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Abstract. Aluminum-alumina composites are solid thermal energy storage (TES) 

materials characterized by high strength and hardness. Solar water heating system 

collectors can apply these composites due to their ability to operate at low 

temperatures. The addition of copper to aluminum-alumina composites is 

believed to enhance the material's heat absorption and storage capabilities. This 

study aims to investigate the effect of copper addition on the thermal properties 

of these composites, particularly thermal conductivity. Aluminum-alumina 

composites were fabricated using powder metallurgy techniques, incorporating 

copper at mass fractions of 5%, 10%, and 15%. The composite specimens were 

produced through cold compaction at a measured pressure of 20–25 MPa. 

Subsequently, all specimens were sintered in a furnace at 550°C for 30 minutes. 

The microstructure of the composites was analyzed using a scanning electron 

microscope (SEM). Thermal conductivity was measured using a thermal 

conductivity apparatus. The results indicate that an increase in copper content 

leads to higher thermal conductivity values in the composites. The thermal 

conductivity values, from highest to lowest, were recorded as 6.47 W/m.°C, 2.23 

W/m.°C, and 1.28 W/m.°C. While aluminum remains the dominant element, the 

presence of copper influences the formation of material phases and 

microstructural characteristics. These changes affect physical properties such as 

particle bonding strength and thermal stability, thereby impacting the overall 

thermal conductivity of the material.  
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1 Introduction 

Indonesia has increased its use of renewable energy, especially solar energy, in an effort 

to reduce dependence on fossil fuels. The abundant availability of solar energy sources 

certainly requires reliable technology for utilizing renewable energy for electricity 

needs and heating processes, such as solar water heaters [1]. 

Thermal energy storage (TES) is a system or device for storing thermal energy, where 

the thermal energy is stored in specific materials equipped with additional systems. TES 

can also function as a medium for heat storage that can be utilized for various  
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applications, such as centralized solar power systems, solar water heaters, and thermal 
management systems in light vehicles [2]. 

The characteristics of the materials used in the TES system include good thermal 
properties, such as high heat capacity and adequate thermal conductivity. Solid materials 
that can be applied in TES systems include metals, rocks, concrete, and composite 
materials. Metals such as aluminum, copper, and brass have been widely used as heat 
conductors and storage materials due to their high thermal energy density, as well as 
their relative availability and low cost [3]. However, the industry is gradually shifting 
to composite materials in the current era. The superior properties of composites, such as 
high specific strength, specific stiffness, specific thermal properties, and various other 
characteristics, make composite materials an ideal choice for engineers [4]. 

The thermal properties of composite materials play a crucial role in distributing heat 
transfer within the material. The mechanisms and management of thermal conductivity 
and specific heat of composite materials are essential for optimizing material 
performance. The volume fraction of composite materials influences the control of 
thermal properties during the production of specific applications. However, the 
challenge lies in maintaining a uniform reinforcement distribution and the overall 
thermal and mechanical properties of the material [5]. 

Research on aluminum-alumina composites related to their mechanical and thermal 
properties. Aluminum-alumina composites are created by oxidizing aluminum powder 
with different amounts of alumina. This composite has a narrow particle size distribution 
ranging from 20 to 80 μm. This composite is suitable for selective laser melting 
processes in industries such as aerospace and automotive [6]. Adding alumina particles 
to the aluminum matrix aims to enhance the thermal and mechanical properties of the 
composite material [7]. Other studies have shown that the size of nanoparticles and the 
volume fraction of alumina in aluminum composites affect the thermal properties of the 
composites. Thermal and electrical conductivity tends to decrease as the size of the 
nanoparticles or the volume fraction of alumina increases [8,9]. 

Copper, magnesium, and silver are added to aluminum alloys or composites to achieve 
the desired mechanical and thermal properties. Copper is an alloying element in 
materials to enhance mechanical properties and thermal and electrical conductivity [10]. 
Adding copper to aluminum-alumina composites result in materials with high resistance 
to abrasive wear and good heat dissipation properties. Copper-based materials with a 
gradient ensure faster heat dissipation from the contact area than traditional materials 
such as gray cast iron [11]. 

