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Abstract 
 
We consider the influence of alumina (Al2O3) particles on mechanical and tribological properties of aluminum hybrid metal matrix 

composites (MMC). Various weight fraction of Al2O3 (5, 10 and 15%) and constant weight fraction of graphite (5%) were used to fabri-
cate composites by stir casting method. The effect of Al2O3 content on hardness, density and specific wear rate is evaluated. A wear test 
was performed using central composite design matrix on a pin-on disc apparatus at room temperature for constant sliding distance of 
1000 m. The sliding speed, load and weight fraction of Al2O3 were the process variables. The results show that the hardness and density 
increase with increase in Al2O3 content. From the analysis of variance (ANOVA), load is the dominant factor that affects the specific 
wear rate of hybrid composites followed by speed and weight fraction of Al2O3. Based on desirability approach, the improvement in the 
wear resistance of the composites became more prominent at high speed, high load and high weight fraction of Al2O3. The worn surface 
of the pin was examined using scanning electron microscope (SEM) which indicates that the wear mechanism of composites is mostly 
abrasive wear followed by oxide wear.   
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1. Introduction 

Aluminum reinforced with hard ceramic particles such as 
Al2O3, SiC, BiO2 improves the strength to weight ratio, me-
chanical properties, wear resistance etc. that makes it suitable 
for tribological applications. Several fabrication techniques are 
available, such as stir casting, spray deposition, die casting 
and powder metallurgy for producing a near net shaped MMC 
component with good surface finish. Stir casting is commonly 
used because it is economical. It is noted that, particle volume 
fraction, particle size and matrix properties are the factors that 
affect the mechanical and tribological properties of compos-
ites. Aluminum (Al) 6061 reinforced with Al2O3 is used in 
automotive applications such as piston rings, connecting rods, 
and engine blocks. Since these components are subjected to 
enormous amount of wear, wear resistance is more essential. 
The implementation of hard ceramic particles into the matrix 
alloys improves their mechanical and tribological behavior. 
The addition of graphite (Gr) particle acts as solid lubricant, 
thereby reducing the co-efficient of friction and increasing the 
wear resistance during dry sliding condition. The main re-
quirements of automobile components such as engine pistons, 

cylinder liners, and brakes are superior mechanical properties 
coupled with better wear resistance. This can be achieved by 
Hybrid MMC which has more than one reinforcement, 
namely hard and soft particles [1].   

In the past two decades, considerable works have been re-
ported on mechanical and tribological properties of compos-
ites. Bushan et al. [2] fabricated Al 7075-SiC composites with 
various weight fraction and size using stir casting method. 
Muthu Kumar et al. [3] used infiltration process to prepare 
Mg/SiCp and AZ91/SiCp to study the wear properties. 
Prashanth et al. [4] fabricated Al glass fiber MMC using pow-
der metallurgy method and depicted the influence of glass 
fiber on mechanical properties of composites. Reddy et al. [5] 
used microwave processing method to fabricate copper-TiC-
graphite hybrid metal matrix composites and investigated the 
effects of physical and mechanical properties. Wenlin et al. [6] 
conducted experiments to study the effect of sliding speed on 
friction and wear performance of a copper-graphite composite 
and concluded that the coefficient of friction and wear rate of 
copper-graphite composites are largely dependent on sliding 
speed. Rajeev et al. [7] studied the influence of wear and fric-
tion with respect to applied load, sliding distance, reciprocat-
ing velocity, counter surface temperature and silicon content 
in Al/SiC composites. Sai et al. [8] studied the dry sliding 
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wear behavior of copper fly ash composites using a pin on 
disc machine. From the results they observed that hardness 
and density increased for copper coated fly ash particles than 
the uncoated particles. Akgun et al. [9] studied the dry and 
water lubricated wear behavior of Al/SiC composites using 
ball on disc method. Goo and Kim [10] studied the mechani-
cal and tribological behavior of A356/SiC and A390/SiC 
composites of 30 µm and 60 µm SiC particles with 
20%volume fraction. From the result they concluded that the 
tensile strength of A356 alloy is higher than that of 
A356/SiCp which is mainly due to formation of voids during 
fabrication. They also reported that A390/SiCp composites are 
more wear-resistant than A356/SiCp composite. Park et al. 
[11] analyzed the wear characteristics of Al-based composite 
with Ni preform as reinforcement using a Ball on Disc method. 
They found that wear resistance properties of Ni/AC8A com-
posites are better than matrix AC8A. Liu et al. [12] studied the 
tribological properties of Ni-based composites reinforced with 
Ag2MoO4 powder in a pin-on-disc tribometer. From the wear 
test result they found that Ni-based composites containing 
graphite and silver molybdate lubricants exhibited superior 
tribological properties at ambient and high temperatures. 

