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Abstract 

In this study, composite material with Al-12Si (wt%) matrix was produced by 

powder metallurgy (PM) method. Al-12Si powder was mixed by adding 5, 10 and 

15wt% Cr2O3 powder.  Al-12Si+ Cr2O3 powder mixture were pressed 

unidirectional with 500MPa pressure in a cylindrical mold and sintered at 500 ºC. 

After sintering, optical microstructure (OM), Scanning Electron Microscope (SEM), 

Energy Dispersive Spectrometer (EDS) and microhardness analyzes of the samples 

were made. When the results were examined, it was observed that a porous structure 

was formed in all of the samples. Moreover, the lowest hardness was measured in the 

sample added %15wt Cr2O3 powder sintered at 500 ºC. 

 

 

1. Introduction 

 

Metal matrix composites (MMCs) can be 

formed by the reinforcement added of one or 

more ceramic particles (for instance: oxide, 

carbide, boride or others compounds) in a 

metallic matrix phase. This types composites 

possess good value of strength and hardness, 

improved corrosion and wear resistance. 

Aluminum matrix composites (AMCs), which 

are generally used for light materials, have 

high rigidity, enhanced wear and corrosion 

resistance. AMCs are used in aircraft, 

automotive and various engineering fields [1-

5]. 

Different primary reinforcements such 

as SiC, Al2O3, B4C, TiC, MgO are used in the 

aluminum matrix to produce AMCs. 

Discontinuously reinforced AMCs are key 
1candidates at light applications as they exhibit 

high strength, high wear resistance, high 

hardness and excellent mechanical, physical 

and thermal properties [2]. 

Powder metallurgy (PM) is a 

technology used in the production of high-
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strength materials to be used in aerospace, 

automotive and engineering fields. With this 

method, composite materials can be produced 

with the addition of reinforcing particles into 

the metal matrix that can be heat treated with 

high strength [6, 7]. Powder metallurgy 

technique requires a series of processes such as 

mixing, pressing and sintering of pre-alloyed 

or pre-mixed powders [8, 9, 10]. 

The PM method offers several 

advantages over other MMC manufacturing 

techniques, such as low processing 

temperature, low energy consumption and high 

material usage. In the powder metallurgy 

process, the reinforcing materials are mixed 

with the matrix material and compressed at 

sufficient pressure (depending on the required 

porosity in the final material). Thereafter, a 

heating process called sintering is carried out 

at high temperature (below the melting point of 

the matrix material) for a sufficient time for 

diffusion bonding to occur. Compression 

pressure, sintering temperature and holding 

time are the parameters that most affect the 

powder metallurgy process [10, 11, 12]. 
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Chromium oxide (Cr2O3) is a 

hexagonal crystal with a melting point of 2435 
◦C and it has a Vickers hardness of 1825 HV. 

Cr2O3 is commonly known as a catalyst, but it 

also exhibits high abrasive properties and is 

therefore widely used in the form of polishing 

pastes. It is an important refractory material 

with its high melting temperature and 

oxidation resistance at high temperatures [13, 

14]. 

In this study, %5, %10 and %15wt 

Cr2O3 powders were added to Al-12Si powder 

as reinforcement. Then, the samples were 

pressed and sintered at 500 MPa and 500 °C, 

respectively. After these processes, the effect 

of reinforcement particle was investigated. 

 

2. Material and Method 

 

In this study, Al-12Sipowder was used as 

matrix material.  Al-12Si powder is a standard 

powder produced by gas atomization in the 

size of -90 +45 µm by Metco-Oerlikon 

company. 5, 10 and 15wt% Cr2O3 powder (-35 

+15 µm by Metco-Oerlikon company, 99.8% 

purity) was added to the Al-12Si powder 

mixture as reinforcement material. For the 

homogeneous distribution of the powders, the 

mixing process was carried out at a speed of 45 

rpm for 45 minutes. The prepared mixtures are 

given in Table 1. 

Table 1. Powder mixing ratios of the samples. 

Sample 

No. 

Powder 

(wt%) 

Cr2O3 

Powder 

(wt%) 

1 100 0 

2 95 5 

3 90 10 

4 85 15 

 

The mixed powder were cold pressed 

unidirectional at 500 MPa pressure. The 

pressed samples were sintered for 60 minutes 

at 500 ºC in the Protherm brand heat treatment 

furnace  

 

 

Figure 1. Heat treatment furnace. 

