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In this study, a hybrid aluminum/alumina/graphite composite was 

prepared using the Horizontal Centrifugal Casting method, and the 

microstructure and distribution of alumina and graphite particles in the 

radial direction of the sample cross-sections were investigated. The 

distribution of graphite and alumina particles resulted in the formation 

of a Functionally Graded Material (FGM) structure along the cross-

section length. Due to the centrifugal force, graphite particles were 

separated in the inner part of the sample, while alumina particles 

gradually increased from the inner to the outer region. Samples with 3, 

5, and 7% volume fractions of graphite particles added to the melt were 

obtained using mold rotation speeds of 1000 RPM, 1500 RPM, and 

2000 RPM, and the formation of an internal graphite-rich zone was 

examined. In all samples, a 3% volume fraction of alumina particles 

was used, and the effect of the presence of alumina particles on the 

distribution of graphite particles was studied. Optical Microscopy 

(OM) was used to investigate the microstructure and distribution of 

graphite and alumina particles. Increasing the amount of graphite from 

3 to 7% volume fraction increased the collision and interaction between 

graphite particles, resulting in a thicker inner graphite-rich layer. 

Increasing the mold rotation speed initially led to an increase in the 

thickness of the inner layer and then resulted in a decrease. The 

presence of alumina particles prevented the complete separation of 

graphite particles in the inner region and led to a more uniform 

distribution. 
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Introduction 

A composite material is a combination of two or 

more distinct and chemically different materials 

that are insoluble in each other and have a clear 

common interface [1]. In metal matrix composites, 

the matrix is a metal and the reinforcement may be 

another metal or a different material such as 

ceramic or organic phase. When a composite has 

more than two types of reinforcements, it is called 

a hybrid composite [2]. Blending metals with low 

density with reinforcing particles leads to the 

production of components with higher 

performance and functionality that can replace 
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existing homogeneous materials [3]. Aluminum 

matrix composites are continuously improving due 

to their low density, high strength, and improved 

wear resistance [4]. In aluminum matrix 

composites, the aluminum matrix consists of pure 

aluminum or aluminum alloys, and the 

reinforcement used is ceramics such as SiC, 

Al2O3, SiO2, B4C, etc [5].  

Functionally Graded Materials (FGMs) are 

advanced materials that exhibit a gradual change 

in microstructure and/or chemical composition in 

a specific direction. These materials have various 

applications in the automotive, aerospace, defense, 

and electronics industries. There are various 
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methods for producing gradient materials such as 

chemical vapor deposition, physical vapor 

deposition, sol-gel method, plasma spray 

technique, melt infiltration method, powder 

metallurgy techniques, centrifugal casting, etc 

[6,7].  

Centrifugal casting is one of the methods for 

producing gradient materials and is used for mass 

production of engineering components and parts of 

large sizes due to its simplicity and lower cost 

compared to other available methods [8]. This 

process involves synthesizing a metal matrix 

composite by centrifugal casting accompanied by 

centrifugal separation to form a gradual 

microstructure. When a melt containing particles 

is subjected to centrifugal force, solid particles are 

distributed gradiently within the sample volume. 

The movement of solid particles is determined 

based on the difference in density between them 

and the molten metal [9]. Regarding aluminum, the 

rich zone for heavier particles such as SiC, 

alumina, and zirconia is the outer region, while for 

lighter particles like graphite, mica, and carbon 

micro balloons, it is the inner region [6]. The 

thickness of the layers and the volume fraction of 

particles in the two phases are functions of various 

parameters such as casting temperature, mold 

rotation speed, melt viscosity, initial volume 

fraction of particles, particle size, mold 

temperature, and melt cooling rate [10].  

The thickness of the particle-free zone decreases 

with an increase in the particle volume fraction, 

while the thickness of the gradient zone increases 

[11]. Zhao et al. [12] studied the effect of SiC 

particle volume fraction on the particle distribution 

in Al-SiC centrifugal casting composites. They 

reported that an increase in the SiC volume 

fraction from 5 to 15% led to a decrease in the 

thickness of the particle-free zone and an increase 

in the thickness of the particle-rich zone. It has 

been reported that an increase in the mold rotation 

speed results in a decrease in the thickness of the 

particle-rich layer and an increase in the particle 

volume fraction in this layer [12-14]. Wang et al. 

