and CuO powder (99.9%, average particle size of 10 μm, Sigma Aldrich, Burlington, MA, USA) were mixed in an 8:3 molar ratio (0.91:1 weight ratio) for 1 h in a Turbula mixer at the first preparation step. The mixed powders were subsequently milled for 30, 90 and 150 min using a planetary high energy ball mill (MPM 2 × 250 H) operating at 300 RPM with a 10:1 ball to powder ratio. Milling was performed under Ar protective gas, in a dry medium, and with hardened stainless steel vials and hardened steel balls. Once again, using a Turbula Mixer, ball-milled powders were mixed with Cu powders (99.8%, average particle size of 20 μm, Merck, Darmstadt, Germany) as composite matrix material in a 2:1 molar ratio with starting Al powder. Then, the blended powders were cold pressed under 450 MPa uniaxial load to form cylinders with 20 mm height and 20 mm diameter.



Finally, green compacts were sintered in a pressureless manner at different furnace temperatures of 650, 750 and 850 °C under Ar gas atmosphere for 2 h. A schematic illustration of the entire process is depicted in Figure 1. The name of the designed samples is tabulated in Table 1.



The flow diagram also shows characterisation methods that have been executed in different preparation stages of the composite. Possible phase evolutions after ball milling of Al/CuO powders and for sintered samples were studied by X-ray diffraction (XRD, Panalytical 40 kV, 40 mA, Cu Kα radiation, Malvern, Worcestershire, UK). Differential thermal analysis (DTA, SDT Q600 V20.9 Build 20, Milford, MA, USA) with a 10 °C/min heating rate was implemented as one suitable tool to evaluate the ignition temperature where thermite reaction between Al and CuO powders in the matrix of Cu powder can occur. Optical (BX51M-Olympus, Olympus Corporation, Tokyo, Japan) and scanning electron microscopes (SEM, FEI ESEM QUANTA 200, Hillsboro, OR, USA) were also used to explore the morphological and microstructural changes during the synthesis procedure. No etchant solution was used for SEM imaging. Energy dispersive spectrometry (EDS, EDAX Silicon Drift 2017, Ametek, Berwyn, PA, USA) assisted microstructural investigations. Density measurement was performed according to Archimedes’ principle. For precise weight measurements, the surface of the samples was covered with wax. Vickers hardness test (Zwick Roell, Ulm, Germany) at the load of 20 kgf. was also carried out to evaluate changes in mechanical properties during different stages of the process.




3. Results and Discussion


It is well recognised that high-energy ball milling can considerably affect powder reactivity by so-called mechanical activation [25]. Chemical, structural and morphological transformations are expected to occur because of intimate contact of starting powder and the repetitive cold-weld process. Figure 2a–c represents an SEM micrograph of precursor materials. Al and CuO particles were relatively spherical. However, electrodeposited Cu powder showed dendritic morphology.



The spherical shape of Al and CuO powders gradually changed to a flattened appearance after 30 min and demonstrated elongated and wrinkled structure in longer milling times (Figure 3a,b). It should be noted that in the early stages of mechanical activation, Al particles can deform and resize due to the effect of impacting balls. At the same time, the brittle CuO powder particles plunge into the Al soft phase. As the milling process continues, Al particles become harder because of work hardening and CuO reinforcing mechanisms, and the size of Al particles decreases. EDS analysis showed that the crushed CuO particles have been interred to the surface of the Al particles and covered the particles’ surfaces. Therefore, high energy ball milling resulted in the formation of a composite powder in such a way that after 90 min, identifying the Al and CuO powders was quite difficult.



Figure 4 displays XRD patterns of raw materials and resulting powders obtained from different ball milling times. XRD patterns of pure aluminium and copper oxide (CuO) powders have been prepared for better comparison. One can conclude that the intensity of related aluminium peaks was gradually decreased with milling, which could be a consequence of powder fragmentation. A similar intensity reduction was observed in CuO particles.



