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Abstract — Aluminum  Metal matrix composite (Al MMC) materials are one of the widely known 

composites because of their superior properties such as high strength, hardness, stiffness, low 

thermal coefficient of expansion,  wear and corrosion resistances if compared in terms of weight to 

strength ratio and hence better fuel economy would be provided to the automobile and aircraft.  In 

spite of these properties which cannot be obtainable in metal alloys, the cost of production hindered 

the widespread utilization of MMCs. The present experimental investigation is an attempt to 

optimize the production cost and time of MMCs.  The purpose of alloying Cu as a metal matrix 

commercial Al6061 is to achieve precipitation hardening and ageing phenomenon which helpful in 

enhancing the properties of MMC further. The SiCp have linear thermal expansion at elevated 

temperature, hence it is postulated as addition of SiCp retain the mechanical properties at high 

temperature applications.  The casting parameter five level of pouring speed are considered as 

independent variable and hardness, impact strength and material removal rate through EDM are 

outputs (effect variables).  

An analysis of variance (ANOVA) was used to analyze the data with the help of software. The 

mathematical modelings are also developed for the output parameters in terms of pouring speed. 
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I. INTRODUCTION 

The high cost of fabrication hindered the actual 

application of Metal Matrix Composite (MMC) 

despite of their high stiffness, strength, corrosion 

resistance, wear resistance, non-reactivity with 

chemicals and so many other tailored quality 

which are never obtained in alloy of metals [1]. 

In this study, a modest attempt has been made to 

find out the process parameters at which best 

mechanical properties of Al6061, 4%Cu and 

reinforced 5% SiCp ceramic MMC can be 

obtained. Addition of 4% Cu in Al6061 is more 

or less comparable to the composition of 

duralumin, which is widely used in aerospace 

applications and with addition of Cu the 

phenomenon of precipitation hardening and 

ageing can be achieved [2,4]. SiCp is hard and 

having linear thermal expansion at high 

temperature and also helpful in ageing of 

composite [3,4]. With reinforcement of SiCp in 

Al-Cu alloy, it can be postulated that hardness of 

MMC retains at high temperature applications. 

The material selection criteria involve the 

requirement of high strength and good wear 

resistant for the matrix materials.  Chennakesava 

et.al., reported  that Al6061 persist  better 

mechanical properties compared to other 6000 

series commercial aluminum even better than Al 

7072[1], that is the reason behind adopting 

Al6061 as one of the matrix alloy for present 

research.  Moreover, it is stated in previous 

research that porosity of aluminum was 

approximately same if SiCp are added up to 5% 

[2].  
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Hence the aim of this research is to analyze 

comparatively whether with addition of SiCp in 

matrix alloy (Al6061+4%Cu) influences the 

mechanical and machining properties or not. 

Thus, the material 1 is Al6061 +4% Cu as 

matrix alloy and material 2 is 

Al6061+4%Cu+5% SiCp metal matrix 

composites are under consideration.  It was 

previously revealed from research [3] that the 

pouring speed ranges from 2 cm/s to 2.8 cm/s 

gave optimal values of hardness and impact 

strength for aluminum alloy. Therefore the 

interest of this research is to conclude the 

optimal value pouring speed for Al6061-Cu 

matrix alloy as well for Al6061-Cu-SiCp 

MMCs. Thus five levels of pouring speeds 

1.5cm/s, 2.0cm/s,  2.5cm/s, 3.0cm/s 3.5cm/s  are 

considered for experimentation. In traditional 

machining when hard ceramic particles are come 

on the way of cutting tool the ceramic particles 

are rolled-out, this erode the surface and 

seriously decline the quality of machining 

surfaces as shown in Fig. 1. In nontraditional 

machining Ultrasonic machining destroys the 

finish of edge of the work piece through 

repetitive generation of micro cracks [4]. Laser 

machining has high cost of production also it 

may cause thermal stresses and heat affected 

zone on work piece [5]. As a consequence EDM 

is selected as process to observe the machining 

ability of present matrix alloy and their MMCs, 

as it is cheaper then Laser machining and 

simpler in operation compared to other 

nontraditional machining processes. 

 

II. DESIGN OF EXPERIMENTS 

A. Process parameters:  

Present work emphasizes on mechanical properties of 

Aluminum (Al6061)-Copper-Silicon Carbide 

(Al6061-4%Cu-SiC) metal matrix composite casting. 

ANOVA was used for analysis of data. 

 
Fig.1 Schematic diagram of traditional machining 

process. 

