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Abstract: Al−4.5%Cu alloy was used as a matrix at 2%, 4% and 6% of bamboo leaf ash (BLA) which was extruded from agro waste 

and was used as reinforcement. The composite which was fabricated by stir casting method possessed superior properties due to an 

effective bonding between matrix and reinforcement particles. The fabricated composite specimens were subjected to various tests to 

determine the mechanical properties such as density, porosity, hardness and tensile strength. The results were compared with basic 

matrix alloy. Furthermore, the OM, SEM with EDAX and XRD analyses were carried out to analyze the dispersion of the reinforced 

particles in the selected matrix alloy. It was observed that the homogeneous distribution of BLA particles in composites was 

intragranular in nature. Moreover, it was also observed that BLA particles were well bonded with matrix alloy with clear interface. It 

was also found that the density decreased with increase in mass fraction of BLA particles and porosity increased with increase in 

mass fraction of BLA particles. The hardness and tensile strength were increased up to 4% of BLA in the composite, with a further 

increase in BLA content the hardness and tensile strength decreased. 
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1 Introduction 
 

With a wide choice of materials which are available 

for engineers, they are posed with a big challenge of 

selecting the appropriate material and manufacturing 

process for their applications [1]. In the past few years, 

the global need for cost-effective, high performance and 

acceptable quality materials caused a shift in research 

from monolithic to composite materials [2]. Metal matrix 

composites (MMCs) have the potential to replace 

conventional materials in many engineering applications 

such as aerospace, automobile and marine industries as 

structural engineering materials [3−8]. Light metals such 

as aluminium, magnesium, copper and their alloys are 

the most widely used matrix materials in the production 

of MMCs. It is also well known that the properties of 

MMCs are related to the size, mass fraction of the 

reinforcements as well as the nature of the matrix− 

reinforcement interfaces [9−11]. 

Among the various MMCs, aluminium based alloys 

are widely utilized in the production of MMCs [12] and 

have reached the industrial production stage due to their 

aforementioned superior properties [13−16]. During the 

last three decades, TiC, AlN, B4C, Al2O3, TiB2, MoS2, 

SiC, Gr and mica, have widely used as the reinforcement 

particles at various mesh sizes in the aluminium matrix 

which improved the hardness, tensile strength, elastic 

modulus and wear resistance [17−25]. However, MMC’s 

technology is still in developing stage and several 

important combinations of reinforcement especially 

agro-based bamboo leaf ash (BLA) are yet to study. 

The cost of aluminium metal matrix composite 

(AMMCs) remains high, which limits its applications. 

The use of inexpensive reinforcements such as natural 

material might reduce the overall cost of AMMCs and 

may also increase its functionality in different 

applications [26]. The search for low cost options in 

AMMC production has led to a number of efforts 

tailored at utilizing industrial and agro waste products as 

reinforcing materials [27]. In this regard, a number of 

researchers made attempts on agro waste ashes such as 

baggase ash, rice husk ash (RHA), coconut shell ash, 

palm kernel shell ash, groundnut shell ash (GSA) and 

bamboo leaf ash as complementing reinforcements. The 

agro waste ash contains a high content of silicon dioxide 

(SiO2) with the distribution of other elements such     

as Al2O3, Fe2O3, CaO, MgO and C [28−33]. There are  
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several advantages in using the agro waste as 

reinforcements; these cost very less for processing, easily 

available in massive at an economical price and often 

lower densities in comparison with some ceramics (such 

as silicon carbide, boron carbide and alumina), benefit in 

conservation and protection of the environment [34]. 

Some studies on AMMCs reinforced with BLA 

particles were reported [35−37]. ALANEME et al [35] 

studied the aluminium hybrid composite (Al−Mg−Si/ 

BLA/Al2O3) with variations of BLA and Al2O3 as 

reinforcements in mass fraction by using stir casting 

method. They observed that the wear resistance increased 

significantly with 2% and 3% addition of BLA. It was 

concluded that using BLA as a complementing 

reinforcement would produce the high performance and 

low cost composites. ALANEME et al [36] compared the 

mechanical and corrosion resistance of Al−Mg−Si/SiC 

AMMCs and Al−Mg−Si/SiC−BLA aluminium hybrid 

metal matrix composites (AHMMCs) produced by stir 

casting. They observed that with the addition of BLA 

particles, the hardness, ultimate tensile strength and 

elongation of hybrid composite decreased and fracture 

toughness increased compared with Al−Mg−Si/SiC 

composite. It was also noticed that the margin of 

difference of specific strength between the Al−Mg−Si/ 

10%SiC and Al−Mg−Si/2%BLA/8%SiC composites is 

less than 2%. The higher corrosion resistance was 

observed at 2% and 3% BLA containing hybrid 

composites in 3.5% NaCl solution as compared to 

Al−Mg−Si/10%SiC composite. ALANEME and 

ADEWUYI [37] prepared the Al−Mg−Si/Al2O3 and 

Al−Mg−Si/Al2O3/BLA composites using stir casting 

method. The tensile strength and hardness were slightly 

decreased with increase of BLA content as compared to 

Al−Mg−Si/Al2O3 composite. They also observed that 

specific strength at 4% of BLA in Al−Mg−Si/Al2O3/BLA 

hybrid composite is less than 9% in comparison with 

Al−Mg−Si/Al2O3. Fracture toughness in Al−Mg−Si/ 

Al2O3/BLA hybrid composite was observed to be 

superior as compared to Al−Mg−Si/Al2O3 composites. 

Still, it is necessity to characterize the potentials of agro 

waste ashes such as BLA, which is economical and also 

complementing reinforcement in AMMCs. 