As shown in Figure 4c, the characteristic peaks of Al2O3, CuO, Cu2O, and Al can be identified in the C1 sample that experienced 30 min of high-energy ball milling. However, the intensity of Al peaks was reduced in a higher milling time of 90 min (Figure 4d) and completely disappeared after 150 min (Figure 4e). The presence of a characteristic peak of Cu2O in lower milling times may be attributed to the partial reduction of CuO particles during the ball milling. The produced Cu2O phase, further reduced by Al particles at much longer times, has been observed. XRD results indicated that in the C3 sample with 150 min of ball-milled (Figure 4e), CuO peaks were annihilated, which may be related to the complete reduction of CuO by Al particles during the milling and occurring a mechanically induced combustion synthesis reaction in solid stated. As a result of CuO reduction, intermetallic compounds such as Al2Cu were likely to form. Moreover, the corresponding representative peaks of Al2O3 were more noticeable (Figure 4e) after 150 min of milling.



These results are in good agreement with previous findings of other researchers that proposed a two-step reduction of CuO by Al particles via an intermediate phase and final Al2O3 product [10,11,12,13]. However, regarding the molar ratio of precursor materials in this study and analysis of produced phases, suggested possible reactions during the milling process can be:


8Al + 3CuO → Al2O3 + 3Al2Cu











Another in-situ formed phase from the aluminothermic reaction in the extended milling time was Al4Cu9, a thermodynamically stable phase, unlike the metastable AlCu phase (it was not detected). Al4Cu9 phase can be produced in regions with locally lower available aluminium content through a possible reaction of:


10Al + 9CuO → 3Al2O3 + Al4Cu9











It should be noted that Al4Cu9 formation may accompany a higher magnitude of alumina compared to the reaction of the formation of Al2Cu. We believe that no evidence of intermetallic phases was discovered in moderate milling times (C1 and C2 samples), which indicates the incomplete or partial reduction of CuO. Al peaks were also observed in these conditions besides the copper oxides.



Figure 5 and the corresponding EDS chemical analysis in Table 2 demonstrate the microstructure of cold compacted samples comprising blended Cu particles with ball-milled Al-CuO powders. Different microstructure phase identification was performed by adapting the atomic ratios obtained from EDS analysis to X-ray results of milled powders (Figure 4). The presence of remaining Cu2O and Al particles from starting materials adjacent to Cu particles was perceived in the C1 sample. Furthermore, copper oxides were also detected along with unreacted Al particles in the C2 sample. The resulting microstructures were different for the C3 sample, and the formation of an unstable Al3Cu2 phase was discovered. Al3Cu2 was mainly observed within Al2Cu intermetallic phase due to the aluminothermy reaction. The formation of such hard and brittle intermetallic compounds is influenced by thermodynamics and kinetics of the aluminothermic reaction and mechanical or chemical activation. As mentioned earlier, many different chemical reactions can take place between aluminium, copper oxide and their newly formed intermetallic compounds. The competition between these reactions, in terms of reaction rate and type of prevailing mechanism, determines the predominant intermetallic composition. Despite the detrimental effect of these intermetallics on the ductility of reinforced composites, their formation is inevitable in the selected production conditions. Al2O3 particles were seen as a dark grey colour phase in Figure 5c. According to SEM microstructures and XRD patterns, it can be expressed that a complete aluminothermic reaction has happened during 150 min of powder milling.



The effect of high-energy ball milling on combustion synthesis via aluminothermic reaction was studied by differential thermal analysis (DTA) of cold-pressed samples, including Cu particles blended with ball-milled Al-CuO powders. For comparative assessment, unmilled mixed Cu-Al-CuO powders were also cold-pressed, and the relating DTA diagram was plotted.



Figure 6 shows the corresponding DTA diagram for different samples. Various exothermic or endothermic peaks revealed by DTA can better understand reaction temperature and the associated heat of reaction (enthalpy) regarding the amount of tested material. Removal of moisture and crystalline water from aluminium and copper oxide compounds has occurred up to temperatures of about 238 °C and can be seen in all diagrams as endothermic peaks. As shown in Figure 6a, endothermic peaks of Al melting and subsequent dissolution of copper in molten Al were evident at 667 and 822 °C, respectively. However, no evidence of exothermic thermite reaction can be recognised in unmilled powders. Considering the thermodynamic anticipations and temperatures well above the melting point of Al, it could be concluded that the only mixing process is insufficient for combustion synthesis. Figure 6b denotes an exothermic, very weak peak determining the possible aluminothermic reaction at 934 °C for the C1 sample with 30 min of Al-CuO ball milling, again at temperatures higher than the melting point of Al.



