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Abstract: The stir casting technique was used to fabricate aluminum 2024 matrix hybrid composites reinforced with SiC (5%, mass 

fraction) and red mud (5%−20%, mass fraction) particles. The developed composites were characterized by using scanning electron 

microscopy (SEM) and electron dispersive spectrum (EDS) techniques. Further, Taguchi’s approach of experimental design was used 

to examine the tensile strength of the hybrid composites (with minimum number of experiments). It was found that the reinforcing 

particles were well dispersed and adequately bonded in the hybrid composites. The density and porosity of the hybrid composites 

were reduced with the increase in reinforcement content. The tensile strength of the composites increased with the increase in the red 

mud content and the ageing time. The developed model indicated that the red mud content had the highest influence on the tensile 

strength response followed by the ageing time. Overall, it was found that Al2024/SiC/red mud composites exhibited superior tensile 

strength (about 34% higher) in comparison to the Al2024 alloy under optimized conditions. 

Key words: aluminum matrix composites; hybrid reinforcements; tensile strength; red mud; stir casting; statistical analysis; scanning 

electron microscopy (SEM) 

                                                                                                             

 

 

1 Introduction 
 

The aluminum matrix composites (AMCs) represent 

a new generation of materials that possess aggregate 

characteristics not exhibited by any of its constituent 

(matrix and reinforcement). It has been revealed that 

these materials offer a number of advantages over the 

conventional monolithic materials such as light weight, 

high specific strength and stiffness, high corrosive 

resistance and greater wear resistance [1−3]. Moreover, 

the properties of the AMCs can be varied in accordance 

with the requirements of a particular application. 

Therefore, the AMCs are considered to be most reliable 

materials that can be used in design of a wide range of 

the automotive components such as pistons, cylinder 

heads, crosshead, brakes and clutches [4]. Actually, the 

AMCs consist of a discontinuous phase (reinforcement) 

that is dispersed in a continuous phase (matrix) using 

appropriate processing route [5,6]. It may be noted that 

the addition of hard reinforcements into metallic matrices 

results in direct/indirect strengthening of the resultant 

composites. The direct strengthening of the AMCs is due 

to the transfer of load from the soft alloy to the 

reinforcement phase. On the other hand, indirect 

strengthening of these materials can be attributed to the 

thermal mismatch between the matrix and the 

reinforcement phase (during cooling from a high 

processing temperature). This leads to formation of the 

geometric dislocations (to relieve thermal stresses) and 

strengthening of the composites. CHAWLA and   

SHEN [7] have reported that increase in reinforcement 

content, decrease in particle size and thermal treatment 

of the composites (such as solution treating followed by  

ageing) increase the indirect strengthening (due to 

increase in the interfacial area for dislocation punching 

to take place) of the Al composites. 

Although a number of fabrication techniques such 

as solid phase processing, liquid state processing and 

infiltration technique are available for production of Al 

composites, the stir casting process has been found to be 

a simple, highly productive and economic process [2,5]. 

This process involves melting of the Al alloy in a 

crucible followed by incorporation of reinforcing 

particles into the rotating melt. A mechanical stirrer is 

used to create vortex motion in the alloy matrix in order  
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to achieve uniform distribution of particles. The major 

problem in this process is the wettability of the 

reinforcing particles in the alloy, which may lead to 

porosity in the composites. Further, processing of the 

composites at a high temperature can result in chemical 

reactions with the environment. Previous studies have 

reported that these problems can be reduced to a 

significant extent by controlling various process 

parameters such as stirring time and temperature, use of 

inert gas, preheating/oxidation of the reinforcements  

and addition of magnesium during fabrication of the 

composites [8−11]. It has also been noticed that 

reduction in the casting temperature of Al composites 

considerably improves the wettability of the reinforcing 

particles within the composites. This technique has  

been widely used by the investigators to produce   

nearly homogeneous composites with improved 

performance [12,13]. 

Currently, the investigators are using a number of 

materials such as alumina (Al2O3), silicon carbide (SiC), 

titanium carbide (TiC) and silicon oxide (SiO2) particles 

for development of AMCs [14−19]. KOK [14] has 

studied the mechanical properties of Al2024/    

(0−30%)Al2O3 composites processed via vortex method 

followed by pressure application (under optimized 

process conditions). It was found that the porosity, 

tensile strength and hardness of the developed 

composites increased with the decrease in particle size 

and the increase in reinforcement content. The density of 

the composites increased with addition of ceramic 

reinforcement. GUAN et al [15] have investigated the 

influence of stirring parameters (temperature and time) 

on the microstructure and the mechanical characteristics 

of Al/(ABOw+SiCp) composites. It was noticed that the 

uniformity of reinforcing particles and tensile strength of 

the composites were improved with the decrease in 

stirring temperature and the increase in stirring time. The 

optimum values of stirring temperature and time were 

found to be 640 °C and 30 min, respectively. OZBEN et 

al [16] have investigated the mechanical and machining 

properties of the Al/(5%−15%)SiC composites and it has 

been observed that the addition of reinforcement 

particles enhanced the mechanical characteristics 

(density, hardness and tensile strength) of the composites. 

