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ABSTRACT. Main aim of this work is to investigate the influences of addition 
of cenosphere and specimen crack length on the fracture toughness of 
Al6061-SiC composites. The experimental analysis was carried out for 3, 6 
and 9 wt% proportions of cenosphere with 3 wt% of SiC as reinforcements in 
the aluminum 6061 matrix for various crack lengths. The fracture toughness 
of Al6061-SiC-Cenosphere hybrid composites was estimated using compact 
tension (CT) specimen for the said compositions. The CT specimens were 
prepared, according ASTM E399 standard, for different crack length to width 
(a/W=0.3-0.6) ratios. From the experimental outcomes, it is identified that 
the fracture toughness of the hybrid composite increases upto the 6wt% of 
cenosphere and further increment in the cenosphere causes the decrement in 
the values. It is also found that the load bearing capacity and fracture 
toughness of the hybrid composite decreases with increment in a/W ratios of 
the CT specimen.   
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INTRODUCTION  
 

he properties of monolithic alloys used for commercial applications can be improved by metal matrix composites 
which are nearly isotropic in nature [1]. Investigators [2-4] proved that the Al alloy matrices along with ceramics as 
reinforcement exhibits high strength and low coefficient of thermal expansion as compared to various alloy T 

https://youtu.be/wxsRJEEIc18
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matrices. Aluminium 6061 alloy is widely utilized as matrix material for MMCs reinforced with different fibres, particles 
and whiskers due to its fluidity, castability and good bonding between them [5-7]. Accordingly, there requires an 
information about casting process of Aluminium 6061 alloy MMCs by several methods which is related to capacity of 
production based on the marketable applications. Different casting process techniques have been utilized for Aluminium 
6061 alloy MMCs such as: powder metallurgy [8], mechanical alloying [9], stir casting [10], squeeze casting [11], 
compocasting [12] and spray deposition [13]. The various casting process techniques will changes the mechanical 
characterization of Aluminium 6061 alloy MMCs [14]. Investigators [15-17] analyzed and predicted that the liquid 
metallurgy method of casting process is applicable for mass production, simplicity and easy adoption. Stir casting 
technique is widely used liquid casting technique due to its low cost and ease way of processing, and even at higher weight 
percentages, this will also give the uniform distribution of the particle in matrix materials [18].  
Furthermore, during casting of Aluminum 6061 alloy MMCs, the reinforced particulate particles must be easily available 
and economic for processing technique. SiC, TiC, Al2O3, B4C, and graphite were most used reinforcements in aluminum 
matrix [19]. Lei and Ledbetter [20] showed that the variation of micro structural reinforcement parameters such as: shape, 
size, volume fraction will affect the properties of metal matrix composites under elastic conditions. Researchers [21-23] 
conducted experiments on effects of SiC reinforcements on Al matrix composites and recommended that the addition of 
SiC particulate particles to Al matrix up to certain limit will improve some mechanical properties such as: yield strength, 
modulus of elasticity, hardness etc. The major limitation of Al 6061 alloy MMCs is the manufacturing cost; this can be 
overcome with the usage of lower cost of reinforcement particulate particles such as flyash and natural minerals. In 
thermal power plants the waste byproduct of coal is fly ash or cenosphere which is available in abundant [24]. Dung [25], 
Rao [26] carried out investigation on fly ash particles reinforcement with Al alloy matrix using stir casting route. They [25, 
26] suggested that the fly ash form good bonding with Al alloy matrices, and it will enhance the mechanical properties 
based on the requirement for marketing applications. Also, addition of fly ash reinforcement with Al alloy matrix will 
increase the wear resistance property there by increasing the service life of the component [27].  
In most of the cases the addition of cenosphere reduces the strength of the aluminum matrix composite [28]. This can be 
overcome by using hybrid metal matrix composites (HMMS) which enhance its mechanical properties. Moreover, the 
performance for hybrid materials can be improved by selecting appropriate reinforcements which are easily wettability 
with matrix [29]. Moorthy et.al.[30] studied the mechanical properties for graphite and fly ash particles reinforced with 
Al6061 by keeping 3wt% of graphite and varying fly ash content form 3wt% to 9wt% with an increment of 3wt%. Viney 
et. al. [31] carried out work on two hybrid composites viz., Al6061-4%Mg/flyash and Al6061-4%Graphite/flyash and 
concluded that addition of flyash increases the tensile strength of the hybrid composites. Mahendra [32] showed that the 
enhancement of SiC and fly ash reinforced with Al metal matrix particulates will improve the strength of the material as 
compare to conventional metal. It is seen from the researchers [33-35] that the analyses for fly ash hybrid composites were 
carried out by varying 3-9 wt% of flyash and fixing 3 wt% of Graphite, Mg and SiC. In our earlier investigation [36] 
evaluation of tensile properties was carried out for Al6061-SiC/Cenosphere hybrid MMCs. The results [36] clearly 
demonstrates that the nature of true stress-strain for various composition of Al6061-SiC-Cenosphere hybrid MMCs will 
almost matches with the pure Al6061 alloy and bearing more strength. Hence, Al6061-SiC/Cenosphere hybrid MMCs can 
be used for pressure vessel applications. For pressure vessel analysis fracture toughness is the parameter to estimate the 
strength of the material. The fracture toughness of the metallic material can be estimated by single edge notch bend 
(SENB) and compact tension (CT) specimens according to American society for testing and materials (ASTM) standards. 
Researchers [37-42] analyzed that the fracture toughness estimated by ASTM standard specimens depends on the 
thickness and crack length of the specimen. Hence, in this paper an effort is made to analyze the influence of addition of 
cenosphere and specimen crack lengths on the fracture toughness for Al-SiC composites.  
 
