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Abstract:  
This research work reports the influence of 3-μm-sized Palm Sprout Shell 

Ash (PSSA) reinforcement on the mechanical and tribological behavior of 

the Al-Cu-Mg alloy. Composites of varying weight percentages of 

reinforcement ranging from 1 to 6 at intervals of 1 Wt.% were produced 

using the ultrasonic-assisted bottom-poured stir casting technique. 

Microstructural studies, mechanical testing, and wear properties analysis 

were performed on the alloy and the synthesized composites. The 

microstructure of the obtained samples was examined using Scanning 

Electron Microscope, Energy Dispersive Spectroscopy (SEM/EDS), and X-

Ray Diffraction (XRD). The XRD patterns provided confirmation of the 

presence of PSSA (SiO2 and Al2O3) particles. The addition of PSSA 

reinforcement has significantly improved the hardness, tensile strength, 

and compression strength of composites. The hardness, ultimate tensile 

strength, and compression strength were improved by 13.89%, 24.04%, and 

32.93%, respectively, with the 6 Wt.% PSSA-reinforced composite. 

However, the incorporation of reinforcement has resulted in a decrease in 

the ductility of the Al-Cu-Mg alloy composite; the maximum decrement of 

42.87% was with the 6% PSSA-reinforced composite. Tests were conducted 

at different loads and speeds to evaluate the wear behavior of the prepared 

samples. Superior wear resistance was observed in the composites. The 

fracture and wear mechanisms of reinforced and unreinforced were 

observed using SEM.  
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1.  INTRODUCTION 

 
In recent years, a switch from metallic alloys to 

composite materials has been seen as a result of the 
increasing need to produce high-quality, high-
performance materials. Because of the increase in 
demand for economical, high-strength, and low-
weight materials, aluminium metal matrix 
composites (AMMCs) represent a front-line 
advancement in materials science, combining the 

strength and toughness of metals with the 
exceptional properties of reinforcement materials. 
This fusion has led to a class of materials that 
outperform traditional alloys in critical applications. 
Basically, AMMCs are a type of composite material 
that is made up of at least two separate 
components [1,2]. While the primary component 
(matrix) must be an aluminum alloy, the second 
component (reinforcement) may be a different type 
of metal or an entirely other material, such as a 
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ceramic or organic compound [3]. The reinforcing 
material is often continuous carbon (C), silicon 
carbide (SiC), boron carbide (B4C), or metal oxide 
particles such as alumina (Al2O3) and titanium 
dioxide (TiO2), and they are inserted into a matrix 
[4,5]. The introduction of particulate 
reinforcements can enhance the physio-mechanical 
properties of composites, enabling them to serve as 
a substitute for conventional and bulky cast iron 
and plain carbon steels in automobile applications 
such as brake rotors and connecting rods [6,7]. The 
inclusion of these hard ceramic reinforcements in a 
soft aluminum matrix improves the wear resistance 
and hardness of the composite. However, the 
production of hard ceramic particulate 
reinforcements is not user-friendly, 
environmentally friendly, or economically viable. In 
light of these considerations, researchers are 
exploring alternative cost-effective materials. Argo-
waste-based reinforcements offer a readily 
available solution that is economically feasible 
while also addressing the growing volume of waste 
material generated by agricultural activities. 
Furthermore, they have the potential to contribute 
to the expansion of the global population and the 
improvement of living standards [8,9]. Utilizing 
waste materials may reduce contamination in 
agricultural fields. Moreover, A biodegradable, 
inexpensive, low-density composite with desirable 
mechanical and tribological properties can be 
produced by AMMCs reinforced with bean pod ash 
(BPA) [7], rice husk ash (RHA) [10-13], palm oil 
clinker (POC) and sugarcane bagasse [13], 
groundnut shell ash (GSA) [14,15], coconut shell ash 
(CSA) [15,16], melon shell ash (MSA) [17], fly ash, 
red mud and palm oil fuel ash (POFA). Rice husk ash 
(RHA) is a more cost-effective reinforcement than 
conventional ceramic-based reinforcement; it 
increases the tensile strength and hardness of the 
composite material Al6061 matrix [18]. Along with 
mechanical properties, the incorporation of RHA 
into the AA6061 matrix introduces a nucleation site 
and results in a more refined grain structure within 
the aluminum matrix. Additionally, the presence of 
RHA leads to a reduction in the wear rate of the 
composites [18-21]. The wear resistance of the Al 
7029 alloy can be enhanced by reinforcing it with 
agricultural waste particles like coconut shell ash 
(CSA). 7079-aluminum-based composites 
reinforced with 2% CSA, 3% CSA, and 2% graphite 
were made by the stir casting method. Both 
reinforcements are of 60-micron size. Hardness, 
tensile strength, and wear rate were investigated, 
and improvements in tensile strength and hardness 