But, addition of SiC particles reduced the fracture 

toughness and machining properties of the Al/SiC 

composites. WANG et al [17] have found that the 

distribution of reinforcing particles in Al/Al2O3/SiO2p 

composites fabricated by using zircon tailing sand has 

been improved under optimum casting parameters. The 

hardness and tensile strength of the composites increased 

with the addition of zircon tailing sand, while the 

elongation was reduced. JEBEEN MOSES et al [18] 

have found that the selection of control parameters plays 

a significant role in obtaining uniform distribution of 

particles during production of Al/TiC composites. The 

variation in tensile strength of the composites was 

attributed to the presence of porosity and formation of 

particle clusters in the composites. MAZAHERY and 

SHABAN [19] have found that the yield strength, 

ultimate tensile strength and elastic modulus of 

A356/SiC composites fabricated by stir casting technique 

are increased with the addition of nano SiC particles. The 

ductility of the composites was reduced with the addition 

of SiC reinforcement. Further, 3.5% of SiC was found to 

be optimum as far as the mechanical behaviour of Al 

composites was concerned. The failure analysis revealed 

that the Al/SiC composites behaved in a brittle manner. 

From above discussion, it has been observed that 

inclusion of ceramic particles into Al matrices 

substantially improves strength, elastic modulus and 

thermal stability of the resultant composites. But, it has 

also been noticed that the presence of these 

reinforcements makes the machining of AMCs more 

difficult due to the increase in brittleness of these 

materials [16,20,21]. Further, the density of these 

composites is also increased with increasing content of 

ceramic reinforcements [14,15]. Therefore, it becomes 

essential on part of researchers to overcome these 

problems without compromising the positive influence of 

ceramic reinforcements. It has been revealed that 

development of aluminium matrix hybrid composites 

(AMHCs) containing two or more types of 

reinforcements may help to overcome these problems to 

a significant extent [22−28]. As the ceramic 

reinforcements are quite hard and brittle, they are widely 

used as primary reinforcements in order to provide 

requisite strength to the hybrid composites. On the other 

hand, addition of secondary reinforcements reduces the 

brittleness and hardness of the hybrid composites. 

Currently, the use of waste materials such as mica, fly 

ash and agro-waste ashes for development of hybrid 

composites is gaining considerable interest among the 

researchers [29−32]. It has been noticed that the use of 

these reinforcements reduces the cost (as these are 

readily available), weight (as these have lower density) 

and brittleness (as these are relatively soft) of the hybrid 

composites. Therefore, AMHCs reinforced with waste 

materials are considered to be cheap, sustainable and 

efficient materials that have potential to meet the 

requirements of the engineering industry. 

From literature, it has been found that the properties 

of Al/SiC/red mud composites have not been investigated 

till date. In the present work, an effort has been made to 

develop Al/SiC/red mud hybrid composites using stir 

casting technique. The microstructural features of the 

developed composites were studied to examine the 

distribution and bonding of reinforcing particle in the 
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composites. In addition, the influence of the 

reinforcement parameters and the ageing time on tensile 

strength of the developed composites was studied by 

Taguchi’s approach of experimental design. The results 

obtained in this work are also analyzed in order to 

evaluate the influence of control parameters on the 

tensile strength of the composites. 

 

2 Experimental 
 

2.1 Material preparation 

The major challenge in the development of AMHCs 

is to identify the alloy matrix and reinforcement 

materials. In the present work, Al2024 alloy was selected 

as a matrix material and the detail of the alloy 

composition is given in Table 1. This alloy provides 

excellent combination of strength and damage tolerance 

at elevated temperatures and therefore it is widely used 

in automotive and aerospace fields [33]. This alloy can 

also be used in various structural parts that require high 

specific strength. The alloy is commercially available in 

the form of thin sheets that can be converted into liquid 

state at 700 °C. 

 

Table 1 Nominal chemical composition of Al2024 alloy (mass 

fraction, %) [33] 

Cu Mg Si Mn Fe Ti Pb Al 

4.05 1.43 0.43 0.38 0.32 0.017 0.031 Bal. 

 

Further, SiC particles were used as a primary 

reinforcement for fabrication of hybrid composites. It has 

been revealed that they are chemically compatible with 

the metallic matrices [34−36]. Due to this, these  

particles form a strong bond within the alloy matrix 

without developing intermetallic phases. This imparts 

excellent interfacial strength between the matrix and  

the reinforcement phase within the composites. This 

results in considerable change in the mechanical  

characteristics of the composites during application of 

external loads. 

The second reinforcement used for fabrication of 

Al2024 alloy based hybrid composites was the red mud 

powder. The red mud is a waste material that is obtained 

during production of aluminum from the bauxite ore. It 

has been used as a secondary reinforcement since it is 

relatively cheap, sustainable and abundantly available. 

The red mud used in present investigation was brought 

from aluminium refinery of HINDALCO located at 

Renukot, Uttar Pradesh, India. About 1−2 t of red mud is 

produced for each ton of the alumina production. It has 

been noticed that million tons of red mud is released to 

the waste land leading to soil, water and atmospheric 

pollution [37,38]. From the acquired waste material, four 

types of powders were prepared with average particle 

sizes of 37, 75, 88 and 125 µm. For this purpose, sieves 

of different mesh sizes were used and then the particle 

distribution was measured. The chemical composition of 

the red mud powder is presented in Table 2, which 

indicates that it can significantly be used as a secondary 

reinforcement in fabrication of AMHCs. The details of 

the Al alloy and the reinforcements used in this work are 

presented in Table 3. 