From the above literature, it is concluded that most of the 
researches are related to wear of either on abrasive particles or 
on soft particles as reinforcements to MMC’S. But very mar-
ginal work is found on both reinforced hybrid composites. 
Therefore, our aim is to understand the effect of Al2O3 on 
mechanical and tribological characteristics of graphite rein-
forced hybrid composites.  

 
2. Experimental procedure  

2.1 Fabrication of composites  

Al 6061 was used as the matrix material and its composi-
tion is shown in Table 1. Al2O3 of size 45 micron and graphite 
of size 60 micron were used as reinforcements. The Al2O3 
content varied from (5, 10 & 15%) while graphite (5%) con-
tent remained fixed, to study the effect of Al2O3 in graphite 
reinforced aluminum Hybrid MMC. The composites were 
fabricated to cylindrical shapes of 100 mm in diameter and 
300 mm in length using stir casting method. The following 
steps are used to prepare Hybrid MMC. Al 6061 is melted in a 
furnace around 800oC and preheated Al2O3 particle (500oC) is 

slowly added with good stirring with a graphite stirrer at 600 
rpm. The time of mixing as well as mixing rates are adjusted 
according to the amount of the reinforcement particles. Ensur-
ing the complete mixing of Al2O3, the Al/Al2O3 mixture is 
continued to stir at constant speed for 15 minutes, which en-
ables proper mixing of Al2O3. Then pre-heated graphite is 
added to the mixture and is continuously stirred at 400 rpm for 
30 minutes. Care should be taken to avoid inhomogeneous 
mixing of the mixture, as particle agglomeration and sedimen-
tation during the melt may occur. The Al/Al2O3/ Gr mixture 
then is poured into cast iron moulds. The surfaces of moulds 
are cleaned using emery to eliminate the exposure of molten 
composite to pockets of oxidized surface on the cast iron 
moulds. Then they are pre-heated for about 20 minutes by 
keeping them over the furnace. The composite mixture is al-
lowed to solidify for about 15 minutes. Thus three different 
weight fraction of Al2O3 based Hybrid MMC are fabricated.  

 
2.2 Testing of composites 

Hardness tests are performed on composites to know the ef-
fect of Al2O3 particles in the matrix materials. The hardness of 
a material determines the strength of materials. The polished 
composite specimens are tested for their hardness, using 
Rockwell hardness testing machine with diamond indenter for 
100 kgf load. The load is applied for 30 secs. The Rockwell 
B-scale hardness test is commonly applied to quantify the 
mechanical strength of a wide range of particle reinforced 
MMC and Al alloys [13]. Five sets of readings were taken on 
the specimen on various places to assess the reproducibility 
and an average value was calculated. The density of the com-
posites can be calculated theoretically by rule of mixture by 
using the formula  

 
ρth = ρmVm+ ρr1Vr1 + ρr2Vr2,       (1)                                                                                       
 

where Vm and Vr1 and Vr2 represent the volume fraction of 
matrix and reinforcements, respectively. The density of the 
aluminum, Al2O3 and graphite is 2.70, 3.95 and 2.22 g/cm3, 

respectively. The density can be experimentally measured by 
Archimedean method by weighing the cut portion of cast 
composites in air and in water. The obtained composite 
specimen is machined to a pin of 2.5 mm in diameter and 10 
mm in length. The pin is rubbed against a disc of 55 mm in 
diameter made of EN 45 steel of 65 HRC. A wear test is per-
formed on pin-on disc machine (make - Ducom, Bangalore) as 
shown in Fig. 1 as per ASTM G99-95 standard at room tem-
perature. The specimen initial weight is calculated by using an 

 
 
Fig. 1. Pin on disc set-up. 