After sintering, the samples were 

grinded with abrasives with different surface 

roughness, polished and then etched, for 

metallographic characterization. A mixture of 

95 ml H2O, 1 ml of HF, 2.5 ml of HNO3 and 

1.5 ml of HCl was used as etchant. Etching was  

carried outfor 30-35 seconds. Afterward, the 

microstructural examinasion were  carried out 

with Nikon brand optical microscope (Figure 

2) in Yahya Eren Advanced Research 

Laboratory of Bitlis Eren University.  

 

Figure 2. Optical microscope 
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Scanning electron microscope (SEM) 

and EDS analyzes were performed for 

microstructure characterization of samples. 

Hardness measurements were taken with 

Qness Q10M brand microhardness device 

(Figure 3).  Phase analyzes of the samples were 

performed on the Rigaku brand RadB model 

XRD device.  

 

 

Figure 3. Microhardness tester. 

3. Results and Discussion 

 

3.1. Microstructure Analysis of the Samples 

Figure 4 shows the SEM pictures and EDS 

analysis of the pre-alloyed Al-12Si powder.  

 

(a) 

 

(b) 

Figure 4. a) SEM photograph taken from Al-

12Si powder, b) EDS analysis taken from area 

1 in Figure 3 a. 

In the EDS analysis taken from area 1 

in Figure 4a, the presence of Al element and Si 

element can be seen (see Figure 4b). Al-12Si 

powder is a pre-alloyed powder containing 

12% Si. According to the EDS analysis, 

12.22% Si element was detected in the Al 

element. 

 

(a) 

(b) 

Figure 5. a) SEM photograph taken from 

Cr2O3 powder, b) EDS analysis of Cr2O3 

powder taken from area 1 in Figure 4 a. 
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Figure 5 shows the SEM pictures and 

EDS analysis of the Cr2O3 powder. The 

presence of Cr and O elements can be seen 

from the results of the EDS analysis of Cr2O3 

powder shown in Figure 5b. In the EDS 

analysis, a percentage of 72.05% Cr and 

27.95% O element were determined. 

Therefore, it can be said that the Cr and O 

elements and the oxide compound (such as 

CrxOy) are present. 

In Figure 6, optical microstructure 

pictures of sample 1 are shown. Grain 

boundaries are clearly visible in the 

microstructure. It is seen that there are pores in 

the structure consisting of equiaxed grains. 

Porosity is inevitable in samples produced with 

powder metallurgy for reasons such aspurity of 

powders used, mixing ratio of powders, 

compression pressure and speed [15]. Figure 6 

shows the pores located at the grain 

boundaries. 

 

(a) 

 

(b) 

Figure 6. Optical microstructure pictures of 

the sintered sample 1. 

SEM photograph and EDS analysis 

results taken from sample 1 are shown in 

Figure 7. Al-Si eutectic structures are thought 

to be present in the grain and grain boundaries. 

It is seen that 84.94% Al and 15.06% Si 

elements are present in area 1 according to 

EDS analysis (Figure 7a and b). As a result of 

this EDS, area 1 is thought to be composed of 

intermetallic compounds with Al-Si eutectic 

structure. In addition, it is also assumed that 

the Al-Si eutectic structure is present at a 

certain percentage in area 2 as a result of the 

EDS analysis (Figure 7a and c). 

 

(a) 

 

(b) 

 

(c) 

Figure 7. a) SEM photograph, b) EDS 

analysis area 1 c) EDS analysis area 2 taken 

from the sintered sample 1 
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In Figure 8, optical microstructure 

pictures of the sample 2 are shown. Grain 

boundaries are seen in the microstructure of the 

sample. It is thought that there are intermetallic 

compounds with Al-Si eutectic structure at the 

grain and grain boundaries of the 

microstructure consisting of equiaxed grains. It 

can also be seen that there are pores in black 

color at the grain boundaries. The sample 2 

which possess 5wt% Cr2O3 compound + 

95wt% Al-Si possesses more pores in 

comparison to the sample 1. 

 

(a) 

 

(b) 

Figure 8. Optical microstructure pictures of 

the sintered sample 2. 

Optical microstructure pictures of 

sintered sample 3 are shown in Figure 9. 

Grain boundaries can also be seen in the 

microstructure of this sample. There is 

similar structure compared to the sample 2 

such as the Al-Si eutectic structure is 

present in the grain and grain boundaries. 

10wt% Cr2O3 powder added into the Al-Si 

matrix structure exhibits a homogeneous 

distribution in the sample 3 (see Figure 9). 

Partial porosity can also be seen in the 

microstructure. 