 

Table 2 Chemical composition of red mud (mass fraction, %) 

[37,38] 

Fe2O3 Al2O3 SiO2 TiO2 Na2O CaO 

24.5−54.8 14.8−24.3 6.2−7.3 13.5−18 3.5−5.3 2−5 

 

Table 3 Mechanical and physical properties of matrix alloy and 

reinforcements 

Matrix and 

reinforcement 

Average 

size/μm 

Density/ 

(g·cm−3) 

Mass 

fraction/% 

Modulus/ 

GPa 

Al2024 − 2.85 
75−90 

(Variable) 
73 

SiC 50 (Fixed) 3.22 5 (Fixed) 409 

Red mud 
37−125 

(Variable) 
2.20 

5−20 

(Variable) 
− 

 

2.2 Specimen preparation 

The fabrication of all the specimens was done on a 

microprocessor controlled integrated set-up fabricated by 

Metrex Scientific Instruments Private Limited, New 

Delhi, India. This set-up consists of a heating and mixing 

chamber (containing a graphite crucible) and an electric 

motor (attached to a stirrer). The experimental set-up 

used in the preparation of composite samples is shown in 

Fig. 1 indicating the main components required for 

composite fabrication. Firstly, Al2024 alloy sheets were 

cut into small pieces and were placed in the graphite 

crucible coated from inner side (to avoid contamination). 

An electric muffle furnace was used to heat the alloy to 

convert it into the semi-solid form (at a temperature of 

650 °C). Further, a small amount of magnesium (by 1%, 

mass fraction) was added into the molten alloy to 

increase the wettability of the reinforcing particles in the 

molten alloy. This also helps to reduce the oxidation of 

the molten alloy and porosity in the specimens [39]. 

After completion of the alloy melting, a mechanical 

stirrer was introduced into the crucible to create a vortex 

in the molten alloy. The blades of the stirrer were made 

up of stainless steel coated with alumina. The coating of 

blades is required to avoid transfer of iron particles from 

the stirrer into the melt, which can further degrade the 

mechanical properties of the composites. The stirrer was 

then rotated at a speed of 600 r/min for 30 min and the 

immersion depth of the stirrer was maintained at 2/3 of 

the depth of melt. 
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Fig. 1 Stir casting set-up used for preparation of composite 

samples 

 

Thereafter, measured quantities were taken for both 

of the reinforcements (SiC and red mud) that were mixed 

together using a tri-axial mixer (to form a homogeneous 

mixture). The reinforcement mixture was preheated to a 

temperature of 400 °C to ensure adequate wettability of 

the particles. The preheated reinforcement mixture was 

then added to the semi-solid alloy melt. The stirring of 

the melt was continued till the addition of the 

reinforcement into the semisolid alloy was complete. 

Then, the semi-solid Al2024 composites were cast into 

preheated molds (at a temperature of 400 °C) of 

cylindrical shape (Fig. 2(a)). The pouring temperature of 

the composites was maintained slightly higher than the 

casting temperature to ensure fluidity of the melt. In this 

process, the composite samples of different sizes (as 

shown in Fig. 2(b)) were obtained. Thereafter, the 

composite specimens were given T6 treatment. In this 

process, the castings were firstly solution-treated at a 

temperature of 500 °C for 2 h and then quenched in 

water. These specimens were then age-hardened for 

different time intervals (0, 8, 16 and 24 h) as per the 

experimental requirements. The heat treated castings 

were then used to prepare specimens for testing of the 

composites for different properties. 

 

2.3 Testing of composite specimens 

2.3.1 Microstructure 

The microstructural properties of the composite 

materials were studied by scanning electron microscopy 

(SEM) and energy dispersive spectrum (EDS) techniques. 

The former is used to analyze the surface characteristics 

at different magnifications, while the latter is useful in 

investigating the elemental composition of the fabricated 

composites. In the present work, a SEM microscope 

(Maker: JEOL, Japan; Model: JSM−6100) was used for 

carrying microstructural analysis of the composites. For 

this purpose, the composite samples with specific 

dimensions (diameter of 10 mm and length of 5 mm) 

were cut from the composite castings and were prepared 

for microstructural examination following a standard 

polishing procedure. 

 

 

Fig. 2 Moulds of different sizes used for casting (a) and 

fabricated composite specimens (b) 

 

2.3.2 Density and porosity 

Density of fabricated hybrid composite was 

measured by means of Archimedes principle. 

Mathematically, following equation was used for finding 

the density (ρhc) of hybrid composite: 
 

hc w
1

m

m m



                              (1) 

 
where m is the mass of the composite sample in air, 

while m1 is the mass of the same composite sample in 

distilled water. ρw is the density of the distilled water 

(density of distilled water at 20 °C is 998 kg/m
3
). The 

mass of each specimen was measured in an electronic 

balance having resolution of 0.001 mg (in the water and 

air). 

The porosity levels in the composites were 

estimated by applying the following equation: 
 

th hc

th

P



 


                              (2) 

 
where ρth is theoretical density and ρhc is measured 

density for the composite sample. 

The theoretical density for a reinforced composite 

was calculated by using the rule of mixtures as follows: 
 
ρth=ρAl2024VAl2024+ρSiCVSiC+ρred-mudVred-mud            (3) 
 
where ρ and V represent the density and volume fraction 

of the matrix and the reinforcement, respectively. 

The volume fraction of the reinforcement was 

evaluated by using following equation: 
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Al2024 hc
r

Al2024 r

V





 

 
                           (4) 

 
where ρr is the density of a particular reinforcement (red 

mud or SiC). 

2.3.3 Tensile strength 

The ultimate tensile strength (UTS) of the fabricated 

composites was evaluated by using universal testing 

machine manufactured by ASI sales private Limited, 

New Delhi, India. The composite samples were extruded 

according to ASTM standard (Fig. 3) and UTS of the 

samples was measured following a standard loading 

procedure on the testing machine. The gauge length of 

each sample was taken as 62.5 mm, while the diameter 

was maintained as 12.5 mm. The testing for UTS was 

carried on an automated servo-hydraulic testing machine 

(model: AMT60E). The test load was applied gradually 

and the failure load was noted for each of the composite 

sample. For each of the experimental condition, an 

average of two readings was taken in order to reduce the 

variability in the results. After measurements of the UTS 

of the samples, the failure mechanisms were studied by 

SEM analysis of the fractured surfaces. 