Nonetheless, a completely different behaviour was exhibited by the C2 sample. The DTA results disclosed an exothermic peak at 616 °C, below the melting point of Al. Therefore, we can deduce that mechanical activation utilising high-energy ball milling will give rise to lower ignition temperature for thermite combustion synthesis. More inadequate thermite reactions may be attributed to superior energy conducted by high-energy milling. As previously discerned in the C3 sample, much higher mechanical energy at longer times caused a complete aluminothermic reaction without external thermally assisted processes. No appreciable effect for the occurrence of aluminothermic reactions can be seen in Figure 6d for the C3 sample.



Additionally, enthalpy is a valuable parameter that can be calculated by multiplying the area under the DTA curve by an experimental constant. The area yielded by the differential temperature curve integration is proportional to the heat absorbed or evolved by the sample. Therefore, the heat involved (ΔH) can be expressed by the equation [40,41]:


  Δ H = ∅   ∫    t 1     t 2    Δ T d t  



(1)




where  ∅  is the proportionality constant that relates to the area of the DTA curve, t1, t2 are temperature limits of the integral, and ΔT is a qualitative term concerning ΔH, a quantitative result.



Accordingly, by calculating the area under the curve of Figure 6c at 616 °C and considering the mass of the material (5.090 mg), we have:


ΔH = −0.266 J.g−1 = −7.19 J.mol−1 Al











For the solid-state thermite reaction, the enthalpy of predominant thermite reactions in the two-step mechanism, including reactions (2) and (3) at 616 °C, are:


2Al + 6CuO → Al2O3 + 3Cu2O     ΔH = −1270.880 KJ.mol−1



(2)






2Al + 3Cu2O → Al2O3 + 6Cu     ΔH = −1168.228 KJ.mol−1



(3)







Therefore, regarding the amount of 1.07 mg of primary aluminium in the powder mixture used in the DTA test and using the law of proportions, one can conclude that 29.91% of preliminary Al has participated in the thermite reaction. The EDS analysis and XRD pattern can explain this before sintering for sample C2.



Figure 7 shows the effect of sintering temperature on the microstructure of compacted samples fabricated from a mixture of Cu and milled powders. A sample was also prepared from unmilled powders for comparison. Figure 7 illustrates the SEM micrographs, and corresponding EDS analysis results have been tabulated in Table 3. Sintering of the compacted sample from unmilled powders at 750 °C yielded Cu(α) matrix with intermediate oxide compounds between Cu and Al. It revealed that in non-activated samples, the aluminothermic reduction of CuO in the matrix of Cu particles was rather difficult, even in the molten phase and 2 h of sintering. The result was a copper matrix with Cu-Al dual oxide particles.



In the case of the C1T2 sample obtained from the powders, which did not show considerable progress in thermite reaction due to shorter milling time, Al4Cu9 intermetallic phase and Cu-Al dual oxide were observed. A very fine structure of eutectoid transformation was also discovered, but the distribution of resultant phases was quite inhomogeneous. Such a structure may be related to an incomplete thermite reaction after the sintering process.



The eutectoid structure consisting of Cu and Al4Cu9 phases has been better identified in C2 samples sintered at different temperatures. This microstructure was vastly distributed all over the sample and may be attributed to thermally assisted thermite reaction via the sintering process. The eutectoid structure may originate from Al4Cu9 and Cu(α) formation from other intermetallic phases.



After sintering, the C3 sample that endured the complete thermite reaction during ball milling represented a similar eutectoid structure. The main difference for this sample is that the amount of eutectoid structure is less than that of the C2 specimens.