Previous research has developed and used aluminum-alumina compo- sites as substitute 
materials for thermal energy storage in solar water heater collectors. Adding copper 
elements to aluminum-alumina compo- sites is expected to enhance the effectiveness of 
heat transfer or conductivity and the thermal stability of the material [12]. Based on this 
argument, further research is needed to determine the impact of adding cop- per to 
aluminum-alumina composites to achieve higher thermal conductivity properties. In the 
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manufacturing process, aluminum-alumina and copper composite specimens consist of 
particles Cu 5%, 10%, 15% and a compressive load of 20-25 MPa. The sintering 
temperature of the specimen material is 550oC, with a holding time of 30 minutes. The 
micro- structure and thermal properties such as thermal conductivity and heat of the 
composites were evaluated 

2 Materials and procedures 

The composite specimens of aluminum, alumina, and copper (Al-Al₂O₃-Cu) were 
fabricated using the conventional powder metallurgy. These composites have aluminum 
as the matrix material and alumina and cop- per as the reinforcing materials. In 
manufacturing, the aluminum, alu- mina, and copper composite specimens consist of 
particles Al (35%), Al2O3 (65%), Cu (5%, 10%, 15%). The main steps in the 
manufacturing process of composite specimens are mixing, compaction, and sintering. 
Initially, aluminum, alumina, and copper powder were weighed and measured using a 
balance. To obtain an excellent homogeneous mixture, mix the aluminum powder, 
alumina powder, and copper powder using a mixer to distribute the alumina and copper 
particles into the aluminum matrix.  

A homogeneous composite is sprayed with alcohol to facilitate its molding. The mixed 
powder was compacted at room temperature using a hydraulic press (Nagasaki Jack, 
Type NSP-15). All composite specimens were made with a 20–25 MPa compaction 
load. After that, the specimen or sample is burned in the furnace. The sintering process 
is set at a temperature of 550 °C, and the temperature is maintained for 30 minutes. In 
the last sintering stage, the specimen can cool down in the furnace until it reaches room 
temperature.  

The exact process was also carried out for another set of specimens with different 
compositions, and all models were sintered at 550 °C. The method of making aluminum 
alumina and copper composite specimens can be seen in Figure 1. 

 

 

Fig. 1. Manufacturing process composite specimens 
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After the sintering process, all samples were prepared for characterization and thermal 
testing. A scanning electron microscope was used to analyze the microscopic structure 
of the composites. The thermal conductivity test of the composite samples used a 
thermal conductivity meter (Figure 2a). The test temperature was set at 100 C for 30 
minutes. Meanwhile, the composite microstructure test used a Scanning Electron 
Microscope (Figure 2b). 

 
Fig 2. Measurement and testing equipment (a) Thermal Conductivity Meter (b) Scanning 

Electron Microscope 

3 Result and Discussion 

3.1 Microstructures  

The composite sample that has been prepared is then polished for 
microstructure examination. The specimen is polished using sandpaper 
with a fineness of 1000 grit. Microstructure analysis is conducted using 
SEM. The SEM image results of the Al-Al2O3-Cu composite can be seen 
in Figure 3. 

  
 
 
 
 
 
 
 
 
 
 

 

Fig 3. The SEM image results of the Al-Al2O3-C composite 
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The results of the SEM analysis on the composite specimen show an uneven distribution 
of particles on the material's surface. The yellowish-green color with blue hues and dark 
areas indicates the presence of certain elements or phases that may originate from 
constituent components such as alumina (Al₂O₃) and copper (Cu). 

The microstructure shows particle agglomeration, which suboptimal fabrication 
processes, such as non-homogeneous mixing or sintering, may cause. The presence of 
brighter particles with high contrast may indicate the existence of metal oxides or 
compounds formed during the furnace's heating process. The gaps and porosity on the 
surface may indicate that this material has varying mechanical properties, depending on 
the distribution and bonding between particles. The rough and uneven surface structure 
suggests that this composite has the potential to increase surface area, which can affect 
the material's thermal properties, especially in applications as a thermal energy storage 
medium. 