 

 

Fig. 3 Line diagram and final finished sample used for 

evaluating UTS of composites 

 

3 Experimental design 
 

3.1 Identification of predominant factors and their 

levels 

Previous studies have indicated that reinforcement 

composition and size and the ageing time are the 

parameters that exhibit significant influence on the UTS 

response of the AMCs [7,32]. The investigations 

regarding the influence of SiC content and size on 

properties of Al composites are readily available in 

literatures [10,16,19,40]. Due to this, these parameters 

were taken constant in the present analysis. Therefore, 

the content and size of red mud powder (secondary 

reinforcement) and the ageing time were selected as the 

control parameters for examining the tensile strength 

characteristics of the Al composites. The limits for these 

parameters were selected based on the trial observations 

to obtain homogeneous distribution of particles, 

minimum porosity and superior properties. The 5% 

increment of red mud was chosen based on the literature 

available for Al/SiC based hybrid composites [41,42]. 

Table 4 presents the parameters and their levels used in 

experimentation phase of the present study. 

 

Table 4 Details of controllable parameters and their levels 

Factor Parameter 
Level 

I II III IV 

A 
Red mud content 

(mass fraction)/% 
5 10 12 20 

B 
Average red 

mud size/μm 
125 88 75 37 

C 
Age hardening 

time/h 
0 8 16 24 

 

3.2 Taguchi’s experimental design approach 

Taguchi’s technique is a simple, efficient and 

systematic approach that can be used for planning of the 

experimental phase of the research investigations [43,44]. 

This technique applies specific orthogonal arrays to find 

optimum combination of parameters with minimum 

number of experiments. This technique also allows the 

user to evaluate the influence of main and interaction 

parameters on the output response. Therefore, this 

technique was used in the present work to plan the 

experiments for investigating the tensile strength of 

hybrid composites. Using this technique, the output 

response of experimental observations was converted 

into a signal-to-noise (S/N) ratio that can be used to 

measure deviation of the output response from the 

desired response. The S/N ratio for tensile strength for 

the Al composites was considered under ‘larger-the- 

better’ category, which was obtained as a function of 

logarithmic transformation as follows: 
 

2
1

1 1
10lg

n

i i

S

N n y

 
   

  
                         (5) 

 
where n is the number of observations and y is the 

measured data for the ith experiment. It may be noted 

that a standard L16 orthogonal array depending on the 

number of parameters and their levels was selected for 

conducting the experiments. The experimental conditions 

along with results for UTS response of the composites 

are given in Table 5. Further, the results for the output 

response were converted into S/N ratio using Eq. (5). 

Further, the signal-to-noise (S/N) ratio and analysis 

of variance (ANOVA) techniques were employed using 

Minitab-16 software in order to evaluate the influence of 

control parameters. Mathematically, the UTS of the 

hybrid composites as a function of control parameters 

(red mud content and size and the ageing time) can be 

expressed by the following equation: 
 
y=f(A, B, C)                                 (6) 
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Table 5 Experimental layout and results with S/N ratios for 

tensile strength of hybrid composites 

No. 
Factor  UTS 

A B C  Response/MPa S/N ratio/dB 

1 5 125 0  105 40.4238 

2 5 88 8  158 43.9731 

3 5 75 16  240 47.6042 

4 5 37 24  159 44.0279 

5 10 125 8  184 45.2964 

6 10 88 0  156 43.8625 

7 10 75 24  225 47.0437 

8 10 37 16  172 44.7106 

9 15 125 16  255 48.1308 

10 15 88 24  244 47.7478 

11 15 75 0  186 45.3903 

12 15 37 8  202 46.1070 

13 20 125 24  306 49.7144 

14 20 88 16  220 46.8485 

15 20 75 8  210 46.4444 

16 20 37 0  248 47.8890 

 

In engineering problems, higher order interactions 

are insignificant and hence are not considered in the 

present case. Therefore, the ultimate tensile strength 

equation can be written as follows: 
 
σs=b0+b1A+b2B+b3C+b4A×B+b5B×C+b6A×C        (7) 
 
where b0 is a constant, and b1, b2,∙∙∙, b6 are the parametric 

coefficients. The values of these coefficients depend on 

the main and interactions effects. In the present 

investigation, regression equation was derived for UTS 

response using Minitab 17 software, which was validated 

by ANOVA to determine the significance of each term in 

the equation. All the parameters were also tested for their 

significance at 95% confidence level. The insignificant 

parameters were eliminated using student’s t-test since 

they do not influence the accuracy of the developed 

model. 

 

4 Results and analysis 
 

4.1 SEM analysis 

The morphological analysis of SiC and red mud 

particles used in the preparation of composite samples is 

shown in Fig. 4. It can be observed that the SiC particles 

are very abrasive in nature having sharp edges. The 

average size of SiC particles has been measured to be  

50 µm. On the other hand, the red mud particles are 

mostly spherical in shape and their size varies from a few 

microns up to 50 µm. These particles are also seen to be 

bright in nature. Figure 5 presents the SEM images of the 

 

 

Fig. 4 SEM images indicating morphology of SiC particles 

with average size of 50 µm (a) and red mud particles with 

average size of 37 µm (b) 

 

 

Fig. 5 SEM images for Al/5%SiC/5%red mud composites with 

ageing time of 24 h (a) and Al/5%SiC/20%red mud composites 

without ageing (b) with red mud particle size of 37 µm 
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polished surfaces of Al/SiC/red mud hybrid composites 

containing different reinforcement contents and ageing 

time (under similar conditions of particle size). It can be 

observed that the reinforcements are adequately 

dispersed in the alloy matrix. Both of the hybrid 

reinforcements are detected in the SEM analysis of the 

developed composites. The composites are also observed 

to be free from any kind of casting defect including 

porosity, inclusion of slag and shrinkage (except 

exceptions at higher contents). These defects may result 

from poor bonding between the reinforcement and the 

matrix phase during casting and solidification process. 