The present work is motivated by the prospects of 

developing high performance and low cost AMMCs in 

an effort in considering the potentials of BLA as 

complementing reinforcement, as bamboo trees are 

mostly found at large scale in Manipur, geographically 

located in North East India and the leaves often litter the 

environments where they are found. The Al−4.5%Cu 

alloys were selected as matrix material. Aluminium− 

copper alloy possesses vital mechanical properties, i.e., 

higher strength, fatigue resistance and tensile strength. It 

is the alloy which is used in aircraft structures, especially 

wing and fuselage structures under tension where high 

specific strength is prominent. It is also used in high 

temperature applications like as in automobile engines 

and in other rotating and reciprocating parts such as a 

piston, drive shafts, brake-rotors and in other structural 

parts [38,39]. For the production of AMMCs, different 

processes have their own merits and demerits. The 

manufacturer generally prefers the lowest cost route with 

adequate quality casting [40]. Therefore, stir casting 

method represents a substantial proportion of 

methodology used for the preparation of composites 

materials at cost effective with imputes quality. For stir 

casting method, in order to achieve the optimal 

properties of MMCs [41], the distribution of the 

reinforcement materials in the matrix has to be uniform 

and the wettability among the reinforcement and molten 

matrix should be optimized. The porosity level and the 

oxidation with cast MMCs have to be minimized and the 

chemical reaction between the reinforcements and the 

matrix material need to be avoided [42]. The stir casting 

method is used for fabrication of Al−4.5%Cu alloy 

reinforced with 0%, 2%, 4% and 6% of BLA. 

 

2 Experimental 
 
2.1 Materials 

Aluminium with 4.5% Cu was selected as the 

matrix material for the present investigation and 

chemical composition of the aforesaid alloy is presented 

in Table 1. Bamboo leaf ash was processed as per the 

standard procedure. Magnesium in ingot form was used 

to improve wettability between the matrix alloy and the 

reinforcements during the production of the composite 

materials. 

 

Table 1 Chemical composition of Al−4.5%Cu alloy (mass 

fraction, %) 

Cu Mg Si Fe Mn Ni 

4.52 0.066 0.538 0.663 0.131 0.075 

Pb Sn Ti Zn Al 

0.029 0.021 0.013 0.118 Bal. 

 

2.2 Preparation of bamboo leaf ash 

The bamboo leaf ash was prepared following 

procedures and precautions reported by ALANEME    

et al [35,43]. Dry bamboo leaves as shown in Fig. 1(a) 

were collected from farmlands having a large mass of 

bamboo trees within Manipur, North East India, which 

were used to prepare the ash. The bamboo leaves were 

placed in a metallic drum and fired in the open air to 

allow for complete combustion. The ash produced from 

the burning process was allowed to cool for 24 h before 

removal from the drum. The ash was then milled and 
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conditioned using an electric muffle furnace at a 

temperature of 650 °C for 3 h to remove carbonaceous 

materials. A sieve shaker was used to sieve the bamboo 

leaf ash to obtain ashes with mesh size under 75 µm. 

Prepared BLA which was used as reinforcement is 

shown in Fig. 1(b). The average particle size was found 

to be 75 µm and chemical composition as per X-ray 

diffraction (XRD) investigation of BLA is depicted in 

Table 2. 

 

 

Fig. 1 Dry bamboo leaves (a) and prepared bamboo leaf ash 

with particle size under 75 µm (b) 

 

Table 2 Chemical composition of bamboo leaf ash (mass 

fraction, %) 

SiO2 CaO K2O C Al2O3 MgO Fe2O3 

76.2 6.68 5.62 4.2 4.13 1.85 1.32 

 

2.3 Composite production 

In the present investigation Al−4.5%Cu alloy was 

used as the matrix material and BLA particles were used 

as reinforcements and for fabricating the composites 

used stir casting process. The stir casting method was 

used for the production of the composite as it is 

relatively inexpensive and offers a wide selection of 

materials and processing conditions, experimental stir 

casting bottom pouring system setup as shown in Fig. 2. 

Stir casting method offers better matrix particle bonding 

due to stirring action of particles into melts [44]. The 

matrix and the reinforcement materials are pre-heated at 

a certain temperature before being mixed to release all 

the moisture and trapped air between the particles [45]. 

The Al−4.5%Cu alloy, which was in the form of ingot 

was cut into small pieces to accommodate in the crucible 

and was then melted in the induction electric resistance 

furnace, and heated to 800 °C till the entire alloy in the 

crucible melt in an argon atmosphere. The molten metal 

is allowed to cool in the furnace to a semi-solid state at a 

temperature of 620−650 °C [46]. The solidification range 

for Al−4.5Cu alloy is 548.2−660.452 °C [47]. 

 

 

Fig. 2 Bottom pouring type of stir casting experimental setup 

 

The BLA particles at 0%, 2%, 4% and 6% were 

added respectively for all the castings and initially 

preheated for 1 h at a temperature of 350 °C to eliminate 

dampness and to promote the wettability with the molten 

Al−4.5%Cu alloy. For all the experiments, BLA particle 

sizes were maintained under 75 µm. The heat-treated 

BLA particles were injected by argon gas and the 

magnesium in ingot form approximately 0.1% is also 

added to promote wettability between the reinforcement 

and molten alloy into the semi solid state of alloy and 

stirring of the slurry is performed for 5−6 min. The 

composite slurry was then superheated at 750 °C and the 

secondary stirring process is performed using a 

mechanical four-blade graphite coated stainless steel 

stirrer, which is introduced into the melt to carry out 

stirring process. The coating of graphite to the blades of 

the stirrer is essential to prevent the migration of ferrous 

ions from the stirrer into the molten metal. The stirring is 

carried out at a speed of 600 r/min for 10 min to enhance 

uniform distribution of the BLA particles in the 

Al−4.5%Cu alloy, and simultaneously argon gas of high 

purity was used as a protective shroud on the melt 

surface. The current process was similar to that by 

PRABU et al [48] who fabricated composite by stir 
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casting with stirring speed 600 r/min for 10 min and it 

was observed to produce better distribution 

reinforcement particles in the composite and hardness of 

the composite. After complete incorporation of the BLA 

reinforcement particles into Al−4.5%Cu alloy, the 

prepared composite poured into 350 °C preheated 

permanent steel mould of d 20 mm, length 200 mm, 

respectively. The fabricated composite material is fettled 

at room temperature from steel mould. The fabricated 

composite ingot was taken with various contents of BLA 

particles (0%, 2%, 4% and 6%). The fabricated 

composite materials were cut into samples for 

microstructure examination, density measurements, 

hardness and tensile tests. 

 

2.4 Density and porosity measurements 

Density measurement was carried out to evaluate 

the porosity levels of the composites produced by stir 

casting method and to study the effect of the BLA 

content on the density of the composites produced. 