 

Table 1. Chemical composition of 6061 Aluminum alloy. 
 
Element Si Cu Mg Mn Fe Zn Sn Ti Pb Al 

Weight 
(%) 0.80 0.35 0.8 0.02 0.01 0.008 0.01 0.01 0.02 97.9 
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electronic weighing balance having an accuracy of 0.0001 g. 
During sliding the pin is pressed against steel disc for a fixed 
sliding distance of 1000 m. After the test, the specimen is 
cleaned with acetone to remove the wear debris and the final 
weight of the specimen is calculated. The difference in the 
weight of the specimen before and after the test gives the wear 
loss. Using the corresponding density values the wear loss is 
converted to volume loss. From the volume loss the specific 
wear rate is calculated using the formula 
 

 
(mm3/Nm),    (2)

  
 

where W (mm3) is the volume loss, F (N) is the applied load 
and D (m) is the sliding distance. 

 
2.3 Response surface methodology  

The response surface methodology (RSM) technique is a 
dynamic and foremost important tool, wherein the relationship 
between responses of a process with its input decision vari-
ables is mapped to achieve the objective of maximization or 
minimization of the response properties [14]. The objectives of 
quality improvement, including reduction of variability, im-
proved process and product performance, can often be accom-
plished directly using RSM. In the RSM, the quantitative form 
of relationship between the desired response and independent 
input variables, is represented as follows 

 
Y = f (s, f, w),  (3) 
 

where Y is the desired response and f is the response function 
and s, f and w represent speed, load and weight fraction of 
Al2O3, respectively. To study the effect of the process parame-
ters a second-order polynomial response surface can be fitted 
into the following equation: 

2
0

1 1

k k

i i i i ij i ji j
i i

Y X X X Yb b b b x
= =

= + + + +å å å å ,  (4) 

 
where, ‘Y’ is the corresponding response, and xi is the value of 
the ith process parameter. β are the regression co-efficient, and 
x  is the residual measure, resulting from an experimental 
error in the observations. This quadratic model works quite 
well over the entire factor space.  

The test is designed based on a RSM using central compos-
ite design (CCD) technique. It is a factorial or fractional facto-
rial design with center points and star points. The test is car-
ried out for three- factor-three levels CCD with full replication. 
The process variables used are shown in Table 2. Design ma-
trix and corresponding response are shown in Table 3. Using 
ANOVA, the significance of input parameters is evaluated. 
Design-Expert 10 software is used to establish the design ma-
trix, to analyze the experimental data and to fit the experimen-
tal data to a second-order polynomial. Sequential F test, lack-
of-fit test, and other adequacy measures are used to check the 
model’s performance. 

 
3. Results and discussion 

3.1 Microstructure 

The microstructure of the cast hybrid composites is shown 

Table 2. Process variables used. 
 

Limits 

  
Sl.No Notation Unit 

-1 0 1 

Speed s m/s 0.8 1.6 2.4 

Load f N 10 20 30 

Weight  
fraction Al2O3 

w % 5 10 15 

 

  
Fig. 2. SEM images showing even distribution for Al/5Al2O3/5Gr.

 
 

Table 3. Design matrix and corresponding response. 
 