This can lead to the degradation of mechanical strength 

of the composites. The average spacing between the 

particles is reduced with the increase in reinforcement 

content since the small sized red mud particles are seen 

to be dispersed throughout the composites. The 

homogeneous distribution of the reinforcing particles in 

the developed AMCs may be attributed to the set of 

parameters selected for fabrication of these composites. 

The micrographs indicate that the stirring process was 

adequate to achieve a homogenous composite structure. 

It may be noted that the solidification pattern of the 

composites (after mixing) is a key parameter in deciding 

the distribution of the particles in the composites. 

Actually, the distribution of the reinforcing particles is 

dependent on the density gradient between the particles 

and the alloy melt. The reinforcing particles have 

tendency to move in the vertical direction (depending on 

the density gradient) resulting in heterogeneous structure 

of the composites. These movements of the particles can 

be reduced by maintaining the melt temperature lower 

than the melting temperature [13,15,45]. Therefore, the 

reinforcing particles were added into the semi-solid alloy 

melt (at a temperature of 650 °C) during fabrication of 

the composites. The increased viscosity of the melt 

restricts the motion of reinforcing particles along the 

vertical direction. This inhibits the sinking (as in case of 

SiC) as well as floating (as in case of red mud) of the 

reinforcing particles in the alloy melt. Therefore, the 

wettability and distribution of the particles are improved 

in the case of Al/SiC/red mud hybrid composites by 

using semi-solid casting process. The interface between 

the Al2024 alloy and the reinforcing particles is studied 

by high magnification micrographs, as presented in   

Fig. 6. The SiC particle has been found to form a clear 

interfacial bond within the composites, as shown in   

Fig. 6(a). The interface between two phases of the AMCs 

is also free from any kind of intermediate phases, which 

may result from interfacial reactions at higher 

temperature [39,46]. The formation of intermediate 

compounds at the interface reduces the wettability of 

reinforcing particles. This ultimately reduces the strength 

of the composites due to the decrease in load transfer 

 

 

Fig. 6 High magnification images indicating interface of 

Al2024 alloy with SiC (a) and red mud particles (b) 

 

capacity of the AMCs (from the alloy to reinforcement 

phase). A clean Al/SiC interface in the fabricated 

composites is an indication of good interfacial strength in 

these composites, which is prerequisite for obtaining 

superior tensile properties of these composites.    

Figure 6(b) also indicates that the red mud particles are 

adequately bonded with the alloy matrix. Some porosity 

can be clearly seen around the red mud particles, which 

may be attributed to poor bonding at the interface. It may 

be noted that the red mud particles contain different 

constituent elements (as indicated in Table 2) that have 

tendency to form intermediate compounds in the 

composites. Moreover, red mud particles have tendency 

to form particle clusters at higher reinforcement content. 

Due to this, the bonding property of these composites 

may be reduced in comparison to SiC particles. But, it is 

expected that the red mud particles will reduce the 

brittleness of Al/SiC composites possessing positive 

influence on strength characteristics. Overall, the SEM 

results have shown that the uses of optimum 

reinforcement content and the stirring parameters are 

helpful in obtaining AMHCs with isotropic set of 

properties. 

 

4.2 EDS analysis 

Figure 7 presents the EDS analysis results of red 

mud powder, Al2024 alloy and Al2024/5%SiC/20%red 

mud composites. Figure 7(a) shows the EDS analysis 

result of red mud powder used in preparation of compo- 

site samples. It can be observed that the oxygen (O) 
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Fig. 7 EDS analysis results for red mud powder (a), Al2024 

alloy (b) and Al/5%SiC/20%red mud composites (c) 

 

is present as a major constituent of the red mud powder 

(with a fraction of 52.55%). In addition to this, Al, Ca, 

Fe, Si, K and Cu are found to be constituent elements 

present in the red mud. Therefore, the elemental analysis 

of the red mud powder confirms the presence of major 

constituents such as Fe2O3, SiO2, TiO2 and CaO, as 

indicated in Refs. [37,38]. Further, Fig. 7(b) indicates 

that Al is present as a major element in Al2024 alloy with 

a fraction of 89.37%. The Cu, Mg and Mn are other 

constituent elements of this alloy. The presence of O may 

be attributed to the fact that the Al alloy is highly 

reactive with the environmental elements at higher 

temperatures. Figure 7(c) shows that various elements 

present in Al/5%SiC/20%red mud hybrid composite. The 

Al is present as a major peak in the EDS spectrum (with 

a fraction of around 71.83%) followed by O (with a 

fraction of nearly 16.74%). The other elements such as Si, 

Ti, Mn, Mg, Fe, Ca and Cu are also detected as minor 

peaks in the EDS analysis of the hybrid composites. 