Porosity can be determined by comparing the 

experimental and theoretical densities of each  

composite [4]. The experimental density for each 

composite was evaluated by weighing the test sample 

using a high precision electronic weighing balance with a 

tolerance of 0.1 mg. The measured mass in each case was 

divided by the volume of the respective sample. 

The experimental density of composites was 

determined by water displacement technique 

(Archimedes’ principle) and is calculated using       

Eq. (1) [49]: 
 

ρex=m/V                                     (1) 
 

where ρex is the experimental density of specimen, m is 

the mass of the specimen and V is the volume of water 

displaced. 

Theoretical density (ρth) was measured by the rule 

of mixture [50,51]. The rule of mixture (Eq. (2)) for 

particulate composite is given as 
 

ρth=ρmVm+ρrVr                                                 (2) 
 

where ρm is the theoretical density of matrix, Vm is the 

volume fraction of the matrix, ρr is the theoretical density 

of reinforcement and Vr is the volume fraction of 

reinforcement. 

During the fabrication of MMCs, porosity levels 

may be normal, because there are long particles which 

increase surface area in contact with air. The volume 

fraction of porosity, its size and distribution in cast 

MMCs play vital roles in controlling the mechanical 

properties. Porosity may not be fully avoided during the 

casting process, but it may be controlled. The porosity of 

the composites was determined using Eq. (3): 
 

th ex

th

Porosity 100%


 
 


                    (3) 

 

2.5 Microstructural and XRD characterization 

The composites metallographic examination was 

carried out using an optical microscope (OM) and 

scanning electron microscope (SEM). FEI Quanta 250 

SEM equipped with energy dispersive analysis of X-ray 

(EDAX) was used to study the microstructure of the 

composites. The samples of fabricated composites were 

sectioned for microstructure examination. All such 

samples were polished and etched with Keller’s reagent 

(95 mL water, 2.5 mL HNO3, 1.5 mL HCl, 1.0 mL HF), a 

widely used reagent for Al and Al alloys, was used as an 

etching agent [52] to analyze the fabricated composites. 

Buehler Omni Met image analysis software, in 

conjunction with an optical microscope, was used to 

study the microstructure and measure the grain size of 

the fabricated composites. Grain size calculations were 

performed by linear intercept method. In photo- 

micrograph, at any straight line, the length of the line 

divided by the average number of grains intercepted by it, 

gives the average grain size [53]. The grain sizes were 

measured at different locations for each specimen and the 

average grain size was determined. X-ray diffraction 

patterns of the BLA and all composite samples are done 

using a Bruker D8 advanced ECO X-ray diffractometer 

with Cu Kα radiation and Ni filter. The XRD analysis 

was carried out at a voltage of 40 kV and current 

intensity 25 mA. 

 

2.6 Hardness and tensile test 

Hardness and tensile test samples of the fabricated 

composite were prepared as per ASTM standards. The 

sample for hardness test prepared cylindrical in shape 

with d 12 mm and height 10 mm was polished to obtain a 

flat and smooth surface finish. Hardness tests were 

performed by taking the average of three readings for 

each sample using micro Vickers Hardness machine as 

per ASTM E384−11 with a load of 500 g for 15 s and  

Brinell hardness testing machine as per IS 1500−2005 

consisting of ball indenter of 5 mm and a load of 250 kg. 

The tensile tests were performed on tensile samples 

prepared from the as-cast composites as per ASTM B557 

standard. 

The specimens for the tensile test were machined in 

round shape with d 9 mm and 36 mm gauge length, as 

shown in Fig. 3. The test was carried out by using a 

computerized universal testing machine. The strength 

and deformability parameters are determined from the 

tensile test are an ultimate tensile strength, yield strength, 

elongation and specific strength. The fracture surface of 

the tensile specimens was also observed using SEM. 
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Fig. 3 Tensile test specimens of fabricated composite with 

various mass fractions of BLA: (a) Al−4.5Cu alloy; (b) Al− 

4.5Cu−2BLA; (c) Al−4.5Cu−4BLA; (d) Al−4.5Cu−6BLA 

 

3 Results and discussion 
 

Al−4.5%Cu alloy reinforced with BLA particles 

was successfully fabricated using stir casting method. 

The microstructure and mechanical behavior of the 

fabricated Al−4.5Cu−BLA composites were discussed in 

detail in subsequent sections with different mass 

fractions of BLA. 

 

3.1 Characterization of bamboo leaf ash 

The SEM image with EDAX and XRD pattern of 

the BLA particles are shown in Figs. 4 and 5. It is 

observed from SEM image that the BLA consists of 

different particles in various sizes. Figure 4(b) shows 

peaks of silicon (Si), aluminium (Al), carbon (C), oxygen 

(O), calcium (Ca), magnesium (Mg), potassium (K) and 

iron (Fe). From the synthesized BLA, further oxides 

combination revealed that elements, silicon dioxide 

(SiO2), alumina (Al2O3), carbon (C), calcium oxide 

(CaO), potassium oxide (K2O), ferric oxide (Fe2O3), and 

magnesium oxide (MgO) were detectable in the BLA 

particles. Figure 5 clearly indicates that the peaks of the 

major constituent belong to SiO2 as depicted in Table 2. 

It is confirmed from EDAX profile that silicon (Si) is the 

major constituent and oxygen (O) was also present in the 

BLA particles. The presence of silicon (Si) and oxygen 

(O) confirms that SiO2 is detectable in BLA particles as a 

major constituent [36]. 

 

3.2 X-ray diffraction analysis of Al−4.5Cu−BLA in 

AMMCs 

The XRD patterns of the fabricated composites are 

shown in Figs. 6−9. The diffraction peaks of SiO2 which 

is the major constituent in BLA particles are clearly 

observed and it confirms with EDAX profiles of the 

particulates in the fabricated composites. For most of the 

composite materials, the intensity of SiO2 peaks 

increases as BLA content increases in AMMCs. It     

is clear from Figs. 6−9 that the aluminium peaks in the 

 

 

Fig. 4 SEM image of synthesized BLA (a) and corresponding 

EDAX profile (b) 

 

 

Fig. 5 XRD pattern of synthesized BLA particles 

 

composites are somewhat shifted to higher 2θ in 

comparison to Al−4.5%Cu alloy. The shifting of 

aluminium occurs due to the presence of BLA particles 

in the composite materials. Peaks of any other elements 

like alumina (Al2O3), ferric oxide (Fe2O3), potassium 

oxide (K2O) and magnesium oxide (MgO) along with 

SiO2 and aluminium were also detectable, but the peaks 

of the major constituent belong to SiO2 immediately after 

aluminium. This might be the integrity of BLA particles 
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Fig. 6 XRD pattern of Al−4.5Cu matrix alloy 

 

 

Fig. 7 XRD pattern of Al−4.5Cu−2BLA of aluminium 

composite 

 

 

Fig. 8 XRD pattern of Al−4.5Cu−4BLA of aluminium 

composite 

 

preserved during the formation of the composite. 