[15] investigated the centrifugal casting of Al/SiC 

composites with a 20% volume fraction of SiC 

particles and the effect of different mold rotation 

speeds. They found that SiC particles accumulated 

in the outer region of the casting piece and 

observed that with an increase in the mold rotation 

speed from 600RPM to 800RPM, which signifies 

an increase in the centrifugal force, the particle 

volume fraction in the outer region increased, and 

a sharper gradient of particle volume change was 

observed.  

In this study, the A356 alloy was used as the 

matrix, and graphite and alumina particles were 

used as reinforcements. The distribution of 

graphite and alumina particles on the surface of the 

samples was investigated, and the effects of the 

added graphite volume fraction on the melt, mold 

rotation speed, and the presence of alumina 

particles on the distribution of graphite particles 

were studied. 

Experimental Method  

Raw Materials 

The alloy used in this study is A356 aluminum, 

whose chemical composition is presented in Table 

1. Al2O3 powder with 99.6% α-phase content and 

an average particle size of about 60 microns 

(Figure 1a) from Nabaltek company, and graphite 

powder with pseudo-spherical particles and an 

average size of approximately 110 microns was 

used (Figure b1). 

Table 1. Chemical composition of A356 aluminum alloy 

Element Al Si Fe Cu Mn Mg Zn Ti Pb 

Weight 

% 

balance 7.01 0.15 0.05 <0.03 0.43 <0.03 0.05 <0.01 
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Figure 1. SEM image of (a) Al2O3 and (b) graphite powders. 

Fabrication Method 

A centrifugal casting method was used to prepare 

a melt containing alumina and graphite particles. 

Graphite particles with 3, 5, and 7% volume 

fractions along with a 3% volume fraction of 

alumina particles were added to the melt. To 

improve the attachment of particles to the melt, the 

powders were placed inside an aluminum foil. 

Then, they were preheated to 200 degrees Celsius 

and gradually added to the aluminum melt in 

several stages. After adding the powders, a 

mechanical stirrer with a speed of 700 revolutions 

per minute was used to create turbulence and 

homogeneously distribute the particles. The stirrer 

used was made of graphite and had three blades at 

a 45-degree angle. After 3 minutes of stirring, the 

melt was poured into the mold of the centrifugal 

casting machine. The casting temperature was 850 

degrees Celsius, and the mold was preheated to 

200 degrees Celsius. Different mold rotation 

speeds of 1000RPM, 1500RPM, and 2000RPM 

were used to produce the samples. The 

specifications of the fabricated samples are listed 

in Table 2. A coding system presented in Table 2 

was used to better identify the samples. For 

example, code 5G3A2000 corresponds to a sample 

with a 5% volume fraction of graphite and a 3% 

volume fraction of alumina with a mold rotation 

speed of 2000 revolutions per minute.  

Table 2- Specifications of the cast samples. 

Sample 

No. 

Sample Code Casting 

Temp. ℃ 

Alumina % Graphite % Mold Rotation 

Speed (RPM) 

1 1000A3G3 850℃ 3 3 1000 

2 1000A3G5 850℃ 3 5 1000 

3 1000A3G7 850℃ 3 7 1000 

4 1500A3G3 850℃ 3 3 1500 

5 1500A3G5 850℃ 3 5 1500 

6 1500A3G7 850℃ 3 7 1500 

7 2000A3G3 850℃ 3 3 2000 

8 2000A3G5 850℃ 3 5 2000 

9 2000A3G7 850℃ 3 7 2000 

10 1500A1 850℃ 0 0 1500 

11 1500Gr3 850℃ 0 5 1500 

Microstructural Studies 

Optical microscopy was used to investigate the 

distribution of graphite and alumina particles, the 

particle sizes in different sample areas, and the 

microstructure of the samples. For this purpose, 

sections of the cast samples were cut, polished, and 

placed under a light microscope. After obtaining 

images, the Clemex Image Analysis software was 

used to determine the volume fractions of graphite 

and alumina particles in different areas of the 
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cross-section and to analyze the particle size 

distribution in the samples. 