were observed in both composites in comparison to 
the base alloy. The specific wear rate is minimal due 
to the integration of graphite and coconut shell 
reinforcement; moreover, enhancement in wear 
resistance was observed heavily due to graphite 
because it acted as a solid lubricant [21-23]. The 
mutual effects of stir casting and the double-layer 
feeding process enhance the tensile strength and 
hardness of composites due to improved interfacial 
bonding between the alloy and the nanoparticle 
reinforcement. Al-Cu-Mg reinforced with nano-
sized particulate bean pod ash (BPA) made by the 
process with varied compositions of 1–4 Wt.% were 
investigated. It is observed that the density of the 
composite is inversely proportional to the 
reinforcement percentage. An improvement of 35% 
in tensile strength and 44% in hardness was 
observed at 4% reinforced composite. The impact 
strength and ductility of composites are reduced 
slightly [24]. The research findings indicate that the 
utilization of agricultural waste as reinforcements in 
composites does not result in the formation of 
brittle materials; considerable promise as a viable 
alternative to costly and environmentally hazardous 
conventional ceramic-reinforced composites, these 
ceramic-reinforced composites can be particularly 
advantageous in various automotive applications 
that necessitate a higher strength-to-weight ratio, 
lower expenses, and superior resistance to wear 
[25]. Hence, the main objective of this investigation 
is to study the mechanical and tribological 
properties of the base material through the 
incorporation of micro-sized palm sprout shell ash 
particles using the ultrasonic-assisted bottom-
poured stir casting technique. The wear resistance, 
density, hardness, impact strength, tensile strength, 
and compression strength of the metal matrix 
composites are thoroughly investigated and 
compared to those of the Al-Cu-Mg alloy. 
 
2. MATERIALS AND METHODOLOGY 

 
2.1 Synthesis of Al-Cu-Mg Alloy 
 

The Al-Cu-Mg was used as the matrix material 
for this investigation. The stir-casting process 
prepared alloy, and Al2024 and Al6061 were used 
as raw materials. Commercially available Al2024 
and Al6061 alloys were obtained in rod form (Fig. 1) 
from Krish MET Tech Limited, Chennai. The 
chemical composition of the alloys is presented in 
Tables 1 and 2. The Al-Cu-Mg matrix material was 
fabricated by combining 75 Wt.% of Al2024 alloy 
and 25 Wt.% of Al 6061 alloy. The mixture was 
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loaded into a zirconia-precoated stir-casting 
furnace mold and heated to a temperature of 750°C. 
The slag was carefully removed from the melt, and 
a Cl2Cl6 degassing agent was added. To ensure a 
homogeneous distribution of elements, the melt 
was mechanically stirred using a zirconia-precoated 
stainless-steel stirrer operated by a motor. The 
stirring process was conducted with an average 
speed of 350 rpm for approximately 3 minutes, 
followed by an average speed of 450 rpm for 
another 3 minutes. Subsequently, the molten alloy 
was poured into a preheated mold, which was 
maintained at a temperature of 300°C for 
approximately 30 minutes to facilitate uniform 
solidification. After cooling to room temperature, 

the resulting casting was obtained. (Fig. 2). In order 
to prevent oxidation, a shielding of argon gas is 
maintained over the molten material throughout 
the entire production process. 