ALANEME and ADEWUYI [37] fabricated Al−Mg−Si/ 

Al2O3/BLA hybrid composite by stir casting method  

and observed the decomposition of BLA into Al2O3   

and Si. It is noticed the presence of primary silicon  

single crystals in the vicinity of BLA. The BLA particles 

 

 

Fig. 9 XRD pattern of Al−4.5Cu−6BLA of aluminium 

composite 

 

behave thermodynamically stable under the casting 

conditions employed in the present research work. BLA 

particles neither decompose nor interact with aluminium 

to form any sort of intermetallic compounds. This 

confirms that the interface between the aluminium matrix 

and BLA particles tends to be clean; if not then the 

reaction products usually accumulate at the interface and 

inhibit load transfer mechanism to operate during tensile 

loading [54]. It was also observed from earlier research 

work that when the molten composite was poured into a 

mold, within a shorter time after the complete 

incorporation of BLA particles which is the holding time. 

The time between incorporation of BLA particles into 

molten alloy and pouring of the molten composite into 

the mold is not sufficiently long enough to cause 

interfacial reactions between reinforcement and   

matrix material. It was also observed that interfacial 

reaction occurs only if the casting temperature exceeds 

750 °C [55]. 

 

3.3 Microstructure analysis of Al−4.5Cu−BLA in 

AMMCs 

The OM micrograph and SEM micrograph with 

EDAX profiles of the Al−4.5%Cu alloy and reinforce- 

ment with 2%, 4% and 6% BLA particles of composites 

are shown in Figs. 10−14. It was observed from Fig. 10(a) 

that typical dendritic structure was induced by rapid 

solidification. The cooling rate is very high and is known 

as supercooling, which forms the dendritic structure. The 

dendritic structure is characterized with elongated 

primary α(Al) dendritic arms which have high aspect 

ratios. Figure 11 shows the SEM micrograph of matrix 

alloy with EDAX analysis, the white phase in SEM 

micrograph is Al2Cu intermetallic phase. The alloying 

element of Al−4.5%Cu alloy, such as Cu is present at a 

level which is higher than their solubility limit. As a 

result, the intermetallic phase Cu is formed around the 
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Fig. 10 Optical microphotographs of as-cast aluminium composites with various mass fractions of BLA: (a) Al−4.5Cu;           

(b) Al−4.5Cu−2BLA; (c) Al−4.5Cu−4BLA; (d) Al−4.5Cu−6BLA 

 

 

Fig. 11 SEM image (a) and EDAX profile (b) of Al−4.5Cu alloy 

 

 

Fig. 12 SEM image (a) and EDAX profile (b) of Al−4.5Cu−2BLA composite 
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Fig. 13 SEM image (a) and EDAX profile (b) of Al−4.5Cu−4BLA composite 

 

 

Fig. 14 SEM image (a) and EDAX profile (b) of Al−4.5Cu−6BLA composite 

 

dendrites during stir casting. Figures 12−14 show the 

considerable amount of gas holes which were observed 

due to the sticking of environmental gasses and suction 

of air bubbles into the melt during stir casting. The 

observed porosity might be due to entrapped gasses in 

the molten metal as shown in Fig. 15. And it is also 

observed that longer stirring time might increase the 

number of air bubbles entrapped into molten metal as the 

BLA particles are prone to associate with these bubbles 

[56]. The porosity level in the fabricated composite is 

lower than 4% as depicted in Table 3, which is the 

maximum porosity level which might be acceptable in 

cast AMMCs [57]. The acceptable porosity demonstrates 

that the casting is of good quality and is a good indicator 

of the reliability of the stir  casting process utilized for 

the production of the composites [58]. 

The dendritic structure is not present in the 

micrographs of the AMMCs and grain structure is 

formed in the composites as shown in Figs. 10(b)−(d) 

due to the presence of BLA particles, which alters the 

dendritic structure of the aluminium matrix. The 

solidification pattern of the composite is influenced by 

the presence of BLA particles. It is confirmed from the 

micrographs (Figs. 10(b)−(d)) that the BLA particles act 

as effective grain refiners. The matrix grain size 

decreases with the increase in a number of reinforcement 

particles and is confirmed by the average grain size 

measurement conducted by linear intercept method 

which is shown in Table 5. The grain refinement may 

take place due to BLA particles which act as grain 

nucleation sites and aluminium grains solidifies on grain 

refiner. The constitution under cooling zone in front of 

the BLA particles may cause it to act as a grain 

nucleation site. Formation of interfacial nucleation sites 

is increased in composite with an increased mass fraction 

of BLA particles. The spreading of BLA particles in the 

aluminium matrix restricts the growth of α(Al) grains 

during solidification. The higher the content of BLA 

particles, the more the grain nucleation sites are created 

as well as the more the resistance is offered to the freely 

growing α(Al) grains, therefore, the grains are further 

refined [59]. 
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The distribution of reinforcement particles in the 

composite is significantly influenced by the production 

method. Figures 10(b)−(d) reveal that the distribution of 

BLA particles in composites is nearly homogeneous and 

the same homogeneous distribution of reinforcement 

particles is desirable to achieve good mechanical and 

tribological properties.  The homogeneous distribution 

of reinforcement particles in the composite is influenced 

by distribution in the semi-solid melt and as a result of 

mixing, distribution in the semi-solid melt after mixing 

and during pouring, and redistribution as a result of 

solidification. The uniform distribution of BLA particles 

in composite helps to achieve very low agglomeration, 

segregation of particles and porosity. The vortex 

generated in the stirring process breaks solid dendrites 

due to higher friction between particles and Al matrix 

alloy, which further induces a uniform distribution of 

particles. However, air bubbles and all the other 

impurities on the surface of the melt are also sucked into 

the liquid. The pure argon gas is recommended for 

degassing [60]. Degassing liquid aluminium alloy is a 

usual step in the casting procedure. For the present 

investigation, pure argon gas was used as degassing 

purpose and formed a protective shroud on the melt 

surface to reduce the air entrapped into the melt. 

