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Abstract  

Many industries have been in demand for metal matrix composites (MMC), especially in the aerospace and automotive sectors. 

The advancement of MMC is being investigated to improve the material's mechanical properties. MMC is a composite material 

consisting of at least two materials. One of them would act as a matrix, and the other materials would serve as reinforcement. 

MMC allows for overcoming the specific limitations of metallic and ceramic materials by blending their mutually exclusive 

property profiles. The main objective of this research is to successfully fabricate aluminium and graphite metal matrix 

composites using powder metallurgy. In this research, powder metallurgy was used, where aluminium and graphite were 

blended according to the sample volume ratio. Both graphite and aluminium were in the form of metal powder. Graphite powder 

with each ratio of volume percentages of 0%, 1.5%, 3%, 4.5%, and 6% was mixed with aluminium powder. The blended 

material is produced by powder metallurgy via the compaction process using the hydraulic press brake machine. Subsequently, 

the compacted sample was sintered using a laboratory furnace at 600°C for 4 hours. The mechanical tests show that the highest 

tensile strength and Young's modulus were obtained by MMC aluminium – 1.5 % volume graphite. While for the highest 

hardness was achieved by aluminium – 4 % volume graphite.    

Keywords: Metal Matrix Composites, Aluminium Matrix, Graphite Reinforcement, Powder Metallurgy, Mechanical 

Properties. 
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1. Introduction 

Metal matrix composites (MMC) are composite 

materials containing at least two. One would act as a 

matrix, and the other materials would act as 

reinforcement [1]. MMC allows for overcoming the 

specific limitations of metallic and ceramic materials by 

blending their mutually exclusive property profiles [2]. 

The mechanical properties include tensile strength, 

hardness level, and microstructure [3]. The advantages 

of the MMCs are high strength, elastic modulus, 

toughness, and impact properties. Besides that, the 

MMCs also have low sensitivity to changes in 

temperature.  

Aluminium is widely used primarily in automotive 

industries because of its lower density, high wear 

resistance, and many others that contribute to vehicles' 

excellent design [4]. Pure aluminium is one of the best 

metals existing in the world since its weight is only one-

third of the weight of steel [5]. Moreover, aluminium is 

the third most abundant element in the world. This 

makes aluminium suitable for metal alloys and heavy 

industries in the engineering industry. Since aluminium 

is well-known in the automotive sector, fabrication of 

MMC using pure aluminium and graphite with powder 

metallurgy method was conducted [6].  

Graphite is a semi-metal in the form of coal existing on 

the earth. The mechanical properties of graphite are high 

tensile strength, low density, high friction and wear 

resistance, and high thermal conductivity [7]. The 

addition of reinforcement particles would make changes 

in the mechanical properties of the material. It includes 

the matrix's hardness, density, and microstructure [8]. 

The hardness of the specimen would likely increase 

linearly, but there was a limit to its increasing hardness. 

Other than that, the density would also be decreased. 

This was an advantage in spacecraft industries since 

airplanes should have a low density for better 

coordination during flight [9]. Furthermore, the 

electrical conductivities would likely increase too, 

because graphite is well known as a good electrical 

conductor [10].  

Powder metallurgy (PM) is a mixing process where 

metal powders are combined with the reinforcement 

element to create a composite [11]. PM is chosen 

because it offers homogeneity for both composition and 

microstructure of the matrix alloy together with more 

control over the reinforcement distribution [12]. Other 

than that, PM is considered to be environment friendly 

since it produces very little smoke and chemicals into 

the atmosphere [13], [14].  

This research was conducted by using pure aluminium 

as the base alloy and graphite as the reinforcement. By 

using graphite as the parameter, both of the materials 

was mixed. There was a few ratios of volume 

percentages of graphite that was mixed into the pure 
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aluminium. This step is important to observe the 

mechanical properties of the sample. The mechanical 

properties levels are expected to increase with 

increasing graphite content as compared to base alloy 

[15]. There was four main experiments that was 

conducted onto the specimen which are the tensile test, 

micro hardness test, resistivity and also the 

microstructure test.  

2. Research Method 

Punch and die was produced in the early stage of 

research. The die and punch have been designed in order 

to sustain high pressure of compaction. Steel has been 

chosen as the material to produce both the die and punch 

[16]. In order to produce solid sample from powder 

mixture, the design of the die and punch must be able to 

withstand circumferential stress and longitudinal stress 

without failure [17]. A base is also important in order to 

make sure the sample has smooth surface. It is also 

important so that during compaction process, both die 

and punch can be stable and the pressure is applied 

equally onto the sample surface as shown in Figure 1.   