Results and Discussion 

Particle Distribution Analysis 

Figure 2 shows a macroscopic image of the cross-

section of the cast sample. As observed, the sample 

consists of two distinct layers, the inner and outer 

layers. 

 
Figure 2. Macroscopic image of the cross-section of the sample. 

The inner region contains a high volume fraction 

of graphite particles along with a low volume 

fraction of alumina particles. Due to the lower 

density of graphite compared to the aluminum 

melt, graphite particles have accumulated in the 

inner region. Alumina particles are distributed 

throughout the entire cross-sectional area, 

gradually increasing from the inner to the outer 

part, where they have a higher volume fraction. 

This is due to the higher density of alumina 

particles compared to the aluminum melt. Figure 3 

illustrates microscopically the distribution of 

graphite particles on the cross-sectional surface. 

 
Figure 3. The images of light microscopy show the distribution of graphite particles in the a) internal region, b) 

boundary between the two internal and external regions, c) graphite-free region, and d) outer edge of the specimen.
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From the internal edge of the sample to the 

boundary between the two internal and external 

regions, graphite particles are distributed with a 

gradual decrease in quantity. After that, the 

amount of graphite particles reaches zero, forming 

a graphite-free area. As Figure 3-D depicts, a very 

small number of graphite particles are observed 

near the outer edge region. Due to the high 

solidification rate at the outer edge of the sample, 

which is in contact with the mold, the particles did 

not have the opportunity to move toward the 

internal regions and got trapped in this area. Figure 

4 shows the distribution chart of graphite particles 

in this specimen. The large size of the graphite 

particles caused them to have a high velocity due 

to the centrifugal force and move toward the inner 

region. Therefore, in the outer region, a layer free 

of graphite particles is formed, and the amount of 

graphite particles in this area reaches zero. It is 

necessary to mention that on the outer edge of the 

sample, very low percentages of graphite particles 

exist due to the high solidification rate 

 

Figure 4. The distribution chart of graphite particles 

on the sample surface. 

Figure 5 provides images of light microscopy 

showing the distribution of alumina particles in the 

internal and external regions. As observed, the 

particles show an appropriate distribution in the 

external region. Additionally, in the internal 

region, due to the presence of graphite particles, 

the alumina particles got trapped and could not 

move toward the outer region. Figure 6 shows the 

d i s t r ibut ion  char t  of  a lumina par t ic les . 

 
Figure 5. Images of light microscopy showing the distribution of alumina particles (a) in the external region and (b) 

in the internal region.

  

 
Figure 6. Distribution chart of alumina particles. 

 

 

Examination of the size of graphite and alumina 

particles on the sample cross-section 

According to Stoke's law, larger particles have a 

higher velocity in the melt, with the velocity 

increase of a particle being proportional to the 

square of its size. Therefore, an increase in particle 

size leads to a more steep and rapid distribution of 

particles on the sample surface, with larger 

particles having a higher tendency to move toward 

the internal region [16]. Figure 7 shows images of 

graphite particles in different regions of the inner 

layer of the sample. As observed, particles closer 
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to the internal edge have a larger diameter 

compared to those further away. 

 

 
Figure 7. Graphite particles in the sample, 3G3A1000, (a) near the internal edge with an average diameter of 88.92 

micrometers, (b) at a distance of 3 mm from the internal edge with an average diameter of 62.63 micrometers, and 

(c) at a distance of 4.8 mm from the internal edge with an average diameter of 51.39 micrometers. 

Figure 8 depicts the average diameter of alumina 

particles in different regions of the sample 

3G3A1000. It is evident that larger particles are 

more prevalent in the external region and decrease 

in size as they move towards the internal regions, 

consistent with the prediction of Stoke's 

relationship. 

 
Figure 8. The average diameter of alumina particles in 

different regions of sample 3G3A1000. 

3-3 Investigation of the thickness of the inner 

particle-enriched layer The thickness of the inner 

reinforced layer and the volumetric fraction of 

particles in this layer were measured and analyzed 

with different percentages of added graphite 

particles. To assess the thickness of the inner 

reinforced layer, a criterion called the "particle 

separation ratio" was utilized. This ratio is defined 

based on Equation (1). 

k= a/L (1) 

where a is the thickness of the reinforced layer and 

L is the total thickness of the sample. The value of 

L is almost equal in all samples, but the value of a 

varies with the rotation speed of the mold and the 

amount of graphite particles added to the melt. 