 
Fig 4. Comparison of the microstructure of three composite specimens 

The images generally show a relatively non-uniform distribution of particles with 
various sizes and morphologies. The comparison of SEM photos from the 3 composite 
specimen compositions is shown in Figure 4. In Figures 4(a) and 4(b), the particle 
distribution consists of large particles surrounded by smaller particles. The large 
particles appear to have a rough surface, which may indicate the presence of alumina 
(Al₂O₃) or other mixtures. The particle aggregation is visible, indicating suboptimal 
bonds between the particles. The space or porosity between those particles can affect 
the mechanical and thermal properties of the composite, potentially reducing the 
material's strength. 

Meanwhile, Figure 4(c) shows a surface with particles that are more evenly distributed 
and denser than the previous two images. Smoother surfaces and smaller particles 
dominate, indicating variation in the mixing or sintering processes. The appearance of 
this surface shows a reduction in porosity, which can enhance thermal conductivity and 
mechanical strength. Overall, this SEM image shows that the composite has a diverse 
particle distribution, with significant accumulation and porosity in some areas. This can 
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affect the material's performance as a thermal energy storage medium, as uneven 
porosity and particle bonding can influence the material's mechanical and thermal 
properties. 

3.2 Thermal Conductivity 

Thermal conductivity is one of the thermal properties that measure a material can be a conductor 
of heat or heat storage. The nature of thermal conductivity will affect the effectiveness of heat 
absorption and release for TES materials. Temperature and material thickness are variables 
associated with thermal conductivity. The temperature change at the data collection 
point for the test equipment is shown in Figure 5 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. Temperature changes at data collection points 

After 30 minutes of testing, the temperature difference shows that composite specimen 
C3, with a composition of 15% copper, has a higher temperature drop than composite 
specimens C2 and C3. with C1 showing a drop of 55.2°C, C2 of 61.9°C, and C3 of 
63.3°C. In addition, composite specimen C3 with 15% copper (Cu) content shows a 
higher temperature drop compared to specimens C1 and C2, that the content of copper 
percentage affects the efficiency of temperature drop at the measurement point. 
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Fig 6. Relationship between thermal conductivity and Cu percentage 

Figure 6 shows the relationship displayed on the graph, which shows that increasing the 
weight percentage of copper in the material significantly improves the thermal 
conductivity of the material. Material without copper content has the lowest thermal 
conductivity about 0.37 W/m.°C. Adding 5% copper made the thermal conductivity 
more than triple to 1.28 W/m.°C at 10% Cu, the thermal conductivity increases again to 
2.23 W/m.°C. The most significant improvement occurred in the material with 15% Cu, 
where the thermal conductivity reached 6.47 W/m.°C. Experts in material science and 
thermal engineering have long recognized that copper is one of the metals with the 
highest thermal conductivity. According to Callister (2014), adding copper to metal 
composites can significantly improve the material's ability to conduct heat. 

Adding copper to the material significantly increases its thermal conductivity, making 
it highly suitable for applications requiring high thermal efficiency. Design materials 
with desirable thermal characteristics to improve efficiency and overall system 
performance in various technical ap- plications that require efficient heat management. 

4 Conclusion 

Aluminium-alumina composites are one of the solid-TES composites made with a 
certain weight percentage composition of alumina to determine the characteristics of the 
thermal properties of composites that can be used in solar water heating systems. Some 
conclusions from the results of this study are: 
1. The bonding distribution between the aluminium matrix of alumina and copper 
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particles is very good and strong. 
2. The effect of adding copper to aluminium-alumina composites on thermal 

conductivity properties was analysed. It was found that the addition of copper 
increased the thermal conductivity of aluminium- alumina composites 
significantly, with an increase of 15%, with a thermal conductivity of 6.47 W/m.°C 
which indicates that copper is a material with high thermal conductivity.  
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