 
Input variables are: pouring speed and 

material type and the output variables are: hardness 

and impact strength. It is postulated in null 

hypothesis that „input variables (Pouring speed and 

material type) have no significant effect on 

mechanical properties (Hardness and Impact 

strength) and machining properties of EDM'. Five 

levels of Pouring speed:  1.5cm/s, 2.0cm/s,  2.5cm/s, 

3.0cm/s 3.5cm/s  two levels of material type 

(Al6061-4%Cu alloy and  Al6061+4%Cu- 5%SiCp 

MMC) and a constant pouring temperature of 7000C 

(approx) were considered. The pouring speed is the 

ratio of the height of crucible from the pouring basin 

and  time, the pouring time is constant 10 second for 

all cases and pouring heights are varied accordingly 

(means 15 cm, 20 cm, 25 cm, 30 cm and 35 cm 

respectively). Full factorial design with three 

replicates was considered for observation plan. 

 

Input Variables 

Material 

Type 

Unit 1. Al 6061-4% Cu alloy 

2. Al 6061-4% Cu-5% SiCp 

Metal Matrix Composite 

Pouring 

Temperature  

0C 700 

Pouring 

speed  

 

cm/s 1.5 2.0 2.5 3.0 3.5 

Outputs variables 

1. Mechanical Properties 

        a) Hardness 

        b) Impact Strength 

2. Material Removal Rate/Machining ability through 

EDM of alloy and Metal Matrix Composite. 



 
 

B. Experimental Set-up and Methodology for 

MMC Production: 

 

 
Fig.2 Experimental Setup for Varying Pouring speed 

and Stirring Speed 

First of all stirring system (Fig. 2) has been 

developed by motor with regulator and a casted 

stirrer. All the melting was carried out in a graphite 

crucible in an open hearth furnace. Ballet of 

aluminum Al6061, copper were preheated at 4500C 

for 40 minutes before melting and mixing the SiC 

particles were preheated at 11000C for 2 hours to 

oxidize their surfaces. The furnace temperature was 

first raised above the liquidus to melt the alloy scraps 

completely and was then cooled down just below the 

liquidus to keep the slurry in a semi-solid state. At 

this stage the preheated SiC particles were added and 

mixed manually. Manual mixing was used because it 

was very difficult to mix using an automatic device 

when the alloy was in a semi-solid state. After 

sufficient manual mixing was done, the composite 

slurry was reheated to a fully liquid state and then 

automatic mechanical mixing was carried out for 

about 10 minutes at a normal stirring rate of 600 rpm 

.In the final mixing process, the furnace temperature 

was within 7600C. Pouring of the composite slurry 

has been carried out in a sand mould prepared 

according to the specimen specifications.  For 

material-1 means aluminum and 4% copper both are 

heated in graphite crucible up to 8000C in open 

hearth furnace but pouring temperature is 7000C 

(appox.). 

Table 1 Chemical compositions of Al 6061 alloy 

(Weight Percentage) 

Mg Si Fe Cu Ti Cr Zn Mn Al 

0.9

0 

0.6

0 

0.2

5 

0.2

2 

0.0

6 

0.1

0 

0.0

5 

0.0

4 

Ba

l 

 

C.  Mechanical Testing Of Material Specimens 

   i. Hardness test: Hardness and impact strength 

were recorded and tabulated. Hardness test has 

been conducted on each specimen (as shown in 

Fig. 3) using a load of 250 N and a steel ball 

indenter of diameter 5 mm as indenter. Diameter 

of impression made by indenter has been 

measured and observed directly by front display. 

The corresponding values of hardness (BHN) 

were calculated from the standard formula 

mentioned in Appendix-I also final values of 

hardness at all Pouring speeds are tabulated in 

Appendix-I.  

 

 
Fig. 3 Specimen of  Brinell Hardness Test 

   ii.  Impact Strength Test: The Izod impact test 

was conducted on notched sample. Standard 

square impact test specimen (Fig. 4) measured 

75mm x 10mm x 10mm with notch depth of 

2mm and a notch of an angle of 450. The 

machine could provide a range of impact 

energies from 0 to 164J. The mass of the 



 
 

hammer was 22 kg. The energy required is 

calculated by standard formula. 