 
MATERIALS AND PREPARATION 
 

rom the literature, it is seen that the adding of the high weight fraction of SiC in the aluminum leads to no 
significant increments in the hardness. Further the addition of SiC as reinforcement in the aluminum matrix 
increases the weight of the composites since its density is 3.22 g/cc which is higher than the Al6061. Thus, the low 

weight fraction will give the better strength and hardness, reduced weight and avoids the clustering of the reinforcement 
in the composite. Thus, in the present work, the composition of the SiC is considered as 3wt%.  
Also, addition of cenosphere in the aluminum matrix reduces the weight of the composites [24]. Thus, the composite can 
be utilized in the automobile industries, where the requirement is the decreased weight [25]. However, the increase of 
cenosphere in aluminum matrix increases the strength and hardness of composites up to 7wt%. Further increment causes 
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the decrement in the properties has been observed. Thus, in this work the 3, 6 and 9 wt% of cenosphere is considered as 
second reinforcement. Also, literature [43] recommends having cenosphere as reinforcements due to the high content of 
the oxides. Hence, addition of this into the aluminum enhances the properties of the hybrid composite. Fig. 1 (a & c) 
shows the EDX analysis of the cenosphere and the silicon carbide. Fig. 1 (b & d) shows the particle size of the 
cenosphere and the silicon carbide. The average particle size of cenosphere and silicon carbide is 15µm and 30µm 
respectively.  
 

         
Figure 1(a): Composition of Cenosphere 

 

 
 

Figure 1(b): Particle size of Cenosphere. 
 

The composite is prepared using stir casting route for 3 wt% of SiC and 3, 6 and 9 wt% of cenosphere. The Al6061 is 
super-heated to the temperature 720oC in a graphite crucible. While stirring at 500rpm the required quantity of SiC and 
cenosphere particles were added to the liquid aluminum. The degasifier and flux has been introduced to remove the gases 
from the molten metal. The liquid melt is poured to the graphite mold and allowed to solidify. The bars taken from the 
mold were machined to prepare the CT specimens.  
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Figure 1(c): Composition of SiC  
 

 
 