The optical micrographs as shown in Figs. 10(b)−(d) 

and SEM micrographs shown in Figs. 12−14 confirm 

that the stirring was adequate to disperse the BLA 

particles throughout the aluminium matrix. With stir 

casting method it might achieve a homogeneous 

distribution of reinforcement particles. After the 

reinforcement mixing and during pouring there is a slight 

effect of a change in the distribution of particles in 

composite due to shorter holding time and rapid transfer 

of melt from the crucible to the mould. But the 

solidification pattern dictates the final distribution of 

BLA particles within the matrix. The density gradient 

between the aluminium matrix and the BLA particles is a 

key factor during solidification. The BLA particles have 

lower density compared with aluminium matrix, the 

particles will float or otherwise it will sink. Therefore, 

retaining the suspension of BLA particles in the 

composite melt for a longer duration is essential to 

homogeneously disperse the particles. Stir casting 

method offers another value-added advantage to obtain 

homogeneous distribution. 

The BLA particles were added to the semi-solid 

matrix alloy. In this method due to the addition of the 

reinforcement particles into composite at the semi-solid 

state of the matrix, the movement of reinforcement 

particles within the semi-solid melt subsequent to 

mechanical stirring is minimized. The high viscosity of 

the semi-solid melt restricts the motion of particles and 

inhibits particle settling as well as floating [55,61]. 

During stirring, the particles mix with the semi-solid 

melt. The wetting of particles by the semi-solid melts 

was done by adding magnesium in ingot form at 0.1% in 

mass fraction. The wetting action also resists the free 

movement of BLA particles sequentially incorporated in 

the present investigation. The EDAX profiles of 

composite materials are shown in Figs. 12(b)−14(b). The 

peaks of aluminium (Al), silicon (Si), oxygen (O), 

carbon (C), iron (Fe) and traces of silver (Ag) were 

observed in Figs. 12(b)−14(b). The presence of these 

elements confirms the presence of silicon dioxide (SiO2), 

alumina (Al2O3) and ferric oxide (Fe2O3) in the 

composites. It was noted that SiO2, Al2O3 and Fe2O3 

observed in the EDAX (Figs. 12(b)−14(b)) and XRD 

(Figs. 6−9) profiles are primary constituents found in 

BLA. From above result and micrograph of Al−BLA 

composite, as shown in Fig. 15, it is confirmed      

that the reinforcing particles are dispersed in the 

aluminium matrix. The SEM micrograph of Al−BLA 

composite at higher magnification is shown in Fig. 16. 

The clear interface between the aluminium matrix and 

the BLA particle is revealed and, it confirmed that the 

BLA particles were well bonded with the aluminium 

matrix. 

 

 

Fig. 15 SEM image of Al−4.5Cu−6BLA composite showing 

BLA particles dispersibility 

 

 

Fig. 16 SEM image of Al−4.5Cu−6BLA composite showing 

clear interface 
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3.4 Density and porosity 

Table 3 shows the results of density and porosity in 

the fabricated composites with various contents in BLA 

particles. Figure 17 shows the variation in measured 

density and porosity of the composite material. The 

density of the composites was minimized with an 

increase in the mass fraction of BLA reinforcement. For 

the composite consisting of 2%, 4% and 6% of BLA 

particles, it was observed that there were reductions in 

density at 1.677%, 3.25% and 4.895% in comparison 

with Al−4.5%Cu alloy as shown in Table 4. 

 

Table 3 Density and porosity of aluminium composites 

Composite  Composite 

Theoretical 

density/ 

(g·cm
−3

) 

Experimental 

density/ 

(g·cm
−3

) 

Porosity/ 

% 

A Al−4.5Cu 2.7876 2.7538 1.212 

B Al−4.5Cu−2BLA 2.753 2.7076 1.649 

C Al−4.5Cu−4BLA 2.7194 2.6643 2.026 

D Al−4.5Cu−6BLA 2.6865 2.619 2.512 

 

 

Fig. 17 Variations in density and porosity at various mass 

fractions of BLA particles in aluminium composites 

 

Table 4 Decrement percentage of density with addition of BLA 

in composites in comparison with Al−4.5%Cu alloy 

Composite 
Decrement in 

experimental density/% 

B 1.677 

C 3.25 

D 4.895 

 

The reduction of densities in the composites was 

due to the presence of low density BLA particles. The 

theoretical densities [50] are obtained from the rule of 

the mixture using Eq. (2). The theoretical density values 

of the composite decreased and experimental density also 

decreased linearly, the experimental density values are 

lower than those of the theoretical densities. The density 

measurements showed that the composites contained 

some porosity; the porosity was measured with Eq. (3) as 

known values of theoretical and experimental densities. 

It was observed from theoretical and experimental 

densities, the porosity of aluminium matrix and 

composites slightly increased with increase in BLA 

reinforcement as shown in Fig. 17. 

The maximum porosity obtained is 2.512% at 6% 

BLA in the composite as shown in Fig. 17. The porosity 

level in the fabricated composite is lower than 4% which 

is the maximum porosity level and might be acceptable 

in cast AMMCs [62]. The low porosity level observed is 

a good indicator of the reliability of utilizing the stir 

casting method for the production of composites. 

ALANEME et al [43] and ALANEME and ALUKO [57] 

have reported that with stir casting method that porosity 

levels were lower than 4%, which were referred to as an 

acceptable level of porosity in cast composites. This 

indicates that in spite of higher porosity level, in the 

present research work the porosity level is up to 2.52%, 

which is considered as an acceptable and suitable for 

preparing the Al−BLA composite. As expected that the 

density of the composites decreased with increase in the 

mass fraction of BLA in comparison with Al−4.5%Cu 

alloy. 