It may be noted that Al, Cu Mg and Mn are the 

major constituent elements of Al2024 alloy and their 

compositions are reduced (from 89.37%, 3.92%, 1.36% 

and 0.37% to 71.83%, 1.89%, 1.12% and 0.28%, 

respectively) with the addition of hybrid reinforcements 

in the alloy. Further, Si and C are main constituents of 

SiC particles that are detected in the EDS spectrum of 

the hybrid composite. The presence of elements like O, 

Al, C, Ca, Ti, Fe and Si in the EDS spectrum confirms 

the presence of red mud particles in the hybrid 

composites. Therefore, the EDS analysis is an indication 

of successful incorporation of reinforcing particles in the 

Al alloy. It has been revealed in the previous studies that 

the constituent elements of Al2024//SiC/red mud 

composites can react at higher temperature to form 

intermetallic phases [47]. The presence of various 

elements especially Fe can degrade mechanical 

properties of the composites due to reduction in the 

interfacial strength. The EDS analysis of the Al/SiC/red 

mud hybrid composites indicates that the addition of red 

mud powder up to 20% (mass fraction) does not 

significantly increase the Fe content in the composites. 

The Fe content measured in the hybrid composites is 

0.94%, which is an indication that the fabricated Al 

composite will exhibit adequate strength characteristics. 

 

4.3 Density and porosity 

Figure 8 shows the variations of average values of 

theoretical and experimental densities of various 

composite samples with respect to reinforcement content. 

It has been found that the theoretical density of the 

composites decreases linearly with the addition of the red 

mud particles. It may be noted that the theoretical density 

does not take into account the various experimental 

conditions such as formation of pores and casting defects 

(as per Eq. (3)). As the density of red mud particles is 

much lower in comparison to SiC particles and the 

Al2024 alloy, theoretical density of the hybrid composite 

is linearly reduced with addition of red mud particles (for 

fixed SiC contents) [32,41,42,48]. But, it may be noted 

that the experimental values indicate a different trend for 

the density of the hybrid composites. This may be 

attributed to the variations in the porosity level within the 

composites that are further dependent on the processing 

conditions, particle size and casting defects. Therefore,  
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Fig. 8 Variations in theoretical and experimental densities of 

Al/SiC/red mud composites 

 

two factors compete for deciding the density of the 

resultant composites, i.e., red mud content and the 

porosity level. Initially, the experimental density 

decreases from 2.711 (for 5% red mud) to 2.641 g/cm
3
 

(for 10% red mud). Moreover, porosity levels also 

increase from 3.351% to 4.795% (Fig. 9) on addition of 

reinforcement (from 5% to 10% of red mud content), 

which plays a dominant role in controlling the 

experimental density of the composites. On further 

addition of red mud particles (from 10% to 20%), the 

experimental density increases linearly from 2.641 to 

2.691 g/cm
3 

due to the decrease in the porosity levels 

within the hybrid composites (from 4.795% to 0.811%). 

Overall, the experimental density of the composites is 

reduced by nearly 1%, while the porosity is reduced by 

more than 75% with increasing red mud content from 5% 

to 20% in the hybrid composites. Therefore, the addition 

of red mud reduces the porosity level and experimental 

density of the composites (Figs. 8 and 9), which are the 

prime requirements for the design of composites with 

superior mechanical performance. Therefore, it can be 

 

 

Fig. 9 Variations in porosity levels in Al/SiC/red mud 

composites 

observed that the hybrid composite exhibits lower 

density in comparison to the pure alloy, i.e., the 

composites are light in weight compared with the alloy. 

 

4.4 Tensile strength 

4.4.1 Analysis of data means 

This analysis of data means for tensile strength has 

been done by evaluating the average of S/N ratio data for 

each level of control parameters. Firstly, the ranking of 

the factors has been done by using delta statistics. The 

value of delta represents absolute difference in the 

maximum value and minimum value of S/N ratio 

corresponding to each parameter. The factor with the 

highest value of delta has been ranked at the first 

position, while the parameter with the lowest value is 

ranked at the lowest position. Table 6 indicates the ranks 

of parameters based on the comparison of relative 

magnitude of S/N ratio effects for tensile strength 

response of the developed composites. It can be observed 

that the red mud content (A) has the highest value of 

delta and therefore it has been ranked the first followed 

by ageing time (C). The red mud particle size (B) has 

been found to exhibit the minimum influence as far as 

the tensile strength of the composites is concerned. 

 

Table 6 Response of S/N ratios for tensile strength (larger is 

better) 

Level 
S/N ratio/dB 

A B C 

1 44.01 45.68 44.39 

2 45.23 46.62 45.46 

3 46.84 45.61 46.82 

4 47.72 45.89 47.13 

Delta 3.71 1.01 2.74 

Rank 1 3 2 

 

Further, S/N response graphs are also drawn for 

tensile strength response of the composites in order to 

find the optimum combination of parameters. It may be 

noted that large value of the S/N ratio indicates lower 

variance of the output response around the desired value. 

Therefore, the largest value of S/N ratio is required for 

obtaining optimum response of tensile strength for the 

composites. Figure 10 presents the variations in the mean 

values of S/N ratio for UTS response of the composites 

for different levels of control parameters (red mud 

content, particle size and ageing time). Here, it can be 

observed that the mean value of S/N ratio increases with 

the increase in red mud content (from 5% to 20%) and 

the ageing time (from 0 to 24 h). This may be attributed 

to the increase in the interfacial area (between matrix and 

reinforcement phase) in the AMCs under these 

conditions. This ultimately increases the load transfer 

capacity (from the matrix to reinforcement phase) and  
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Fig. 10 Main effects plots for S/N ratio for tensile strength 

response (larger is better) 

 

the dislocation density (due to thermal punching effect) 

in the composites. This significantly improves the S/N 

ratio response for the developed composites with the 

increase in red mud content and the ageing time. Further, 

if we analyze the influence of particle size, it can be 

observed that the mean S/N ratio is initially improved 

with the increase in particle size followed by a 

decreasing trend. Therefore, the particle size exhibits 

fluctuating influence on the mean S/N ratio for tensile 

strength response of the composites. This may be 

attributed to the variations in the porosity level within the 

composites that significantly control the failure 

mechanism of these composites. The formation of 

micro-pores at the interface can lead to eventual failure 

of the composites. Overall, the red mud content of 20%, 

particle size of 75 µm and ageing time of 24 h are found 

to be optimum levels of control parameters for obtaining 

maximum tensile strength for the composites. Therefore, 

A4B3C4 has been selected as the best parameter 

combination for the tensile strength response of the 

hybrid composites. 