Figure 9 shows the values of a and L on the sample. 

 
Figure 9. Values of a and L in the sample. 



  

 

 /33 

 

Investigation of effective parameters on graphite distribution in FGM 

structure of A356/Al2O3/Gr composite 

Journal of  Aerospace Science and Technology 

Vol.17/ No. 2/ Summer-Fall 2024 

Figure 10 demonstrates the effects of the 

volumetric fraction of added graphite particles on 

the thickness of the inner reinforced layer, the 

value of k, and the volumetric fraction of graphite 

in the inner layer for different mold rotation 

speeds. With an increase in the volumetric fraction 

of added graphite particles, the thickness of the 

inner layer has increased at each specified speed. 

The increase in the volumetric fraction of added 

graphite particles results in more collisions 

between the particles. As a result, the individual 

particle velocity in the melt decreases, leading to 

an increase in the thickness of the graphite-rich 

inner layer [10]. On the other hand, an increase in 

the volumetric fraction of particles increases the 

viscosity of the molten material, reducing the 

particle mobility. Consequently, the thickness of 

the particle-enriched layer increases [17]. 

 

 
Figure 10. Changes in layer thickness (k) and volumetric fraction of graphite particles with added graphite volume 

percentage. 

Figure 11 illustrates the effect of mold rotation 

speed on the thickness of the inner layer and the 

volumetric fraction of graphite particles. With an 

increase in mold rotation speed from 1000 rpm to 

rpm1500, the thickness of the reinforced layer 

increases, and the volumetric fraction of particles 

decreases. However, with an increase in speed up 

to 2000 rpm, the thickness of the layer decreases, 

and the volumetric fraction of particles increases. 

An increase in mold rotation speed enhances the 

centrifugal force acting on the particles, increasing 

their velocity. Moreover, it raises the heat transfer 

coefficient, increasing the solidification rate. 

Therefore, mold rotation speed has two opposing 

effects on particle movement and controls the 

thickness of the particle-enriched layer [10]. 

 
Figure 11. Influence of rotation speed on (a) layer thickness (K) and (b) volumetric fraction of graphite particles. 

At a rotational speed of 1500 RPM, it can be said 

that the particles are influenced by the 

solidification rate and cannot reach the inner 

region. The fast movement of the solidification 

front and the low speed of the particles compared 

to the solidification front speed leads to the 

entrapment of particles in the intermediate regions, 

resulting in an increase in the thickness of the inner 

layer. In samples cast at a rotational speed of 1000 

RPM, the rotational speed is not high enough to 

significantly increase the solidification rate and 

trap the particles, preventing their free movement 

toward the inner regions. On the other hand, the 

rotational speed is enough to quickly move the 

particles and overcome the solidification rate, 

resulting in the separation of particles in the inner 

layer. Therefore, the thickness of the graphite-rich 
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layer decreases. At a rotational speed of 

RPM2000, the solidification rate increases, and the 

trapped particles in the sample also increase. 

However, the particles in the intermediate regions 

of the sample, due to the high mold rotational 

speed, acquire high speed and reach the inner 

regions. In summary, in this case, the particle 

velocity is greater than the solidification rate. The 

centrifugal force, G, can be obtained using 

equation 2. The centrifugal force, G, generated at 

a rotational speed of 2000 RPM is 223/57, and at a 

rotational speed of 1000 RPM, it is 55.89. The 

centrifugal force acting on the particles at a 

rotational speed of 2000 RPM is higher, therefore, 

the inner layer thickness for samples with a 

rotational speed of 2000 RPM is the lowest. 

G= 
𝛚𝟐𝐫

𝐠
 

(2) 

Investigation of the effect of the presence of 

alumina particles on the distribution of 

graphite particles 

Alumina particles, due to their higher density than 

the melt, tend to move towards the outer regions. 

Because their movement is opposite to the 

movement of graphite particles, they collide with 

graphite particles and prevent the free movement 

of graphite particles towards the inner regions. 

Therefore, graphite particles cannot completely 

reach the inner regions, and as a result, their 

volumetric fraction in the reinforced layer is also 

affected. Figure 12 shows the collision of alumina 

particles with graphite particles. 