It seems that the obtained results depending on 

increasing mass fraction of BLA in the composite. The 

light mass AMMCs may be produced at significantly 

reduced cost. It also agreed with ALANEME et al [36] 

that the significantly decreased density was observed 

with increase in mass fraction of BLA. ALANEME    

et al [37] also noticed that with increasing mass fraction 

of BLA in composite, the density decreased and porosity 

increased. Similar to other agro wastage RHA which is a 

major constituent of SiO2 in compositions, as 

reinforcements, ALANEME and ADEWALE [63] used 

and studied the presence of RHA particles in the 

composites and observed that the density decreased and 

porosity increased slightly. And also APPARAO and 

BIRRU [64] studied the quality characteristics and 

significance density of aluminium based alloy. 

 

3.5 Hardness measurement 

The hardness values of Al−4.5%Cu alloy and 

reinforced with 2%, 4% and 6% of BLA in composites 

are shown in Table 5. The Brinell hardness and 

microhardness increased with increase in BLA content in 

composite in comparison with Al−4.5%Cu alloy, as 

shown in Fig. 18. 

The Brinell hardness values increased by 19.88%, 

37.15 % and 27.48 % for composites containing 2%, 4% 

and 6% of BLA in composite respectively in comparison 

with Al−4.5%Cu alloy, as shown in Table 6. It was also 

observed that the highest value of Brinell hardness   
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(BH 99.3) for the composite containing 4% BLA is 

confirmed in Fig. 18 and it is higher than 37.15% in 

comparison with the hardness value of Al−4.5%Cu alloy. 

And furthermore, it was observed that microhardness 

values increased by 11.19%, 24.43% and 16.68% for 

composites containing 2%, 4% and 6% of BLA in 

composites respectively in comparison with Al−4.5%Cu 

alloy as shown in Table 6. It was observed the highest 

value of microhardness (MH 104.4) for the composite 

containing 4% BLA confirms from Fig. 18 and it is 

higher than 24.43% in comparison with that of 

Al−4.5%Cu alloy. 

 

Table 5 Hardness values and average grain size of aluminium 

composites 

Composite 
Brinell 

hardness (BH) 

Microhardness 

(MH) 

Average grain 

size/µm 

A 72.4 83.9 167 

B 86.8 93.29 81 

C 99.3 104.4 74 

D 92.3 97.9 69 

 

 

Fig. 18 Brinell hardness and microhardness of composites with 

different contents of BLA 

 

Table 6 Increment percentage of hardness value with addition 

of BLA in composites in comparison with Al−4.5%Cu alloy 

Sample 

code 

Increment in Brinell 

hardness (BH)/% 

Increment in 

Microhardness/% 

B 19.88 11.19 

C 37.15 24.43 

D 27.48 16.68 

 

An increment in the hardness of composites 

indicates that the particles existing in the matrix have 

improved the overall hardness of the composite because 

the matrix is a soft material and the reinforcement 

particles hard and contribute positively to the hardness of 

the composites. The hardness of the MMCs increased or 

decreased linearly due to the increasing ceramic phase of 

the matrix alloy with the mass fraction of reinforcement 

particles [65]. Similar observations are reported by 

SARAVANAN and KUMAR [66] who fabricated 

AlSi10Mg-RHA composite by stir casting route and 

reported that the hardness increased with increase in 

mass fraction of RHA. USMAN et al [67] reported that 

the hardness increased initially with an increase in 

bagasse ash content and with further increased bagasse 

ash the hardness decreased. ALANEME et al [68] also 

observed that the hardness increased with increase in 

mass fraction of GSA and silicon carbide in composite 

compared with Al−Mg−Si alloy. The RHA, bagasse ash 

and GSA are the agro wastages and SiO2 is the major 

constituent. The increment in the hardness of the 

composites which obtained a complementary result with 

cost advantage agro waste BLA using in composites as 

reinforcement and to produce the appraisable 

performance with economical composite materials. 

From the optical micrographic examination shown 

in Table 5, it was observed that the average grain size 

was minimized with increase of BLA content in 

composites. The grain refinement might have taken place 

due to BLA particles acting as grain nucleation sites. The 

grain refinement promotes to achieve the enhancement 

mechanical and tribological properties of the composite 

materials. The hardness increased with decrease in the 

average grain size of aluminium composites as shown in 

Figs. 19 and 20. It is also confirmed according to the 

Hall−Petch relation that the hardness increased with a 

decrease in grain size [69]. 

 

 

Fig. 19 Brinell hardness and average grain size of aluminium 

composites 

 

3.6 Tensile behaviour of composite material 

From the present investigation, the ultimate tensile 

strength, yield strength, elongation and specific strength 

of composites are depicted in Table 7. The ultimate 

tensile and yield strength of composite with different 

BLA contents in the composites were observed that the  
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Fig. 20 Microhardness and average grain size of aluminium 

composites 

 

Table 7 Tensile behaviour of aluminium composites 

Composite 

Ultimate tensile 

strength/ 

MPa 

Yield 

strength/ 

MPa 

Elongation/ 

% 

Specific 

strength/ 

(N·mm·g−1) 

A 150.549 119.266 3.46 54669 

B 161.795 127.146 3.06 59756 

C 177.304 133.19 2.80 66548 

D 170.020 130.957 2.60 64918 

 

tensile and yield strength increased with increase in BLA 

content in the composites as shown in Fig. 21. The 

ultimate tensile strengths were 7.46%, 17.7% and 12.9%, 

and yield strengths were 6.61%, 11.67% and 9.8% 

increased respectively with an increment of 

reinforcement at 2%, 4% and 6% of BLA content in 

composites and compared with Al−4.5%Cu alloy as 

shown in Table 8. The increase in the strengthening 

capacity of composite expected from the tensile load is 

effectively transferred from the matrix to the BLA 

particles. From the results, it is clear that the BLA 

particles strengthen the AMMCs with respect to mass 

ratio compared with Al−4.5%Cu alloy. ALANEME and 

ADEWALE [63] developed Al−Mg−Si/RHA/SiC hybrid 

composite by stir casting method and observed that the 

tensile strength increased with the addition of RHA along 

with SiC particles in comparison with Al−Mg−Si alloy. 

ALANEME et al [68] also reported that the tensile and 

specific strength increased with incorporation of GSA 

along with SiC particles in Al−Mg−Si/GSA/SiC hybrid 

composite in comparison with Al−Mg−Si alloy. 

Several theories and mechanisms have been 

suggested to explain the strengthening of MMCs. 