 

Figure 1. Production of punch using milling machine 

The production of punch involves milling machine. The 

dimension of the dog bone shape is according to the 

standard ASTM E8 where the gage length is 20 mm and 

gage width is 6 mm. The simulation of tool path was set 

in the Catia V5 software. Therefore the milling machine 

was operated according to the G code that has been 

generated from the software. A fully carbide end mill is 

used since the raw material for the punch is steel. The 

selection of tool must be made properly since the steel 

workpiece is able to cause wear onto the tool [18]. 

 

Figure 2. Sodick VZ300L EDM Wire Cut Machine 

The die part is manufactured using the Sodick VZ300L 

EDM Wire Cut Machine (Figure 2). The shape of the 

die has been designed using Catia V5 (Figure 3). The 

drawing is saved as dxf file so that the machine can read 

and analysed the drawing. The process of die production 

took about two days to complete since the raw material 

is steel and the cutting speed has been lowered down. 

 

Figure 3. Catia drawing of die part  

2.1. Blending of metal powder 

Pure aluminium powder and graphite powder was 

blended manually using pestle mortar [19]. There was 5 

ratios of the MMC (Table 1). The blending process 

takes 10 minutes to completely blend both of the 

materials. Next, the metal powders was poured into a 

die to produce solid metal according to desired shape 

which is dog bone shape. The dog bone shape has been 

made according to standard ASTM E8 for metal tensile 

test. 

Table  1. Percentage of volume of pure Al and graphite 

Sample 

number 
Pure aluminium (%) Graphite (%) 

1 100 0 

2 98.5 1.5 

3 97.0 3.0 

4 95.5 4.5 

5 94.0 6.0 

After that, the mould was placed onto the hydraulic 

press brake machine and was compacted until 25 kN for 

30 minutes. Then, the compacted sample was removed 

from the mould and the sample is sintered in the furnace 

at 600°C for 4 hours. The completed sample was let to 

cool down by itself until room temperature. 
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Figure 4. Samples for each ratio 

2.2. Compaction process 

Compaction is a process where blended metals was 

poured into the die [20]. During the compaction process, 

the sample's density was increased and the sample's 

strength would also be sufficient undergo next process. 

The sample specimen was poured into the die and a 

punch was inserted to complete the compaction process. 

Compaction pressure was applied from both the die and 

also the punch to create a dense sample (Figure 5). The 

pore and spaces between the aluminium and graphite 

particles was reduced. The particles of pure aluminium 

and graphite would form a bond in order to merge with 

each other.  

 

Figure 5. Hydraulic press brake machine. 

2.3. Sintering process 

Sintering is a process where the blended metals was 

compacted by heating the specimen below the metal 

melting point to ensure the metal would not melt [21]. 

The atoms in the materials diffuse across the boundaries 

of the particles, and the particles would diffuse together 

to form a solid. The sintering temperature does not have 

to reach the material's melting point, sintering is often 

chosen as the shaping process for materials with 

extremely high melting points. 

 

Figure 6. Narberthem GmBH furnace 

For this research, the sample was placed into the furnace 

during the sintering process. The melting point of 

aluminium was approximately 660.3°C (Figure 6). In 

order to perform the sintering process perfectly the 

heating temperature should be 70 % to 90 % of the 

aluminium melting point. The sintering process would 

improve the mechanical properties of the samples by 

reducing the porosity between particles of the specimen, 

diffusing both aluminium and graphite into each other. 

Other than that, the volatile materials or particles in the 

specimen would also be evaporated so that only pure 

aluminium and graphite was left. The particles would 

undergo rearrangement during the sintering which 

means the particles distribution was improved. 

Furthermore, the Ostwald ripening would occur where 

the small particles would like attach onto larger particles 

and leads to densification. 

In this process, the furnace was set to heat at 600°C. The 

heating rate was set at 10°C per minute therefore it 

would take 60minutes to reach 600°C. the holding time 

is set for 4hours. 