The improvement in the quality characteristics of 

the hybrid composites at optimum levels of parameters 

has been predicted and verified by conducting a 

confirmation experiment. The confirmation experiment 

has been performed with optimum levels of parameters 

and the experimental results for tensile strength of the 

composite have been evaluated. The experimental results  

are compared with the predicted responses to check the 

adequacy of the results. The experimental response for 

UTS has been obtained by following a standard 

procedure as discussed in Section 2, while the predicted 

response for S/N ratio (No) has been obtained from 

following equation: 
 

o m m

1

( )
n

i

i

N N N N


                        (8) 

 
where Nm is the total mean S/N ratio, Ni is the mean at 

optimum level and n is number of main design 

parameters. The optimum combination of parameters 

along with the UTS response is presented in Table 7 and 

the predicted response has been found to be in good 

agreement with the observed results. The deviation in the 

theoretical and experimental values of UTS has been 

found to be 1.262%, which indicates the adequacy of the 

obtained results. Further, the UTS response of the pure 

Al2024 alloy has been obtained under similar conditions 

for comparison purpose. It has been noticed that the 

hybrid composites exhibit 34% higher UTS in 

comparison to the pure alloy under optimized parametric 

levels (Table 7). Moreover, the hybrid composites have 

lower density compared with the pure alloy. Therefore, 

these composites can be considered as a candidate 

material in various engineering applications that require 

high specific strength. 

4.4.2 ANOVA modelling 

In order to obtain a clear picture about the influence 

of control parameters on the strength characteristics of 

the developed composites, ANOVA technique has been 

used. All of the main parameters (A, B and C) and their 

interaction effects (A×B, A×C and B×C) are analyzed for 

their significant contribution in the output response. The 

ANOVA analysis has been carried for the experimental 

results presented in Table 5 with a confidence level of 

95%. In order to check the significance of parameters, 

P-test has been conducted for all parameters. If the 

P-value for a parameter is less than 0.05, then it is 

considered to possess significant contribution in the 

output response. The contribution of each parameter is 

obtained by dividing the sum of squares for each 

parameter with the total sum of squares. The adequacy of 

the model used for ANOVA analysis is checked by 

evaluating the value of R
2
 that represents the degree   

of variation and fit of a model. The results of ANOVA  

 

Table 7 Results of confirmation test for tensile strength of hybrid composite 

UTS for hybrid composites under optimum conditions (A4B3C4)  
UTS for alloy 

Observed data  Predicted data 
Error/% 

 

Response/MPa S/N ratio/dB  Response/MPa S/N ratio/dB  Response/MPa S/N ratio/dB 

317 50.02  313 49.63 1.262  236 47.12 
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analysis for UTS behavior of the composites are 

presented in Table 8. It has been found that the red mud 

content and the aging time have contributions of 42.57% 

and 24.70%, respectively, in the tensile strength of 

hybrid composite. The third most influential factor found 

in this analysis is the interaction between the particle size 

and the ageing time (i.e., B×C) that has a contribution of 

24.21%. If we analyze the P-values obtained for all the 

factors, it can be observed that the red mud content (A), 

ageing time (C), interaction between red mud content 

and particle size (A×B) and interaction between particle 

size and ageing time (B×C) are the significant factors. 

Therefore, these parameters will be considered for 

development of a mathematical model for the tensile 

strength of the developed composites. Table 8 also shows 

that value of R
2
 for ANOVA-model used in this study is 

greater than 95% and therefore this model provides 

excellent fit regarding the influence of parameters on 

response characteristics. 

 

Table 8 Analysis of variance for S/N ratios for tensile strength 

response 

Source DF Seq SS Cr./% Adj SS Adj MS F-value P-value 

A 1 15568.2 42.58 499.95 15568.2 96.19 0 

B 1 394.4 1.08 714.76 394.4 2.44 0.153 

C 1 9031.2 24.70 781.28 9031.2 55.80 0 

A×B 1 55.3 0.15 26.71 55.3 0.34 0.573 

A×C 1 1207.5 3.30 1207.49 1207.5 7.46 0.023 

B×C 1 8852.4 24.21 8852.39 8852.4 54.69 0 

Error 9 1456.7 3.98 1456.66 161.9   

Total 15 36565.8 100.00     

Model summary: S=12.7221; R
2
=96.02%; R

2
(Adj.)=93.36%; PRESS= 

4129.76; R
2
(Pred.)=88.71% 

 

The correlation between the controllable parameters 

and the UTS response was obtained using linear 

regression equations (on consideration of all the 

significant parameters). After determining the 

coefficients of Eq. (7), the regression equation for tensile 

strength was developed as below: 
 
σs=197.4+4.77A−4.31C−0.0113A×B−0.2681A×C+ 

0.1290B×C                              (9) 
 

The values of UTS response can be evaluated 

within the certain range of factors by using Eq. (9). It can 

be seen that the factor A (red mud content) has maximum 

value of the coefficient indicating that it has maximum 

influence on the strength characteristics of the 

composites. The adequacy of the model represented by 

this equation was verified by drawing the normal 

probability plot (for residuals) and the correlation graph 

(between experimental and the predicted response). 