 

 

(a) 

 

(b) 

Figure 9. Optical microstructure pictures of 

the sintered sample 3. 

 

In Figure 10 shows the optical 

microstructure pictures of the sample 4. In this 

sample, grain boundaries are seen in the 

microstructure. The porosity increased 

considerably with the addition of 15wt% Cr2O3 

into the Al-Si matrix structure. Al-Si eutectic 

structure intermetallic compounds are 

observed in grain boundaries and grain 

interiors. It can also be seen that the amount of 

pores around the added Cr2O3 is more 

concentrated (see Figure 10). 
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(a) 

(b) 

Figure 10. Optical microstructure pictures of 

the sintered sample 4. 

SEM photograph and EDS analysis 

results taken from sample 4 are shown in 

Figure 11. EDS analyzes were taken from 

matrix structure, grain boundaries and powder 

particles.  The presence of Al and Si elements 

is seen in the EDS analysis given in Figure 11-

b, taken from the light gray area 1. It is seen 

that area 1 is rich in Si element with 96.80% Si 

value and Al matrix element is present with a 

value of 3.20%. It is understood that there is no 

oxidation in this area. 

According to EDS analyses taken from 

point 2 and 3, Cr, Si, Al and O elements are 

present in these locations (see Figure 11-c and 

d). It is assumed that both places are composed 

of Cr2O3 compound. There is a small amount 

of Al and Si elements, which are matrix 

structures.  It is believed that the element C 

detected in point 2 comes from the carbon tape 

used while sticking the samples and powders 

during the SEM analysis. In the EDS analysis 

taken from point 4 (see Figure 11-e), it is seen 

that the Al element has a high value of 99.43%. 

In addition, a small amount of Si element 

(0.57%) was detected at this location. 67.4% 

Si, 24.13% Al and 8.47% O elements were 

detected in the EDS analysis taken from point 

5 (see Figure 11-f). At this point, it is thought 

that the powders in the matrix structure are 

oxidized. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 11. a) SEM photograph taken from the 

sample 4.  EDS analysis of the sample 4 taken 

from b) point 1, c) point 2, d) point 3, e) point 

4, and f) point 5 shown in Figure 11a. 

XRD analysis of the sample 4 is shown in 

Figure 12. As a result of XRD analysis, it was 

determined that different types of compounds 

were formed. 

 

Figure 12. XRD analysis of sample 4. 

 The main phase was determined as Al 

matrix. In addition, Al9Si, Al2O3, CrO2 and 

Cr3O4 compounds were formed depending on 

the Cr2O3 addition. Moreover, it was observed 

that the elements detected in the EDS analyzes 

(Figure 11) taken from the sample 4 and the 

compounds detected in the XRD analysis 

(Figure 12) taken from the same sample 

matched. 

 

3.2. Microhardness Test Results 

The microhardness values of the samples with 

and without the addition of Cr2O3 powder after 

sintering are given in Figure 13. 
 

 

Figure 13. Microhardness values of the 

samples after sintering.  
 

The microhardness value of the sample 1, 

which has no addition of Cr2O3, was measured 

as 16,19 HV. Adding %5wt Cr2O3 compound 

into the Al-Si matrix resulted in 16,8 HV.  

However, increasing the amount of 
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Cr2O3 from %5wt to %10wt caused the micro 

hardness to decrease from 16,19 HV to 13,15 

HV, respectively. In the sample 4 with 15% Cr 

added, the hardness was measured as 10,33 

HV. With the addition of Cr2O3 powder, the 

pore partly increased in the microstructure as 

seen in the microstructure photographs 

(Figures 8, 9, 10). The highest number of pores 

was detected in the sample 4 to which %15wt 

Cr2O3 was added. In powder metallurgy 

manufacturing, the formation and growth of 

sintering necks is mainly driven by surface 

diffusion. The high amount of oxide makes it 

difficult to neck [17]. It can be said that the 

amount of pores increases with decreasing 

necking. Due to this increase in the amount of 

pores, a small decrease in the amount of 

microhardness was detected. 

4. Conclusion and Suggestions 

 

1. A porous structure was detected in the 

samples. The pores become more 

prominent at the grain boundaries. Cr2O3 

powders are also located in the grain 

boundaries. 

2. After sintering, the microhardness value of 

the samples decreased partially due to the 

increase in the amount of pores with the 

addition of Cr2O3 powder. 

3. The lowest microhardness value after 

sintering was found in the %15wt Cr2O3 

added sample 4 with an HV value of 10,33. 
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