XRD patterns of C2 and C3 samples sintered at different temperatures are illustrated in Figure 8. XRD results showed that C2 sintered samples mainly comprised Cu(α) and Al2O3 phases. Detection of Al2O3 peaks in C2 samples may imply that thermite reduction has been continued after sintering. However, for the C3 sample that experienced a complete aluminothermic reaction during mechanical activation, the formerly produced Al2O3 phase was present in the sintering process. Except for C3T1, two other samples which endured higher sintering temperatures did not show free Al2O3. It may be attributed to the incorporation of Al2O3 into different copper-bearing phases. Characteristic diffraction peaks of Al4Cu9 revealed that it was the dominant reinforcing phase in the C3 sample. CuAlO2 was also perceived for C3T3 sintered samples. The XRD results were in good agreement with the EDS analysis.



The green density of cold-pressed samples and sintered ones are gathered in Figure 9. Unmilled powders demonstrated considerably higher green density because of the spherical shape of enclosing powders. Green density decreased with milling up to 90 min. On the other hand, Figure 9 indicated a decrease followed by an increase in the density of the sintered samples. Samples sintered from powders that had undergone the initial stages of milling (30 and 90 min) demonstrated a decrease in density. However, in the samples obtained from powders with longer milling time (C3, 150 min), an increasing trend is seen in density. It has been concluded that the lower sintered density of copper powder compacts compared to green densities can be linked to the swelling mechanism observed by other researchers [42]. This may be attributed to the infiltration of the molten material into the solid grains. The Al-Cu equilibrium diagram can explain the phenomena. This may be attributed to the infiltration of the molten material into the solid grains. The Al-Cu equilibrium diagram can explain the phenomena. Swelling is a common aspect of sintering in copper and its alloys [43], which can be suppressed by heating the samples under pressure to minimise or prevent voids formation and swelling [44] (which has not been applied in this study). Successful sintering with considerable condensation requires dissolving one component (usually matrix) in other constituents. However, in this study, with the Cu matrix, since the ratio of the volume fraction of Cu dissolution in Al to Al dissolution in Cu (According to the equilibrium diagram) was smaller than one, the phenomenon of swelling can be observed in the samples. By increasing the sintering temperature, the effect of swelling and the difference in the green density became more apparent, which shows the impact of higher temperature on the swelling phenomenon. However, the samples obtained from powder milled for longer times showed a less swelling effect. Angular and flattened particles provided more space for melt infiltration and displayed lower swelling. Higher mechanical milling that can induce high melting point reinforcement phases (such as intermetallics and oxide phases) may hinder the swelling.



The Vickers hardness results are depicted in Figure 10. Hardness was superior for C2 samples, those with thermally induced aluminothermic reaction. C1 samples also demonstrated higher hardness values compared to C3 samples, which showed a complete thermite reaction during milling. It can be concluded that the in-situ formation of Al2O3 and significant eutectoid transformation comprising intermetallic Al4Cu9 phases in the sintering process may lead to more rigid structures. On the other hand, the lowest hardness level was related to the unmilled sample. Lower densities for samples with longer milling time caused inferior hardness.




4. Conclusions


An in-situ Cu matrix composite was prepared through an aluminothermic reduction of CuO powders. The starting powders were ball milled to prepare an intimate contact between Al and CuO. Milled powders were blended with Cu, followed by cold compaction and sintering processes.




	
The results indicated that 150 min of ball milling could lead to a complete thermite reaction with resultant products of Al2O3 and Al2Cu phases. However, aluminothermy was not mechanically activated in shorter times.



	
DTA results showed that, using high-energy ball milling, subsequent ignition temperature during the sintering process decreased to lower temperatures.



	
A eutectoid phase comprising Al4Cu9 and Cu solid solution and the Al oxide phase was observed in sintered samples.



	
Density measurement evaluations showed a swelling phenomenon that was more significant at higher sintering temperatures. Swelling decreased in samples prepared from flattened and angular ball-milled powders.