Coded variables Actual variables 
Specific  
wear rate 

(mm3/Nm) Sl. No Run 

s f w s f w   

1 6 -1 -1 -1 0.8 10 5 8.03E-07 

2 19 +1 -1 -1 2.4 10 5 4.74E-07 

3 15 -1 +1 -1 0.8 30 5 3.64E-07 

4 2 1 +1 -1 2.4 30 5 1.92E-07 

5 18 -1 -1 +1 0.8 10 15 6.29E-07 

6 4 +1 -1 +1 2.4 10 15 1.50E-07 

7 1 -1 +1 +1 0.8 30 15 3.03E-07 

8 9 +1 +1 +1 2.4 30 15 1.15E-07 

9 20 -1 0 0 0.8 20 10 4.92E-07 

10 7 +1 0 0 2.4 20 10 2.30E-07 

11 5 0 -1 0 1.6 10 10 5.00E-07 

12 16 0 +1 0 1.6 30 10 2.44E-07 

13 10 0 0 -1 1.6 20 5 3.80E-07 

14 14 0 0 +1 1.6 20 15 2.44E-07 

15 8 0 0 0 1.6 20 10 3.03E-07 

16 12 0 0 0 1.6 20 10 3.20E-07 

17 13 0 0 0 1.6 20 10 3.20E-07 

18 11 0 0 0 1.6 20 10 3.20E-07 

19 17 0 0 0 1.6 20 10 3.20E-07 

20 3 0 0 0 1.6 20 10 3.20E-07 
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in the Figs. 2 and 3. From Fig. 2, the Gr and Al2O3 particles 
are evenly spread throughout the specimen. The uniform dis-
tribution of reinforcement and good interfacial bonding be-
tween the reinforcements and the matrix improves the me-
chanical properties of the composites. From Fig. 3, it is in-
ferred that the particles get clustered at some places, which is 
usually seen in higher weight fraction of the reinforcement. 
Fig. 3 shows some porosity, which is always associated with 
stir casting method as air entrapped into the molten metal. The 
EDAX (energy dispersive X-ray analysis) shown in the Fig. 4 
reveals the composition of the cast specimens. The specimen 
consists only of major peaks of aluminum and graphite in the 
cast specimen as expected and no reaction products are found. 

 
3.2 Hardness and density  

The density of the composites obtained from rule of mixture 
and Archimedean method is shown in Fig. 5. It is clear that 
both the values are closer to each other. The density obtained 
from rule of mixture is greater than the Archimedean method; 
the lower density values by Archimedean method are due to 
the increased porosity [15]. Also, the density of composites 

increases with addition of Al2O3, which is mainly because of 
higher density of Al2O3 particle. The increase in density also 
indicates that the fabricated composites attain an improved 
bonding between the matrix and reinforcement [16]. From the 
Fig. 6, hardness increases with increase in Al2O3 content. This 
is because Al2O3 acts as a barrier to dislocation flow in alumi-
num matrix. Therefore, the increase of Al2O3 will give more 
barriers and hence low dislocation density, which increases 
the hardness of the composites [17]. 

 
3.3 Specific wear rate 

The final regression equation developed using Design Ex-
pert 10 software for the specific wear rate is given below 

 
Specific wear rate = +1.63042E-006-5.49613E-007* s-
3.89015E-008 * f-2.68830E-008 * w +5.54531E-009 * s 
* f+6.67250E-010 * f* w+8.49512E-008 * s2+2.03688E-
010 * f2 .                     (5) 
 
The negative sign in the co-efficient indicates that response 

decreases as the parameter increases. From Eq. (5) it is clear 
that the specific wear rate decreases as the speed, load and 
weight fraction of Al2O3 increase. Similar findings were also 

Table 4. ANOVA results. 
  

Source Sum of 
squares df Mean 

square 
F 

value 
p-value 
prob > F 

 
 

Model 5.03E-13 7 7.19E-14 344.3912 < 0.0001 Significant 

s-Speed 
(m/s) 1.78E-13 1 1.78E-13 853.2346 < 0.0001  

f-Load (N) 2.31E-13 1 2.31E-13 1107.573 < 0.0001  

w-wt of 
alumina (%) 4.58E-14 1 4.58E-14 219.3916 < 0.0001  

sf 1.57E-14 1 1.57E-14 75.3864 < 0.0001  

fw 8.9E-15 1 8.9E-15 42.63617 < 0.0001  

s^2 9.46E-15 1 9.46E-15 45.29181 < 0.0001  

f^2 1.33E-15 1 1.33E-15 6.356964 0.0268  

Residual 2.51E-15 12 2.09E-16    

Lack of fit 2.27E-15 7 3.24E-16 6.71874 0.0261 Non  
significant 

Pure error 2.41E-16 5 4.82E-17    

Cor total 5.06E-13 19     

R2      0.99 

Adj R2      0.98 

 

 
 
Fig. 3. SEM images showing clustering particles for Al/15Al2O3/5Gr.          
 

 

 
 
Fig. 4. EDAX spectrum of specimens of particles for Al/10Al2O3/5Gr. 
 