 
  

Fig. 1. Obtained Al2024 
and Al 6061 alloys 

Fig. 2. Fabricated Al-Cu- 
Mg alloy 

 

 

Table 1. Chemical elements presented in the Al2024 alloy 

Elements Cu Mg Si Zn Fe Cr Ti Al 

Wt. % 3.8-4.9 1.4-1.8 0.5 0.25 0.5 0.1 0.06 Balance 
 
 

Table 2. Chemical elements presented in the Al6061 alloy 

Elements Si Cu Zn Fe Mn Mg Cr Ti Al 

Wt.% 0.04-0.08 0.1-0.4 0.09 0.07 0.15 1.8 0.04-0.35 0.15 Balance 

 
Further, an energy-dispersive X-ray 

spectrometer (EDX) analysis was performed on the 
matrix material to determine the chemical 
elements present in it and their respective 
compositions. The analysis was carried out using 
the JCM 6000 Plus instrument, which operates 
within an energy range of 0–20 KeV with an average 
voltage of 15.0 kV and a probe current of 1.0000 nA. 
In Fig. 3, the Energy Dispersive X-ray Spectrometer 
of Al-Cu-Mg alloys (the matrix material) is depicted, 
while Table 3 provides information on the chemical 
elements found in the matrix. Further X-ray 
diffraction analysis (XRD) was conducted to 
determine the crystallographic structure of the 
matrix material. The investigation was performed 
using a RIGAKU Smart Lab XRD instrument with Cu 
Kα radiation.  
 

 

Fig. 3. X- ray diffraction analysis of Al-Cu-Mg alloys 
 

The 2θ range was carefully chosen to encompass 
all the prominent peaks corresponding to the 
material's predictable phases. Fig. 4 illustrates the 
XRD pattern obtained for the Al-Cu-Mg alloy. 

 
 

 

Fig. 4. X-ray diffraction patterns of Al-Cu-Mg alloy 
 

Table 3. Chemistry of prepared Al-Cu-Mg aluminium alloy 

Element Cu Mg Si Ca C Fe Al 

Wt.% 3.48 1.73 0.16 0.08 0.80 0.37 Balance 

 
2.2 Synthesis of Reinforcement 
 

Palm sprout shell ash (PSSA) is the 
reinforcement for this research. The palm sprout 
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shells were collected from the fields of K-rishna, 
coastal Andhra Pradesh, India. They were cleaned 
with fresh water and dried for ten days in a normal, 
open, and dry environment. The dried sample was 
calcined in a closed environment around 700 °C for 
4 to 5 hours in an electric arc furnace. Further, the 
size of the powder particle was reduced during the 
dry ball milling process. A planetary mill with a 
tungsten carbide ball is used in this work, and 
particle size analysis has been conducted using the 
Laser Scattering Particle Size Distribution Analyzer 
LA-960. The mean size was identified as 3.43553 
(µm), median size 1.07697 (µm), and St. Dev. 7.1081 
(µm), depicted in Fig. 5. Both were done at the V.B. 
Ceramic Research Centre in Chennai.  

Further ash was decarburized in a muffle furnace 
for 3 hours at 250 °C. SEM/EDX microscopy was 
conducted on ash. Fig. 6 shows the SEM micrograph 
of ash, showing the microparticles agglomerated 
Irregular polygonal and spherical shapes, Table 4 
shows the chemistry of Plam Sprout shell ash 
obtained from EDX. 

 

 

Fig. 5. Particle size analysis of Palm sprout shell ash 

 

 

Fig. 6. SEM micrographs of PSSA 

Table 4. Chemistry of Palm Sprout shell ash 

Element SiO2 Al2O3 CaO C Fe2O3 ZnCl P2O5 Na2O K2O SO3 

Wt.% 45.92 37.78 2.92 2.1 2.29 2.1 4.12 1.2 0.77 0.80 

 
2.3 Fabrication of Composites  
 

In this work, ultrasonic-assisted bottom pour stir 
casting equipment (shown in Fig. 7) was used to 
produce the composites. Initially, the mold and 
stirrer were precoated with zirconia. Al-Cu-Mg alloy 
plates were made into small pieces. The 
predetermined quantity of aluminium matrix 
material pieces (as indicated in Table 5) was 
introduced into the furnace and heated up to 700 °C. 
Concurrently, the reinforcement material was 
heated to 250 °C using a muffle furnace. The PSSA is 
quite light in weight, so it can be incorporated into 
the matrix by shaping it into small spheres. Each 
reinforcement unit weighing 4 gm was made into a 
sphere by covering it with a thin aluminium sheet 
before preheating. As the alloy transitioned into a 
state of melt, slag was removed. Hexa-chloroethene 
(C2Cl6) was added to the melt; it acts as a degassifier 
[26-28]. Further, the melt was cooled to 500 °C in 
the furnace itself. Subsequently, the preheated 
microparticle reinforcement balls were added to 
the melt at the required weight percentages and 
manually stirred until fully mixed [29]. To maintain 
wettability, approximately one weight percent of 
Manganese was included in the molten mixture. 