However, the strength of the composites does not depend 

on a unique mechanism but several mechanisms may  

act simultaneously. It was observed that the hard  

ceramic particles used as reinforcements in metal matrix  

 

 

Fig. 21 Ultimate tensile strength and yield strength of 

aluminium composites 

 

composite might improve strength due to the synergy of 

direct and indirect strengthening mechanisms [70]. 

CHAWLA and SHEN [71] have reported that direct 

strengthening arises in the composites as a result of the 

transfer of load from the matrix to hard and stiffer 

particulates through the matrix particulate interface; this 

may result in increased resistance to plastic deformation 

and a higher work hardening capacity in MMCs [72]. 

Indirect strengthening may also occur due to high 

thermal mismatch arising from uneven cooling between 

the matrix phase materials which have a higher 

coefficient of thermal expansion and ceramic phase 

reinforcement material with a lower coefficient of 

thermal expansion [43,73]. 

It is well known that when the motion of 

dislocations is hindered or delayed, the strengthening 

takes place. Indirect strengthening occurs due to high 

thermal mismatch arising from uneven cooling between 

the metallic matrix and ceramic particles. The coefficient 

of thermal expansion between aluminium matrix and 

BLA particles is different, the coefficient of thermal 

expansion of aluminium alloy is higher than the 

embedded ceramic particles [74]. The differences in 

coefficient of thermal expansion set up strain fields 

around BLA particles during solidification. These strain 

fields hinder the motion of dislocations during tensile 

load and the higher applied load may require to pass the 

dislocations around the strain fields. As discussed  

earlier the BLA particles refine the grains (see Table 5) 

of the matrix alloy. According to the Hall−Patch 

relationship [69,75], the average grain size is inversely 

proportional to tensile strength. As the grains are refined, 

the area resists the tensile or external force and the 

number of boundaries increases. The motion of 

dislocation is retarded due to frequent change in 

direction of dislocations at grain boundaries. Higher 

refine in grain size improves the grain boundaries 
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(appraisable bonding) between BLA particles and matrix 

material, which might delay the detachment of BLA 

particles from the matrix material while applying the 

tensile load. The applied tensile load is effectively 

transferred to the BLA particles, due to improving the 

indirect strengthening with thermal mismatch results. 

The scenario where the particles are not sufficiently 

strong to induce direct strengthening for load transfer 

from matrix alloy to reinforcement particles but the 

indirect strengthening might lead to induce some strength 

improvements of the monolithic alloy. 

In the present investigation, the tensile strength was 

observed with stress−strain curves as shown in Fig. 22, 

at 6% BLA in the composite decreased when compared 

with 4% of BLA composites. The reduction of strength at 

6% BLA might be due to direct strengthening capacity of 

BLA which contains predominantly silicon dioxide. The 

elastic modulus of silicon dioxide is about the same of 

aluminium (elastic modulus of aluminium is 69000 MPa 

and silicon dioxide that of is 60000−72000 MPa [43,76] 

and it has a low coefficient of thermal expansion and low 

density, and it is lower than aluminium alloys [77]. Other 

causes for UTS and specific strength decrease at 6% 

BLA in composite might be due to increase in ash 

particles in the matrix which produces more sites for 

crack initiation and hence lowers the load bearing 

capacity of the composites thus reducing the strength. 

Besides, if the number of contacts between silicon 

dioxide (SiO2) and alumina (Al2O3) particulates increases, 

the particles are no longer isolated by the ductile 

aluminium alloy matrix. Therefore, cracks may not get 

arrested by the ductile matrix and would propagate easily 

between the silicon dioxide and alumina particulates. 

Furthermore, the elastic stresses generated due to the 

thermal mismatch putting the particles into compression 

and the matrix into tension. These residual 

stresses affect the material properties in and around the  

 

 

Fig. 22 Stress−strain curves of Al−4.5Cu alloy and aluminium 

composites with various contents of BLA (yield strength with 

0.2% offset) 

crack tips and the fracture toughness values would be 

altered. Consequently, these residual stresses might 

probably contribute to the brittle nature of the 

composites [78]. 

From the XRD characterisation, as shown in Figs. 8 

and 9, it was observed that SiO2 which is a major 

constituent might reduce the coefficient of thermal 

expansion in the present investigated composite 

materials. In the present work, the strengthening effect 

may mainly occur through an increased dislocation 

density arising from a thermal mismatch between the 

matrix and reinforcements particles. Strength of the 

material is attributed to its typical crystal structure, i.e., 

effective barriers to slip are provided by the fine 

structure or the increase in dislocation density. The 

dislocations are generated in the alloy matrix upon 

cooling or quenching from the processing or 

solutionizing temperature, due to a mismatch of the 

coefficient of thermal expansion (CTE) between the 

matrix and BLA particles [79]. The higher dislocation 

density increases the strength of the alloy [80]. The 

amount of dislocation generation is affected by CTE, 

particle size, particle content and matrix strength [81]. 

From the experimental results, appraisable strength to 

mass ratios may be achieved using economical agro 

waste BLA as a complementing reinforcement for 

fabrication of cost-effective aluminium metal matrix 

composites might be achieved. 

It is observed that the specific strength of 

composites is slightly increased with increase in BLA 

content compared with Al−4.5%Cu alloy, as shown in 

Fig. 23. The specific strength of fabricated composite 

increased by 10.44%, 21.94% and 19.04% with 2%, 4% 

and 6% BLA respectively in comparison with 

Al−4.5%Cu alloy as presented in Table 8. It might be 

recommended to the industries to produce high specific 

strength composites with cost-effective. Figure 24 shows 

the ductility (elongation) at 2%, 4% and 6% BLA in 

composites. The ductility is dependent on factors such 

 

 

Fig. 23 Specific strength of aluminium composites 
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Table 8 Increment of ultimate tensile strength, yield strength 

and specific strength with addition of BLA in composites in 

comparison with Al−4.5%Cu alloy 

Composite  

Increment in 

ultimate tensile 

strength/% 

Increment 

in yield 

strength/% 

Increment 

in specific 

strength/% 

B 7.46 6.61 10.44 

C 17.7 11.67 21.94 

D 12.9 9.8 19.04 

 

as fabrication method, particles adhesion to matrix and 

particle cohesion [82]. 