Figure 1(d): Particle size of SiC  
 

Fig. 2 shows the energy dispersive x-ray (EDX) analysis of the Al-SiC/cenosphere composites prepared for the various 
compositions. Through this method the confirmation of the presence of reinforcing elements in the prepared composites 
can be quantified. Fig 2(a-c) shows the EDX analysis of Al6061-3wt%SiC+3,6,9 wt% cenosphere showing the presence of 
carbide, oxide, magnesium, silicon and iron. By the increase of the weight percentage cenosphere, the increases in the 
carbide, oxides, iron, which confirms the presence of cenosphere. The other elements Mg, Si confirms the presence 
aluminum 6061. 
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Figure 2(a): EDX of Al6061-3SiC+3Cenosphere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2(b): EDX of Al6061-3SiC+6Cenosphere.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2(c): EDX of Al6061-3SiC+9Cenosphere. 

 
Energy dispersive spectroscopy (EDS) micrographs, Fig3(a-i), shows the mapping of composites and their 
reinforcements. Fig. 3 shows the mapping of elements in the prepared Al-SiC/cenosphere composites. The notations 
used are Al for aluminum, Si for silicon carbide and O for cenosphere as it contains most of oxides.  
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The EDS micrograph shows the three different areas in the composites viz., Fig 3(a,d,g) shows the mapping distribution 
of the reinforcements in the mentioned hybrid composites, Fig 3(b,e,h) shows SiC particle mapping and Fig 3(c,d,i) shows 
cenosphere particle mapping. From Fig. 3 it is confirmed that the distribution of the SiC and cenosphere particles is 
uniform in the Aluminum matrix. Fig 3(c,d,i) it can be observed the increased cenosphere particles in the matrix.  

 
 

(a) Al6061+3SiC+3Cenosphere (b) SiC mapping (c) Cenosphere mapping

 
(d) Al6061+3SiC+6Cenosphere (e) SiC mapping  (f) Cenosphere mapping 

 
(g) Al6061+3SiC+9Cenosphere (h) SiC mapping  (i) Cenosphere mapping 

 
Figure 3: EDS Images showing the mapping of composites and reinforcements. 

 
 
EXPERIMENTATION 
 

he CT specimens were prepared to the geometry as shown in the Fig.4. The notch of size 3mm x 7mm, 3mm x 
9.50mm, 3mm x 12mm and 3mm x 14.5mm is prepared using wire cut EDM, a fatigue crack of length 0.62mm, 
0.66mm, 0.7mm and 0.74mm for the a/W ratios 0.3, 0.4, 0.5 and 0.6 respectively.  T 
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Figure 4(a): Geometry of CT specimen. 
  

 

 
 

Figure 4(b): CT specimen specifications.  
 

The CT specimens of different a/W ratios with constant thickness of B=10mm are subjected to fracture toughness testing 
as per the standard testing procedure prescribed by the ASTM E399. While testing CT specimens, the displacement rate 
maintained is 1mm/min, load ratio considered is 0.1 and cyclic load applied at 5Hz frequency. During the 
experimentation, the critical load PQ and the crack mouth opening displacement (CMOD) is recorded for each CT 
specimen. The provisional fracture toughness (KQ) can be determined for the value PQ using the empirical equation 
available [37-38]. If the values of the geometry of CT specimens, such as crack length (a), width (W) and thickness (B) of 
the specimen, satisfies the conditions [44] of the plain strain fracture toughness, the calculated KQ can be considered as 
fracture toughness (KIc).  
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RESULTS AND DISCUSSIONS  
 

he CT specimens of different a/W ratios and compositions of Al6061-SiC/Cenosphere composites were 
subjected to tensile testing to evaluate the critical load (PQ) by plotting load vs. CMOD. For each experimentation, 
three identical CT specimens were utilized, and the average values were taken to plot load vs. CMOD. Fig. 5 to 7 

shows the variation of load vs. CMOD for all the compositions of said composites and a/W ratio = 0.3 to 0.6. From the 
Figs.5 to 7 it is observed that the load vs CMOD curves follows the type III curve [44], that shows the maximum load 
itself is the critical load [45]. Hence the PQ is considered to evaluate the fracture toughness (KIc) of the composites.  
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Figure 5: Load vs. CMOD curves for Al6061+3wt% SiC+ 3wt% Cenosphere. 
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Figure 6: Load vs. CMOD curves for Al6061+3wt% SiC+ 6wt% Cenosphere. 
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Figure 7: Load vs. CMOD curves for Al6061+3wt% SiC+ 9wt% Cenosphere.  