The melt was heated up to 750 °C and subsequently 
stirred mechanically by a motor-operated stainless-
steel stirrer. The stirring process was prudently 
continued to ensure a homogeneous distribution, 
with an average stirring speed of 400 rpm for 
approximately 5 minutes [29,30]. Further, an 
ultrasonic stirrer (sonicator) was carefully induced 
in the melt blend for around 5 minutes. Ultrasonic 
vibrations have the capability to disintegrate 
clusters or agglomerates of reinforcing particles 
smallest in size, aiding in the even dispersion of 
these microparticle particles within the molten 
metal matrix. Consequently, this promotes 
enhanced homogeneity and distribution of the 
reinforcement in the composite. Furthermore, it 
facilitates superior wetting and bonding between 
the reinforcing particles and the metal matrix, 
ultimately resulting in a more robust interface 
between the two phases [31]. The high-intensity 
ultrasonic generator, operating at an input 
frequency of 20 kHz and an input power of 20 kW, 
facilitated the stirring process by generating high-
frequency ultrasonic sound waves [32]. The melt 
was ultimately poured into a mold that had been 
preheated to a temperature of 300 °C for 
approximately 30 minutes, ensuring a consistent 
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solidification process. Afterward, the casting was 
allowed to cool down to room temperature. Fig. 8 
displays a sample of the Al-Cu-Mg-PSSA composite 
obtained through this procedure. Subsequently, the 
castings underwent a homogenization process in a 
muffle furnace, where they were heated up to 
250 °C. This step aimed to alleviate any internal 
stress that may have arisen during the casting 
process [33]. The same procedure was repeated to 
prepare all seven castings, as mentioned in Table 5. 
The castings were machined, and specimens were 
prepared as per ASTM and tested for density, 
hardness, impact strength, tensile strength, 
compression strength, microstructure analysis, and 
wear analysis. 

 

 

Fig. 7. Ultrasonic-assisted bottom-poured stir-casting 
machine 

 

Table 5. Composites: Reinforcement and matrix 
proportions 

Sample type 
As 

cast 
C1 C2 C3 C4 C5 C6 

Reinforcement 
(Wt.%) 

0 1 2 3 4 5 6 

Matrix Metal 
(Wt.%) 

100 99 98 97 96 95 94 

Total 100 100 100 100 100 100 100 

 

 

Fig. 8. Prepared Al-Cu-Mg and PSSA composite 
casting 

 
 
 
 

2.4 Microstructural Characterization 
 

Microstructural characterization was performed 
on samples of both unreinforced and reinforced 
composites. The specimens were prepared as per 
the standard of metallography: the specimens were 
mounted in Bakelite and polished on a series of 
abrasive (SiC) emery papers of increasingly finer grit 
sizes (200, 320, 400, 600, and 800) and using 
alumina powder of 1μm size with a special polishing 
cloth on a double disc polishing machine. The 
samples underwent chemical etching by immersing 
them in Keller's reagent, which consisted of 5 ml of 
nitric acid, 2 ml of hydrofluoric acid, 3 ml of 
hydrochloric acid, and 190 ml of distilled water. The 
etching process lasted approximately 15 to 30 
seconds. Subsequently, the samples were rinsed 
with running water and dried thoroughly.  Samples 
were observed using a computerized optical 
metallurgical microscope with image analysis 
software. Surface morphology was conducted 
through Scanning Electron Microscope- SEM/EDS 
(JEOL JSM-6380LA) and X-ray diffraction. These 
analyses were conducted on both alloys and 
composites. 
 