The addition of reinforcement content decreases the 

elongation fracture of the composites. The fracture of 

reinforcement particles and localization of matrix 

deformation are considered as the main factor to be 

responsible for the decrease of the ductility of 

composites [83]. The mass fraction of reinforcement is 

increased conversely, the geometric slip distance of the 

dislocation decreased, the microcracks occurred at 

relatively low elongation and the elongation fracture 

decreased consequently [84]. And also, the ductility 

decreased with increase in BLA content in the 

composites in comparison to the Al−4.5%Cu alloy due to 

 

 

Fig. 24 Elongation of aluminium composites 
 

increment in hardness and tensile strength. Similar 

results are stated by SUDARSHAN and SURAPPA [85] 

for various contents of fly ash reinforcement. 

The SEM micrographs of the fracture surfaces of 

tensile specimens of Al−4.5%Cu alloy and composites 

with 2%, 4% and 6% BLA particles are shown in Fig. 25.  

The effect of BLA content in the composite on the 

fracture morphology of the tensile tested samples was 

examined. And it is observed that uniformly distributed 

 

 

Fig. 25 Tensile fracture morphologies of Al−4.5Cu−BLA AMMCs with different contents of BLA: (a) Al−4.5Cu;               

(b) Al−4.5Cu−2BLA; (c) Al−4.5Cu−4BLA; (d) Al−4.5Cu−6BLA 
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and bigger size voids are presented in the fracture 

morphology as shown in Fig. 25(a). It may be that the 

fracture morphology of Al−4.5%Cu alloy revealed 

typical ductile fracture characteristic, consisting of 

numerous dimples over the entire surface. 

The fracture morphologies of composite shown in 

Figs. 25(b)−(d) indicate that the composite specimen has 

different contents of BLA. In the composites, the size of 

voids is decreased with increase in BLA content in the 

composites. The grain refinement in the AMMCs causes 

the voids in size to shrink. The dimples might result in 

the void nucleation and subsequent coalescence by 

strong shear deformation, and fracture process on the 

shear plane. While the fracture and decohesion of the 

BLA particles may be explained by work hardening and 

the fragmentation of the ceramic phase caused by high 

stress concentration. The presence of hard reinforcement 

particles in the soft matrix causes a plastic flow 

localisation at the particle−matrix interface [86]. Also, 

the stress concentration at the matrix particles interfaces 

produces high levels of damages, which included particle 

fracture [87]. The ductile shear bands on the fracture 

surface indicate that some amount of ductility is retained 

by BLA particles. BLA particles remain intact in several 

places for evidence as shown in Figs. 25(b) and (c) for 

the existence of good interfacial bonding between the 

aluminium matrix and BLA particles. The fracture     

of the composites is macroscopically brittle and 

microscopically ductile. The furthermore increased BLA 

content in composite might create more sites for crack 

initiation and would lower the load bearing capacity of 

the composite, as shown in Fig. 25(d). 

The reason for the brittle fracture nature in the 

composites may be the presence of weak intermetallic 

phases. The existence of this detrimental intermetallic 

phase activates a different fracture mechanism, the 

material failing by the nucleation growth and 

coalescence of voids, and these subsequently grow by 

plastic straining and as result, final fracture occurs 

suddenly by localized necking of the intervoid matrix. 

From the earlier researches [88,89], it was demonstrated 

that generally three modes of failures typically occur in 

metal matrix composites. Firstly, cracking of the 

reinforcing particles, secondly, particles debonding at the 

particle−matrix interface which might result in the 

nucleation of voids and thirdly the growth and 

coalescence of voids in the matrix. The particular failure 

modes were observed and the process of evolution of the 

failure depended broadly on processing, matrix 

microstructure and reinforcement morphology and 

distribution in addition to the stress state. 
 

4 Conclusions 
 

1) The BLA particles were synthesized successfully 

under 75 μm, it was found that SiO2 was a major 

constituent in BLA with major peaks of Si and O along 

with other trace elements in BLA particles which were 

detected by particle examination with EDAX and XRD. 

2) The SEM micrographs revealed good interfacial 

bond between matrix and BLA particles. The BLA 

particles were thermodynamically stable at the high 

temperature and may not be interfacial reaction between 

Al−4.5%Cu alloy and BLA particles. 

3) The density of the fabricated composites reduced 

with an increase in BLA content in comparison with 

Al−4.5%Cu alloy. The maximum porosity observed in 

the prepared composite is 2.512% with 6% BLA. The 

porosity level in prepared composite is lower than 4% 

which was the maximum porosity level and might be 

acceptable in Al−4.5Cu−BLA composites. 

4) The hardness of the composites increases with 

increase in BLA content compared with the matrix. The 

maximum hardness attained at 4% BLA in the fabricated 

composites. 

5) In the fabricated composites the tensile and yield 

strength of the composites with 2%, 4% and 6% BLA 

increased in comparison with the matrix. Similarly, the 

highest tensile and yield strengths were observed at 4% 

BLA particle. Conversely, the ductility of composite 

material in terms of elongation decreased in comparison 

with the matrix. The fracture mode of the composites 

revealed that the macroscopically brittle and 

microscopically ductile in nature was observed. 
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搅拌铸造竹叶灰铝基复合材料的显微组织和力学性能 
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摘  要：以从农业废物中分离出的竹叶灰(BLA)为增强剂，当竹叶灰(BLA)含量分别为 2%、4% 和 6%时，以

Al−4.5%Cu 合金为基体，采用搅拌铸造方法制备复合材料。该复合材料由于基体和增强粒子之间的有效结合，而

具有优越的性能。采用各种试验确定该复合材料的力学性能，如密度、孔隙度、硬度和抗拉强度。将所得结果与

基体合金相进行比较。采用 OM、SEM-EDAX 和 XRD 分析方法对所选基体合金中增强粒子的分散性进行分析。

结果表明，复合材料中 BLA 颗粒均匀分布于晶体内。此外，还观察到 BLA 颗粒与基体合金有良好的结合，且界

面清晰。随着 BLA 颗粒质量分数的增加，复合材料的密度降低，而孔隙度增大。当复合材料中 BLA 颗粒含量达

到 4%时，材料的硬度和抗拉强度都增加，而当 BLA 含量进一步增加时，硬度和抗拉强度都会降低。 

关键词：Al−4.5Cu 合金；搅拌铸造；复合材料；竹叶灰；密度；孔隙度 
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