 
Fig.4 Specimen of Impact Test 

 
Fig. 5 Specimens on Electro Discharge Machine 

 

 

    iii. Material Removal Rate of work piece 

(EDM): 

A series of experiments were conducted using 

die-sinking EDM machine.  A tool made of 

copper with diameter 10 mm was used as an 

electrode. The other electrode was Al6061 -4% 

Cu composites reinforced with 5wt. %SiC 

particles. The size of the work piece is 10 mm 

diameter and 25 mm length. Commercial grade 

EDM oil (density = 0.85, flash point= 130°C) 

was used as dielectric fluid and the side injection 

of dielectric fluid was adopted. A jet flushing 

system shown in Fig. 5, was employed to assure 

adequate flushing of the debris from the gap 

zone. The process parameters (current 9A, pulse 

on time 300µs and 50 V) were being set in the 

EDM machine and the experiments were 

conducted as per the full factorial design matrix 

with three repetition. After each experiment the 

weights of specimens are measured with an 

electronic weighing machine. 

 

 

III. RESULTS 

A.  Scanning Electron Micrographs (SEM): 

From the surface micrographs (SEM) study it is 

observed that with the increase in Pouring speed 

up to certain limit increases the homogeneity in 

mixing of SiCp ceramic in matrix alloy but after 

that SiCp is separated from metal alloys. At 

Pouring speed 1.5 cm/s insufficient mixing of 

alloy metal and SiC ceramic [Fig. 6 (a)] was 

observed. At Pouring speed of 2.5 cm/s 

homogenous mixing is achieved [Fig. 6 (b)]. At 

Pouring speed of 3.5 cm/s shows the segregation 

of SiC from matrix alloy [Fig. 6 (c)]. 

 
Fig.6 Micrographs Of Al6061-4% Cu - 5% Sic 

Composite At Different Pouring speeds 

 

B. Data Analysis: 

Statistical analysis was performed using SPSS 

(version-17.0). The result of Multivariable 

Analysis of Variance (MANOVA) to see the 

effect of input variables such as Pouring speed 

and material type on output properties such as 

hardness, impact strength and material removal 

rate. It is obtained from MANOVA (Table 2), 

that effect of material type are highly significant 

for the output variables (hardness, impact 

strength and material removal rate) (as p=0.000, 

0.000 and 0.001 respectively which are lesser 

than 0.05). Also the Pouring speeds are highly 

influencing factor for output hardness and 

impact strength, but material removal is not 

found significant for Pouring speed (as 

p=0.401>> 0.05). However, the interaction of 

Material Type and Pouring speed on output 



 
 

variables are not found significant (p=0.400, 

0.469 and 0.808 respectively which greater than 

0.05). The above analyses were done for 95% 

confidence level. 

C. Regression analysis: 

For Hardness:  

 The SPSS software was used to analyze the 

relationship between hardness and pouring speed 

for material 1 (Al6061-Cu) and material 2 

(Al6061-Cu-SiCp MMC). On the basis of 

regression of observed data, the cubic curve was 

found best fitted for both material 1 and material 

2 with R-square value of 99.8 and 99.6 

respectively (as shown in Fig. 7). So, this 

confirms that the hardness goes through maxima 

as pouring speed increases. The optimal value of  

pouring speed at which maximum value of 

hardness are obtained  as determined by this 

study are  in between 2.5cm/s  to 3 cm/s for 

material 1 and 2.5 cm/s for material 2. 

Hence the dependent variable hardness (H) can 

be mathematically modeled in terms of Pouring 

speed (PS) as: 

 

H material 1= 110.5-78.00* (PS) +39 * (PS) 2-6* 

(PS) 
3
                                    (1) 

 

 Hmaterial2 = 66.47-0.83*(PS) +7.766*(PS) 2 -

2.00*(PS) 
3 
                               (2) 

 

 

For Impact Strength 

The impact strength for material 1 and material 

2 shows a similar trend (means cubic curves are 
best fitted) as hardness with R square value 

94.3% and 92.5% respectively. The optimal 

value of impact strength ranges between 2.5 

cm/s to 3 cm/s pouring speed for material 1 and 

2.5 cm/s for material 2 as shown in Fig. 8. 
 

Pouring speed (cm/s)

H
a

r
d

n
e

s
s
 (

B
H

N
)

3.53.02.52.01.5

82

80

78

76

74

72

S 0.444625

R-Sq 99.6%

R-Sq(adj) 98.4%

Fitted Line Plot
Hardness (BHN) =  66.47 - 0.83 Pouring speed (cm/s)

+ 7.766 Pouring speed (cm/s)**2 - 2.000 Pouring speed (cm/s)**3

 

Fig. 7 Regression Curve for Pouring 
speed Vs Hardness for Material 1 and Material 

2.  