2.5 Evaluation of Mechanical Properties 

 
For this work, the mechanical properties under 

investigation were tensile strength, compression 
strength, impact strength, and hardness. The 
examinations were conducted as per ASTM. The 
tensile strength and Compression Strength of 
composites were measured using the electronic 
model UTE-40. Universal testing machine (UTM) 
tests were conducted using ASTM E8 and ASTM E9, 
respectively. For each examination, three tests 
were conducted on three samples, and the average 
values of the tested three were computed. One of 
the tested samples set passed the tensile test and 
compression test, as shown in Fig. 9 a) and b), 
respectively. Charpy impact testing machine and 
ASTM E23 were used to conduct impact tests. The 
standard square impact test sample measured 
55x10x10 mm with a 2mm depth V-notch in the 
middle. Three samples were tested, and the 
average values of the three tested were computed. 
The hardness of castings was measured by a Vickers 
hardness tester (LECOAT700 Microhardness Tester) 
as per ASTM E384. During testing, a load of 100 gm. 
was applied to the specimen for 10 seconds through 
a square-based diamond indenter. Three trials were 
conducted on each sample.  
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a) 
 

 

b) 

Fig.9. Al-Cu-Mg added 3% PSSA Composite tested 
sample: a) tensile test; b) compression test 

 
2.6 Evaluation of Density 

 
The composites' densities were determined 

through both theoretical and experimental 
methods. The experimental density was measured 
utilizing the Archimedes principle [3], while the 
theoretical density was calculated using the rule of 
mixture. Further, the percentage porosity of the 
specimens was calculated using the following 
equation (1) [34] (the values were tabulated in 
Table 6). 

   
% 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =

𝜌𝑇−𝜌exp

𝜌𝑇
 × 100               (1)  

Where are:         
𝜌𝑇 - Theoretical density and 

     𝜌𝑒𝑥𝑝 - Experimental density. 

 
Table 6. Densities and expected porosities 

Composite 
Sample type 

Theoretical 
Density g/cc 

Experimental 
Density g/cc  

% 
Porosity 

As cast 2.74 2.73 0.36 

C1 2.68 2.665 0.56 

C2 2.63 2.615 0.57 

C3 2.57 2.552 0.7 

C4 2.51 2.487 0.92 

C5 2.46 2.438 0.89 

C6 2.42 2.397 0.95 

 
 
 

2.7 Evaluation of Tribological Properties  
 

Upon analyzing the mechanical properties 
acquired, it is evident that these composites have 
the potential to be utilized in IC engine parts, 
specifically connecting rods [23,24]. The large and 
small ends of the rod are designed to function as 
bearings. With respect to the operating conditions 
of a 135cc engine, the average sliding distance is 
approximately 3768 m at a velocity of 2.15 m/s. the 
behavior of unreinforced and reinforced 
composites of Al-Cu-Mg and PSSA was analyzed 
behavior of unreinforced and reinforced 
composites of Al-Cu-Mg and PSSA was analyzed by 
a pin-on-disc dry wear apparatus (DUCOM TR201 
with data acquisition software) at room 
temperature. The test was conducted according to 
the ASTM G99-05 standard, and a cylindrical pin 
with a diameter of 8mm and a length of 30 mm was 
prepared [35,36]. The test conditions were selected 
based on relevant literature, with the most 
significant parameters being Load (N), Sliding 
velocity (m/s), and Sliding distance (m) [36-38]. The 
wear was measured in the wake of guiding the dry 
sliding on an EN 31 steel disc and wear tests with 
loads of 10, 30, 50, and 70 N at 3.14 m/s sliding 
velocity. The pin was subjected to a sliding distance 
of 3768 m. In a similar way, wear is conducted on all 
Al-Cu-Mg and PSSA composites, which were 
examined at different sliding velocities of 0.88 m/s, 
1.88 m/s, 2.51 m/s, and 3.14 m/s at 70 N load and 
3768 m sliding distance.  
 