Figures 11 and 12 present the probability plot and the 

correlation graph for the developed model. Both of the 

graphs indicate that the points are very close to the fitted 

lines. Therefore, Eq. (8) can be used for evaluating the 

UTS behavior of the hybrid composites under specified 

range of the parameters (i.e. A, B and C). 

 

 

Fig. 11 Normal probability plot of residuals for tensile strength 

of hybrid composites 

 

 

Fig. 12 Correlation graph for predicted and experimental 

response for tensile strength 

 

4.4.3 Fracture analysis 

This analysis provides the information regarding the 

failure behavior of the composites, i.e., brittle failure 

(formation of cleavage facets) or ductile fracture 

(dimples formation). To analyze the mechanism of 

failure of composites, SEM examination of the broken 

surfaces has been acquired for different composite 

samples (Fig. 13). Figure 13(a) presents SEM 

micrograph of the Al/5%SiC/5%red mud hybrid 

composite and it can be observed that the failure of the 

composite under tensile load has taken place by means of 

brittle fracture. The surface appears to be flat and no 

significant plastic deformation can be observed in the 

micrograph. During application of tensile load, the 

micro-cracks are formed at the points of micro-voids or 

micro-pores leading to the formation of cleavage facets. 
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These facets grow in size with increase of load and move 

along the transverse planes propagating the cracks to the 

surface. Although large sized dimples can also be 

observed on the fractured surface of the composites, the 

failure of the composites is mainly controlled by 

formation of cleavage facets without significant shear 

flow of the surface. 

 

 

Fig. 13 SEM images of fractured surfaces under tensile test:  

(a) Al/5%SiC/5%red mud composite (particle size 125 µm 

without aging); (b) Al/5%SiC/20%red mud composite (particle 

size 37 µm and aging time 8 h) 

 

Further, Fig. 13(b) reveals that the fractured surface 

of Al/5%SiC/20%red mud composite has undergone 

considerable shear flow before failure. The phenomenon 

of formation of small-sized dimples has increased in case 

of Al/5%SiC/20%red mud composite. The failure of the 

composite is due to the combination of the ductile and 

brittle fracture. In this case, debonding of reinforcing 

particles has resulted in large shear flow (plastic 

deformation) of the fractured surface. The micrograph 

indicates that the formation of cleavage at the grain 

boundaries has been reduced compared with the earlier 

case. Therefore, the brittleness of the Al composite is 

reduced with the increase in red mud content. It may be 

noted that it is difficult to find the points of failure during 

brittle fracture due to unavoidable crack propagation that 

may start from micro-voids or cavities [49]. Therefore, 

the brittleness of the material should be reduced to 

minimum extent in order to improve the strength of 

composites. As the material becomes more brittle at 

longer aging time and lower red mud contents, brittle 

fracture is more predominant under these conditions. It 

can be observed that the fabricated composites exhibit 

different strength levels depending upon the values of 

these control parameters. Therefore, these parameters 

must be taken into consideration for design of various 

components using these materials. 

 

5 Conclusions 
 

1) The microstructural analysis of the Al composites 

indicates uniform distribution of the reinforcement 

particles. The hybrid particles are also found to be 

adequately bonded in the hybrid composites. The 

elemental analysis of the composites detects various 

elements like O, C, Ca, Al, Fe, Cu, Mg and Si, indicating 

the presence of major constituents in the composites. 

2) It has been noted that density and porosity of the 

composites are reduced with the increase in the red mud 

content. The tensile strength of the hybrid composites is 

increased with the increase in red mud content (5%−20%) 

and the ageing time ( 0−24 h). 

3) As far as the tensile strength of the composites is 

concerned, the red mud content has been found to exhibit 

maximum influence followed by the ageing time. It has 

been noticed that the level of error for investigating the 

tensile strength of the composites remains within the 

acceptable limits (about 1.262%). 

4) The ANOVA analysis indicates that the 

contributions of red mud content and ageing time are 

42.58% and 24.70%, respectively. The red mud particle 

size does not exhibit significant contribution as far as the 

UTS of hybrid composites is concerned. 

5) The morphological analysis of the fractured 

surfaces indicates that the failure of the hybrid 

composites takes place due to the combination of brittle 

and ductile mechanisms. 

6) Overall, the addition of red mud reinforcement 

reduces the brittleness of the Al/SiC/red mud composites 

while improving the strength level. Further, the hybrid 

composite exhibits superior strength level (about 34% 

higher) than the pure alloy under optimized conditions. 
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摘  要：采用搅拌铸造技术制备 SiC 颗粒(5%，质量分数)和赤泥(5%~20%，质量分数)颗粒增强 2024 铝基复合材

料。利用扫描电子显微镜(SEM)和电子能谱(EDS)技术表征合成的复合材料；另外，利用 Taguchi 实验设计方法测

试混杂复合材料的抗拉强度。结果表明，混杂复合材料中的增强颗粒分散均匀，结合充分；复合材料的密度和孔

隙率随着增强体含量的增加而降低，抗拉强度随着赤泥含量和时效时间的增加而增加；复合材料中赤泥含量对抗

拉强度影响最大，其次是时效时间。总体来说，与基体材料 Al2024 铝合金相比，铝合金/SiC/赤泥复合材料在优

化条件下具有更优异的抗拉强度(高 34%)。 

关键词：铝基复合材料；混杂增强体；抗拉强度；赤泥；搅拌铸造；数据分析；扫描电镜技术(SEM) 
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