 

 

 

The impact strength (I) can be mathematical 
modeled in term of pouring speed as follows: 

 

 
Imaterial 1= 53.66-32.86* (PS) +17.74* (PS)

2
-

2.887* (PS)3                       (3) 

Pouring speed (cm/s)

H
a

r
d

n
e

s
s
 (

B
H

N
)

3.53.02.52.01.5

67

66

65

64

63

62

61

60

59

58

S 0.277293

R-Sq 99.8%

R-Sq(adj) 99.2%

Fitted Line Plot
Hardness (BHN) =  110.5 - 78.03 Pouring speed (cm/s)

+ 39.01 Pouring speed (cm/s)**2 - 6.000 Pouring speed (cm/s)**3



 
 

 Imaterial 2= 52.84-22.58*(PS) +13.22* (PS)
2
 -

2.220*(PS)
3
                                         (4) 

 

 

 

Fig.8 Regression Curve for Pouring 

speed Vs Impact strength for Material 1 and 

Material 2.  

For Material Removal Rate through Electro 

Discharge Machining 

In the case of material removal rate through 

EDM for material 1, the regression coefficient R 

square is below 45% for even cubic curve. 

Hence it may be postulated that there is an 

indeterminate (weak) relationship between 

material removal rate and pouring speed for 

material 1.  

However, for material 2, the R-square value is 

93.1 % which clearly indicates that a strong 

relationship between material removal rate and 

pouring speed (as shown in Fig. 9). The reason 

may be the pouring speed and SiCp combine 

influence on material removal rate at high 

temperature.  As SiCp is hard and having linear 

thermal expansion at high temperature 

conditions.  The regression confirms that the 

material removal rate goes through minima as 

pouring speed increases. The optimum value of 

material removal rate obtained between 2.5 cm/s 

to 3 cm/s range of pouring speed by this study. 

Hence the dependent variable material removal 

rate (MRR) can be modeled in terms of pouring 

speed (PS) mathematically as: 

MRRmaterial1 = 0.4387- 0.2194* (PS)-

0.0833*(PS)
2
-.01000*(PS)

3
           (5) 

MRRmaterial2 = 0.2362+ 0.06567* (PS)-

0.034*(PS)2+.005333*(PS)3       (6) 

 

3.4 Characteristic graphs: The graphical 

analysis of the effect of the input variables on 

output characteristics is shown in Fig. 10, Fig. 

11 and Fig. 12 (for hardness, impact strength 

and material removal rate). The hardness value 

initially increases with pouring speed, thereafter 

it falls sharply when the Pouring speed is 3.5 

cm/s. For the Pouring speed of 2.5 cm/s the 

optimum value of hardness were obtained 

keeping pouring temperature constant at 

700±5˚C for both materials.  Similarly, Fig. 11 

indicates that at the pouring speed 2.5cm/s, 

impact strength is optimum. Al6061+4%Cu, 

reinforced 5%SiCp MMC has better response 

than Al6061+4%Cu alloy for the output 

characteristics hardness and impact strength. 

The Fig. 12 reverts, the effect of Pouring speed 

on material removal rate through EDM.  The 

material-2 means MMC having higher value of 

material removal rate through EDM compared to 

material-1 means matrix alloy of the same. It 

indicates that MMC having better machining 

property compared to base matrix of the same 

material at constant machining parameters and 

variable casting parameters. 

 



 
 

 

 
Fig.9 Regression Curve for pouring 

speed Vs Material removal rate of Material 1 

and Material 2. 

 

 
Fig. 10 Pouring speed Vs Hardness  

 
Fig. 11 Pouring speed Vs   Impact strength  

 

 

                                  

 
Fig. 12 pouring speed Vs Material Removal 

Rate of Work Pieces  

 

 

IV. DISCUSSIONS 

Insufficient work has been found in literature on 

the effect of Pouring speed on Al6061+4%Cu 

and Al6061+4%Cu + reinforced 5% SiC 

particulate MMC. 

It is inferred from experimental results that 

variables (Pouring speed and material type) have 

a significant effect on output variables such as 



 
 

hardness, impact strength and material removal 

rate. It is clear that the Pouring speed of 2.5cm/s 

gives the optimum value of hardness and impact 

strength for materials-2 and for material-1 it 

ranges from 2.5 cm/s to 3 cm/s, when the 

pouring temperature were kept constant at 

700˚C.  Material Removal rate of material-2 is at 

least 10% less then material-1. So it can be 

stated that material-2 have more wear resistant 

capacity at same process parameters. Material-2 

has high values of hardness and impact strength 

and better wear resistant capacity than material-

1 at above Pouring speeds. 