	
In-situ reinforcing phases in samples that experienced thermally assisted thermite reaction led to superior hardness.
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Figure 1. Schematic flow diagram of the synthesis process. 
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Figure 2. SEM micrograph of starting powders (a) Al, (b) CuO, and (c) Cu. 
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Figure 3. SEM micrograph of Al-CuO powders after (a) 30 and (b) 90 min of ball milling. 
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Figure 4. XRD patterns of starting materials (a) copper oxide, (b) aluminium, and mixed powders after different milling times of (c) 30 (C1), (d) 90 (C2), and (e) 150 (C3) min. 
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Figure 5. Backscattered SEM micrograph of cold-pressed samples comprising differently milled powders (a) C1, (b) C2, (c) C3, and (d) higher magnification of C3 smaller intersect. 
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Figure 6. Differential thermal analysis (DTA) of cold-pressed (a) unmilled mixed, (b) C1, (c) C2 and (d) C3 samples. 
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Figure 7. Backscattered SEM micrograph of compacted samples after sintering, (a) unmilled power at 750 °C, (b) C1T2, (c) C2T1, (d) C2T2, (e) C2T3, and (f) C3T2. 
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Figure 8. XRD pattern of sintered samples (a) C2 and (b) C3 at different temperatures. 
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Figure 9. The density of green and sintered samples were prepared from powders with different milling times. 
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Figure 10. The hardness of sintered samples. 
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Table 1. Synthesis conditions and related code for milled powders and sintered samples.
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No.

	
Milling Time (Min)

	
Sintering Temperature (°C)

	
Sample Code




	
Milled Powders

	
After Sintering






	
1

	
30

	
650

	
C1

	
C1T1




	
2

	
750

	

	
C1T2




	
3

	
850

	

	
C1T3




	
4

	
90

	
650

	
C2

	
C2T1




	
5

	
750

	

	
C2T2




	
6

	
850

	

	
C2T3




	
7

	
150

	
650

	
C3

	
C3T1




	
8

	
750

	

	
C3T2




	
9

	
850

	

	
C3T3
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Table 2. EDS analysis corresponding to related points of Figure 5.
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Figure 5

	
Point

	
Atomic Percent (%)

	
Phase




	
Cu

	
Al

	
O






	
a

	
1

	
95.77

	
4.23

	
-

	
Cu(α)




	
a

	
2

	
65.06

	
2.93

	
32.01

	
Cu2O




	
a

	
3

	
3.15

	
96.24

	
0.62

	
Al




	
b

	
4

	
91.93

	
8.07

	
-

	
Cu(α)




	
b

	
5

	
38.4

	
4.54

	
57.06

	
CuO




	
b

	
6

	
0.91

	
94.55

	
4.54

	
Al




	
c

	
7

	
0.93

	
56.97

	
42.1

	
Al2O3




	
c

	
8

	
94.46

	
3.24

	
2.3

	
Cu(α)




	
d

	
9

	
42.23

	
57.77

	
-

	
Al3Cu2




	
d

	
10

	
33.91

	
66.09

	
-

	
Al2Cu
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Table 3. EDS analysis of corresponding samples of Figure 7.
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Figure 7

	
Point

	
Atomic Percent (%)

	
Phase




	
Cu

	
Al

	
O






	
a

	
1

	
70.48

	
29.52

	
-

	
Cu(α)




	
a

	
2

	
16.36

	
41.67

	
41.98

	
CuAl2O2




	
a

	
3

	
7.66

	
42.54

	
49.8

	
CuAl4O5




	
b

	
4

	
69.52

	
30.48

	
-

	
Al4Cu9




	
b

	
5

	
17.8

	
33.69

	
48.51

	
Cu2Al3O5




	
b

	
6

	
23.88

	
37.35

	
38.77

	
CuAl2O2




	
c

	
7

	
69.68

	
30.32

	
-

	
Al4Cu9




	
c

	
8

	
77.44

	
22.56

	
-

	
Cu(α)




	
c

	
9

	
42.53

	
23.53

	
33.94

	
Cu4Al2O3




	
c

	
10

	
35.58

	
26.82

	
37.61

	
Cu7Al5O7




	
d

	
11

	
65.7

	
34.3

	
-

	
Al4Cu9




	
d

	
12

	
73.09

	
26.91

	
-

	
Cu(α)




	
e

	
13

	
76.14

	
23.86

	
-

	
Cu(α)




	
e

	
14

	
35.58

	
29.83

	
34.59

	
Cu7Al6O7




	
e

	
15

	
39.27

	
33.41

	
27.32

	
Cu4Al3O3




	
f

	
16

	
65.41

	
34.59

	
-

	
Al4Cu9




	
f

	
17

	
45.71

	
28.89

	
25.4

	
CuAl2O2
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