 
 
Fig. 5. Influence of Al2O3 particle on density. 
                                                               

 
 
Fig. 6. Influence of Al2O3 particle on hardness. 
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observed by Dharmalingam et al. [18]. From Table 4, the 
model value of 305.71 indicates the model is significant and 
the lack of Fit F-value of 6.60 implies the lack of fit is not 
significant for specific wear rate. There is only a 0.01% 
chance that a "Model F Value" this large could occur due to 
noise. The R2 value lies between 0 and 1. A value close to 1 is 
desirable. The R2 value is 0.99, which means that the model 
has good relationship between independent variables and re-
sponse. From the ANOVA Table 4, it is clear that load is the 
most dominant factor that affects the specific wear rate of 
composites. Among the interaction load and speed contribute 
more than the other variables considered. Fig. 7 displays the 
normal probability plot of the residuals. From the Fig. 7 it is 
clear that errors are normally distributed as the residuals fall in 
a straight line.  

The 3D interaction significant surface plots are shown in 
the Figs. 8 and 9, which depict that load and speed contribute 
more for specific wear rate than weight fraction. From the Fig. 
8, as load increases the specific wear rate decreases. This is 
because the hard Al2O3 particles present in the composites 
increase the thermal stability of the matrix, which ultimately 
results in improved wear resistance at higher loads [18-21]. 
The decreasing nature with respect to load indicates the im-
proved wear resistance performance at higher loads. Specific 
wear rate is high at low speed, whereas, as the specific wear 
rate decreases as the speed increases. Also, increase in speed 
decreases the specific wear rate for all range of parameters 
considered, indicating improved wear resistance at the higher 
velocities, as inferred from Fig. 9. This is attributed to the fact 
that at higher speed the interfacial temperatures are higher, 
which results in increasing oxidation of aluminum alloy, re-
sulting in the formation of thick oxide film that exists between 
the sliding surfaces, protecting them from wear and thus low-
ering the wear rate [22]. From Figs. 8 and 9, it is suggested 
that specific wear rate decreases for all weight fraction of 
Al2O3. This is because Al2O3 protects the soft Al 6061 matrix, 
which results in decreased wear rate. As the Al2O3 increases, 
the hardness of the composites increases, resulting in better 
wear resistance. During sliding the soft matrix that surrounds 
the reinforcement is worn out soon. Therefore, the contact is 
only with the hard reinforcement particle and the counter body 
results in particle decoherence. The wear rate will be mostly 
controlled at particles decoherence. Thus the increase in Al2O3 

particles decreases the specific wear rate. 

3.4. Single response optimization 

To set the specific wear rate to minimum, optimization of 
the process variables is required. The optimization is done by 
RSM-based desirability analysis. In the desirability-based 
approach, different best solutions are obtained. The solution 
with the highest desirability is preferred. The goal set and 
limits for optimization are shown in Table 5. Estimated con-
tour plot for desirability is presented in Fig. 10. These re-
sponse contours can help in the prediction of desirability at 
any zone of the experimental domain [23]. The three optimum 
solutions are shown in the Table 6: the improvement in the 
wear resistance of the composites became more prominent at 
high speed, high load and high weight fraction of Al2O3. 

 
3.5 Verification of the optimal variables through confirma-

tion test 

The last step in design of experiment is the confirmation 
test, which is performed to check the validity of the optimiza-
tion procedure. From the previously obtained optimized proc-
ess variables, new experiments are conducted. The result ob-
tained from the confirmation test is compared with the pre-
dicted value shown in the Table 7. From the Table 7, it is 
clearly understood the predicted results are close to the ex-
periment’s values. The error percentage observed in the Table 
7 is due to vibration of the machine, environmental conditions, 
and the surface finish of both the pin and the disc [22]. Also, 
SEM image shown in Fig. 11 performed at the optimized con-
dition shows fewer grooves and surface damages, which also 
confirms that the performed model can be used to evaluate the 
wear of hybrid composites. 

 
 
Fig. 8. 3D surface for specific wear rate of weight fraction of Al2O3 vs load. 

 
 

 
 
Fig. 9. 3D surface for specific wear rate of weight fraction of Al2O3 vs speed. 