 
Figs. 5 to 7 reveals that the load carrying capacity of the said hybrid composite decreases with increase in a/W ratios for 
all the compositions. For the said Al6061-SiC/Cenosphere composites and a/W ratios, the provisional fracture toughness 
KQ has been determined using the empirical equations [37-40] by considering the values of critical load (PQ) and 
dimensions of CT specimens.  
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Figure 8: Variation of fracture toughness vs. a/W ratio . 

 
Fig.8 shows the fracture toughness of Al6061-SiC/Cenosphere hybrid composite with increasing a/W ratio. From the 
Fig.8 it is observed that increment in the crack length to width ratio reduces the fracture toughness of the Al6061-
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SiC/Cenosphere composites. It is noticeable that as crack length increases in the material, which decreases the load 
carrying capacity which in turn causes reduction in fracture toughness. It is also observed that, at a/W ratio 0.3 to 0.6, the 
composite with 6 wt% of cenosphere shows highest fracture toughness which is around 6% higher than the 3wt% of 
cenosphere. It is clear that as the composition of the cenosphere increases fracture toughness of the composite increases 
up to 6wt%.  

 

 
 

(a) Al6061+3wt%SiC+ 3wt% Cenosphere. 
 

 
 

(b) Al6061+3wt%SiC+ 6wt% Cenosphere 
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(c) Al6061+3wt%SiC+ 9wt% Cenosphere 

 

Figure 9: Fractographic images of hybrid composites 
 
Fig 9 shows the fracture surfaces of the hybrid reinforced composites which reveals the failure mechanism between the 
particle (brittle fracture appeared in bright surfaces) and matrix (ductile fracture). From the graphs it observed that all the 
compositions failed due to the particle debonding. However, in 3wt% Cenosphere composite, micro cracks have 
developed in the matrix, and due to less particles crack propagation rate is more (Fig 9(a)). Thus, decreases in fracture 
toughness has been observed. Fig 9(a) shows the purely ductile fracture for the composite with smaller number of 
reinforced (6wt%) particles have small sized particles. The SiC and cenosphere particles here must act as barricade to the 
crack propagation in aluminum matrix (Fig 9(b)), causes the crack path deviation so the crack propagates around the 
reinforcing particles and also reduces the induced stresses as shown in Fig 9(c). This barricade due to SiC and cenosphere 
particles in turn increases the limiting value for crack propagation. From the Fig 9(a-c), it can be observed that the cracks 
in the matrix propagates early and at particle intersection crack propagation changes its direction. Thus, the crack 
propagation rate increases in turn increases the fracture toughness of the composite. However, Fig 9(c) shows the several 
cracks (marked by arrow) arises due to the increased number of large sized particles, came from 12wt% of reinforcement, 
since large sized particles tend to crack easily [46].  
 
 
CONCLUSIONS  
 

he fracture toughness of the Al6061-SiC/Cenosphere has been studied for the two parameters composition and 
a/W ratio. The influence of addition of different percentages of cenosphere and the various a/W ratios has been 
investigated experimentally on the fracture toughness of the said hybrid composite.   

The liquid metallurgy method used to prepare the hybrid composite leads to the uniform distribution of the 
reinforcements in Al6061 matrix. The EDX confirms the presence of the reinforcing elements in the Al6061-
SiC/Cenosphere hybrid composite.  
Results of the fracture toughness test shows, the increment in the a/W ratio reduces the fracture toughness of the said 
hybrid composite. Also, the increment in the cenosphere composition leads to increment in fracture toughness up to 
6wt%, and further increment in the cenosphere reduces the fracture toughness. The fracture toughness of the 6wt% of 
cenosphere is nearly 6% higher than the 3wt% of cenosphere.  
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