 
Figure 12. The collision of alumina particles with graphite particles. 

According to the Stokes equation, equation (3), 

particles with a larger size have a higher velocity 

in the melt. The study of the effect of the size of 

graphite and alumina particles shows that graphite 

particles have a velocity approximately 65 times 

higher than alumina particles. 

V= 
|𝛒𝐩−𝛒𝐦| 𝐆𝐠 𝐃𝐩

𝟐

𝟏𝟖𝛈
 

(3) 

For graphite particles with an average diameter of 

110 microns and a density of 2 g/cm3; 

VGr =470Gg/η (4) 

For alumina particles with an average diameter of 

10 microns and a density of 3.95 g/cm3; 

VAlumina =7.2Gg/η        (5) 

Resulting in; 

𝐕𝐆𝐫

𝐕𝐀𝐥𝐮𝐦𝐢𝐧𝐚
 =   65 

𝟒𝟕𝟎𝐆𝐠/𝛈

𝟕.𝟐𝐆𝐠/𝛈
 (6) 

The higher velocity of graphite particles allows 

them to act more effectively when colliding with 

alumina particles and prevents them from being 

significantly influenced by alumina particles. 

Therefore, alumina particles, while affecting the 

accumulation of graphite particles in the inner 

layer, cannot pull graphite particles toward the 

outer regions and prevent the separation of 

graphite particles in the inner layer. Thus, graphite 

particles, in the presence of alumina particles, are 

also concentrated with a clear boundary in the 

inner layer, and these alumina particles become 

trapped under the influence of graphite particles in 

the inner layer and unable to move towards the 

outer layer. To investigate the effect of the 

presence of alumina particles on the movement of 

graphite particles, the volumetric fraction diagram 
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of sample 1500G3 was compared with sample 

1500A3G5. This diagram is shown in Figure 11. 

The mold rotational speed and the percentage of 

added graphite particles were constant in both 

samples, with values of 1500 RPM and five 

volume percent, respectively, with the difference 

that sample 1500A3G5 contained alumina 

particles, while sample 1500G3 did not. The 

comparison of these two samples indicates the 

effect of alumina particles on the movement of 

graphite particles. 

 

Figure 13. The comparison chart of graphite particle 

distribution for samples 5 and 11. 

As shown in Figure 13, the absence of alumina 

particles facilitates the movement of graphite 

particles toward the inner regions, resulting in a 

decrease in the k ratio and an increase in the 

volumetric fraction of graphite particles in the 

inner layer. The alumina particles present in the 

melt increase the melt viscosity and prevent the 

complete accumulation of graphite particles in the 

inner region due to collisions with graphite 

particles. 

Conclusion 

The present study investigated the effective 

parameters on the distribution of graphite in the 

FGM composite structure A356/Al2O3/Gr. The 

results indicate that: in samples cast at a rotational 

speed of 1000 RPM, the solidification rate is low 

and does not prevent the free movement of 

particles. However, the particles have the 

necessary speed for movement and therefore, their 

speed overcomes the solidification rate, pulling the 

particles towards the inner regions. At a rotational 

speed of RPM2000, the solidification rate 

increases, and trapped particles at the two ends of 

the sample also increase. However, the particles 

present in the intermediate regions of the sample 

acquire high speed due to the high rotational speed 

of the mold, reaching the inner regions. In 

summary, in this case as well, the particle velocity 

is greater than the solidification rate. Due to the 

centrifugal force at a rotational speed of 2000 

RPM being significantly higher than at 1000 RPM, 

the inner layer thickness is lower at a rotational 

speed of 2000 RPM. At a rotational speed of 1500 

RPM, it can be said that the particles are influenced 

by the solidification rate and cannot reach the inner 

region. In fact, there is an equilibrium between the 

solidification rate and the particle velocity, and 

one factor does not dominate over the other. This 

leads to an increase in the thickness of the inner 

layer. Graphite particles, due to their large size, are 

separated with a clear boundary in the inner region, 

while the fine alumina particles are distributed 

smoothly over the entire cross-section of the 

sample. The sample was divided into two inner 

layers containing graphite and alumina particles 

and an outer layer containing alumina particles 

without graphite particles. 
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