2.4. Tensile test 

Tensile test is where the yield strength and the tensile 

stress was determined. The shape and size of the 

specimen was made according to the supposed shape for 

the test. The tensile test would follow the standard 

ASTM E8 code [22]. 
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Figure 7. Universal testing machine 

The machine that was used in this experiment is the 

universal testing machine. The dog bone shape sample 

was attached to the machine specifically at the 

crosshead section. The machine would slowly extend 

the sample until it fractures. Usually the specimen 

would break into two pieces when it fractures. The 

graph of tensile stress of the sample was shown in the 

monitor. 

2.5. Hardness Test 

For the hardness test, the sample should be in block 

shape. The experiment for hardness test is called the 

micro Vickers test. A diamond indenter was forced onto 

the surface of the specmen. The test force was set at 

500g for 15 seconds [23]. The indentation process 

would produce permanent depth on the sample. The 

permanent depth of indentation was measured by 

placing the cursor on each edge of the diamond shape. 

The opposing indenter angle should be 136o. Vickers 

test that was done this project would follow the ASTM 

E92-17. The hardness of the material can also indicate 

the wear resistance and also the ductility of the material. 

 

Figure 8. Universal testing machine 

3. Result and Discussion 

3.1. Tensile Stress, Strain and Young Modulus 

The ASTM E8 test presents data on the strength and 

ductility of metals under uniaxial tensile forces. The 

tensile strength of a metal is essentially its ability to 

withstand tensile loads without failure. Ductility, on the 

other hand, measures a material's ability to deform 

under tensile stresses [24].  

 

Figure 9. Graph of average stress and average strain against graphite 

percentage 

Results shown in Figure 9 are the average tensile stress 

and average strain of each sample against the percentage 

of graphite. There is a slight increase of stress and strain 

at 1.5% of graphite while at 3% of graphite. The stress 

and strain has decreased rapidly. From a recent research 

journal, it stated that the decrease in average stress 

maybe due to the presence of graphite particles in a 

metal matrix which are soft particles and act as 

impurities in the molten metal and increased the 

porosity content due to which strength of composites 

decreased [25]. 
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Figure 10. Graph of Young modulus against graphite percentage 

From Figure 10, the graph shows that the Young 

modulus decreases at 1.5% of graphite but increase at 

3% of graphite. However, there is a slight decrease of 

Young modulus at 4.5% but then it continues to increase 

back. 

The trend of the graph for tensile test is not stable which 

means that there are many other considerations that 

should have been concerned. The tensile stress may be 

affected as the thickness of each sample varies. Other 

than that, the blending process might be defected since 

it is done manually using pestle and mortar. The 

distribution of graphite and pure aluminium particles 

may did not disperse uniformly. The results obtained 

can be used in further investigation of tensile strength of 

aluminium graphite MMC but further consideration 

should be done in order to obtain accurate result for each 

sample. 

3.2. Hardness level of each sample 

 

Figure 11. Graph of hardness against percentage of graphite 

From Figure 11, it shows that the average hardness of 

each ratio increase steadily until it reaches 4.5% of 

graphite. However, at 6% of graphite the average 

hardness started to decrease. From a published journal, 

it stated that the hardness increases with increased 

graphite content up to 6% of graphite anyhow beyond 

6% of graphite a decrease in hardness is observed which 

may be attributed to saturation of graphite in the 

aluminium matrix. Therefore, the graphite content 

directly affects the overall hardness of the MMC and the 

optimum volume of graphite in aluminium metal matrix 

has been identified as 6%. 

4. Conclusion 

In the research that has been done, the aluminium 

graphite MMC has been fabricated using powder 

metallurgy. Graphite powder with each ratio of volume 

percentage of 0%, 1.5%, 3%, 4.5% and 6% are mixed 

with pure aluminium powder. Then, it was subjected 

into compaction at 25 kN for 3 minutes and sintered at 

600°C for 4 hours. It has been found that the addition of 

graphite into aluminium results in increasing tensile 

strength and yield stress. Furthermore, the hardness is 

also increased with increasing graphite content. 

However, there is a limit to the addition of graphite 

which is only 6%. The microstructure of each sample is 

also observed and the dispersion of graphite particles is 

uniform. Meanwhile, the resistivity is decreased which 

means that the higher the graphite content in the 

aluminium metal matrix, the higher the electrical 

conductivity of the sample.  

As conclusion, this project objective of fabricating 

aluminium graphite metal matrix using powder 

metallurgy has been done successfully. However, the 

results obtained can be improved with better parameters 

and considerations.   
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