The result is partially supported by the results of 

the study of Manoj et al. [10], which suggest that 

with the increase in the composition of SiC, 

increases the hardness and impact strength, also 

the study suggest that homogenous dispersion of 

SiC particles in the Al matrix shows an 

increasing trend in mechanical properties the 

samples prepared without applying stirring 

process, with manual steering and with the 2-

Step method of stir casting technique 

respectively. The reason of better result in the 

context of higher values of hardness and impact 

strength of aluminium-copper and silicon 

carbide ceramic reinforced (Al6061-Cu-SiC) 

MMC compare to aluminium-Copper alloy 

(Al6061-Cu), may be the homogeneous 

dispersion of SiC particles due to stir casting 

technique this statement is supported by the 

finding of Sakthivel et al. He observed uniform 

distribution of particles with little agglomeration 

of particles along with some porosity in the 

microstructure of 2618 Al-SiC composites made 

by stir casting method. He found that hardness 

and tensile strength of the composites increased 

with decreasing size and increasing weight 

fraction of the reinforcement particles [11]. 

Moreover, Kok fabricated Al2024/ Al2O3p 

composite and studied its mechanical properties 

and concluded that the hardness and tensile 

strength of the composite with increasing the 

weight percentage of the reinforcement [12].  

Also the results match with Akpan [7] result, 

who found that the Pouring speed range which 

gave the best surface finish and optimum values 

of hardness, impact strength and ultimate tensile 

strength is between 2 cm/s and 2.8 cm/s for 

aluminum alloy casting. 

 

V. CONCLUSIONS 

i. Reinforcement of SiCp increases the impact 

strength, hardness and enhances the machining 

ability. 

ii. Increase in Pouring speed increases the 

impact strength and hardness of material up to a 

certain limit after that these properties decrease 

drastically. 

iii. The strong relationship between pouring 

speed for hardness, impact strength are noticed 

for both alloy and MMCs. 

iv. The optimal value of hardness and impact 

strength for Matrix alloy ranges from 2.5 cm/s to 

3 cm/s and for MMC is obtained at Pouring 

speed 2.5cm/s. 

v. The machining ability of material-2 increased 

due to the addition of SiC particulates. 

vi. The relationship between pouring speed and 

material removal rate is weak for material 

1(means alloy). 

vii. The interesting fact come from the 

regression analysis is that; the relationship 

between pouring speed and material removal 

rate is very strong for MMC (material 2) unlike 

matrix alloy (material 1). 

viii. It is observed from SEM study that at 

Pouring speed 2.5cm/s better homogeneity can 

be obtained. 

ix. Reason of improved mechanical properties of 

the composites compare to matrix alloy may be 

the stir casting technique of production and 

reinforcement of SiCp. 

x. The postulation of null hypothesis failed so 

the alternative hypothesis is “the input variables 

Pouring speed and material type have a 

significant effect on hardness, impact strength 

and material removal rate through EDM. 
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Table 2 Summary of Result Analyzed by MANOVA 

Tests of Between-Subjects Effects 

Source Dependent Variable 

Type III 

Sum of 

Squares df 

Mean 

Square F Sig. 

Corrected 

Model 

Hardness 2098.533
a
 

9 233.170 112.824 .000 

Impactstrength 485.633
b
 9 53.959 80.939 .000 

MaterialRemovalRate .002
c
 9 .000 2.358 .053 

Intercept Hardness 148122.1

33 

1 148122.133 71672.000 .000 

Impactstrength 45552.03

3 

1 45552.033 68328.050 .000 

MaterialRemovalRate 2.134 1 2.134 18134.844 .000 

Materialtype Hardness 1825.200 1 1825.200 883.161 .000 

Impactstrength 396.033 1 396.033 594.050 .000 

MaterialRemovalRate .002 1 .002 15.379 .001 

Pouringrate Hardness 264.533 4 66.133 32.000 .000 

Impactstrength 87.133 4 21.783 32.675 .000 

MaterialRemovalRate .001 4 .000 1.063 .401 

Materialtype * 

Pouringrate 

Hardness 8.800 4 2.200 1.065 .400 

Impactstrength 2.467 4 .617 .925 .469 

MaterialRemovalRate .000 4 4.680E-5 .398 .808 

Error Hardness 41.333 20 2.067   

Impactstrength 13.333 20 .667   

MaterialRemovalRate .002 20 .000   

Total Hardness 150262.0

00 

30 
   

Impactstrength 46051.00

0 

30 
   

MaterialRemovalRate 2.139 30    

Corrected Hardness 2139.867 29    



 
 

Total Impactstrength 498.967 29    

MaterialRemovalRate .005 29    

a. R Squared = .981 (Adjusted R Squared = .972) 

b. R Squared = .973 (Adjusted R Squared = .961) 

c. R Squared = .515 (Adjusted R Squared = .296) 

 