 

 
 
Fig. 7. Normal probability plot for residuals. 
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3.6 Surface morphology 

To investigate the wear mechanism in detail, the surfaces of 
the worn samples were examined under SEM. The SEM mi-
crographs are in Figs. 12 and 13. Figs. 12 and 13 show 
grooves and particle pull out during sliding. At low load the 
grooves are very fine (Fig. 12) and they extend to scratches 
(Fig. 13) as the load increases. This is because, at higher loads 
the particle pulling out takes place and they act as an abrasive 
particle between the pin and the disc. These hard ceramic par-

ticles plough the surface of the soft Al 6061 forming an abra-
sive wear mechanism [24]. The addition of Gr particle plays a 
vital role in the wear mechanism. The graphite particle acts as 
solid lubricant during the sliding process. The graphite parti-
cles smear out of the matrix during sliding, forming a me-
chanical mixed layer which reduces the contact between the 
sliding surfaces [25]. This results in reduced metal to metal 
contact, which improves the wear resistance of Al 
6061/Al2O3/Gr hybrid composites under different sliding con-
ditions. Also Figs. 12 and 13 show surfaces cracks and wear 
scars running parallel to the sliding distance at higher loads. 
The worn pin surface shows white patches because of the 
formation of oxide wear throughout the surface. Therefore, it 
is concluded that abrasive wear is the dominant one followed 
by oxide wear. 

 
4. Conclusions 

The application of RSM and CCD was used for modeling 
and analyzing the influence of process variables on specific 
wear rate is presented. The article also addressed the optimiza-
tion of process variables by RSM based desirability approach. 
The following conclusions are drawn:  
• The microstructure of the composite exhibits uniform 

distribution of particles in the Al matrix. 
• The density and hardness of the composites increase with 

increase in Al2O3 particles. 

Table 5. Goals set and limits for optimization. 
 

Name Goal Lower 
limit 

Upper 
limit 

Lower 
weight 

Upper 
weight 

Impor-
tance 

Speed (m/s) is in range 0.8 2.4 1 1 3 

Load (N) is in range 10 30 1 1 3 

Wt of alu-
mina (%) is in range 5 15 1 1 3 

Specific 
wear rate 

(mm3/Nm) 
minimize 1.15E-07 8.03E-07 1 1 3 

 

 
 
Fig. 10. Desirability chart. 

 

 
 
Fig. 11. SEM micrograph of Al/Al2O3/Gr at s = 2.46 (m/s), f = 30 (N) 
and w = 15 (%). 

  

 
 
Fig. 12. SEM micrograph of Al/Al2O3/Gr at load of 10 N. 

 

Table 6. Optimal process variables for specific wear rate. 
 

Sl. No Speed 
(m/s) Load (N) 

Wt of 
alumina 

(%) 

Specific wear 
rate (mm3/Nm) Desirability  

1 2.46 30 15 1.15787E-007 0.997 Selected 

2 2.26 20.20 13.98 1.17673E-007 0.996  

3 2.20 20.20 14.28 1.18489E-007 0.995  

 
Table 7. Confirmation test. 
 

Specific wear rate (mm3/Nm) 
Sl.No Speed 

(m/s) Load (N) 
Wt of 

alumina 
(%) Exp Pred Error % 

1 2.46 30 15 1.15787E-007 1.1789E-007 1.8 

2 2.26 20.50 13.98 1.17673E-007 1.216E-007 4.2 

 

 
 
Fig. 13. SEM micrograph of Al/Al2O3/Gr at load of 30 N. 
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• The CCD is effectively used to optimize the sliding wear 
behavior of Al/Al2O3/Gr hybrid composites. 
• From the ANOVA, it is inferred that load is the most 

dominant factor that affect specific wear rate followed by 
speed and weight fraction of Al2O3. 
• From the desirability approach, high speed, high load 

and high weight fraction of Al2O3 result in optimum spe-
cific wear rate. 
• From the SEM, the dominant wear mechanism is the 

abrasive wear caused by hard Al2O3 particle pull out. 
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Nomenclature------------------------------------------------------------------------ 

MMC  : Metal matrix composites  
SEM   : Scanning electron microscope 
Al2O3   : Alumina 
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