3. RESULTS AND DISCUSSIONS  
 
3.1 Microstructural Analysis 
 

The optical microstructural images of the Al-Cu-
Mg alloy with different weight percentages (1, 2, 3, 
4, 5, and 6 Wt.%) of PSSA particles are represented 
by Fig. 10 a)–f) and Fig. 11 displays the image of the 
as-cast alloy. The figures illustrate clear grains and 
grain boundaries, as well as free voids and other 
casting defects. Analysis of the micrographs reveals 
the presence of microparticles in the PSSA-
reinforced composites, which are clearly visible. The 
black regions within the structure correspond to the 
PSSA particles, while the fair regions indicate the 
presence of aluminium. Importantly, these particles 
are uniformly dispersed without any clustering or 
agglomeration. A similar finding was made by Ajagol 
et al. [39].  
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a) b) 

c) d) 

e) f) 

Fig. 10. Microscopic images: a) Sample C1 at 500X 
Magnification; b) Sample C2 at 500X Magnification; c) 
Sample C3 at 500X magnification; d) Sample C4 at 
500X Magnification; e) Sample C5 at 500X 
Magnification; f) Sample C6 at 500X Magnification 

 
 

Fig. 11. Optical Microstructural image of Al-Cu-Mg 
alloy 

 
Further examination of the microparticles' 

structural morphology was conducted through 
Scanning Electron Microscope (SEM) along with EDS 
and XRD. The SEM images presented in Fig. 12 and 
Fig. 13 a) are of 1 Wt.% and 6 Wt.% reinforced 
composites, respectively. The SEM analysis reveals 
the 3-μm-sized PSSA particles presented in irregular 
polygonal shapes, along with a few spherical shapes 
with uniform distribution. Whereas Fig. 13 b) 
illustrates the interference between alloy and 
reinforcement, it is evident that the non-reactive 
interfacial bonding between reinforcement and Al-
Cu-Mg alloy is evident. 
 

 
 
 
 

Fig. 12. SEM morphology of Al-Cu-Mg added with 
1%Palm Sprout Shell Ash (PSSA) 

 
 

a) 
 

b) 

Fig. 13. a) SEM morphology of Al-Cu-Mg added with 
6%Palm Sprout Shell Ash (PSSA) at 1000X; b) SEM 

morphology (interface between alloy and PSSA) of Al-
Cu-Mg added with 6%Palm Sprout Shell Ash (PSSA) at 

46505X 
 

Further energy-dispersive spectra (shown in Figs. 
14 and 15) of composites show the presence of 
PSSA reinforcement in the form of C, Si, Ca, Mn, k, 
O, and Na. Fig. 4 and Fig. 16 indicate the X-ray 
diffraction pattern of the Al-Cu-Mg alloy and its 
composite reinforced with 6 Wt.% of PSSA, 
respectively. The figures demonstrate phases 
present in samples. In the X-ray diffraction (XRD) 
pattern of the Al-Cu-Mg alloy (Fig. 4), the presence 
of aluminum phases can be observed at various 
peaks. Specifically, aluminum phases have been 
confirmed at 38°81', 46°02', 66°03', 79°38', and 
88°9', exhibiting different intensities. Notably, the 
peak at 38°81' exhibits the highest intensity among 
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all the aluminum phases. When examining the Al-
Cu-Mg alloy with the addition of 6% PSSA particles 
(Fig. 16), the same peaks for aluminum alloy phases 
are observed. However, in addition to these peaks, 
multiple peaks have been identified for the PSSA 
(SiO2 and Al2O3) particle phases at various 2θ angles, 
each with varying intensities. The SiO2 phase peaks 
have been found at angles 20°05', 27°08', 36°96', 
38°67', 50°16', 60°25', and 67°91'. On the other 
hand, the Al2O3 phase peaks have been found at 
angles 25°02', 35°01', 39°27', 44°03', 53°05', 58°01', 
and 77°7'. Consequently, the X-ray diffraction 
pattern has provided evidence that the composites 
indeed do incorporate PSSA reinforcement.  
 

 

Fig. 14. EDS spectrum of Al-Cu-Mg added with 1% 
Palm Sprout Shell Ash (PSSA) 

 

 

Fig. 15. EDS spectrum of Al-Cu-Mg added with 6% 
Palm Sprout Shell Ash (PSSA) 

 

Fig. 16. X-ray diffraction patterns of Al-Cu-Mg added 
6 Wt.% PSSA composite 

3.2 Density of Composites 
 

The densities of the Al-Cu-Mg alloy and its 
composite reinforced with PSSA microparticles 
(weight percentages 1-6) are presented in Fig. 17 a). 
The theoretical densities were calculated based on 
the rule of mixtures of composites. Further 
experimental densities were measured: the density 
of the Al-Cu-Mg alloy was 2.74 g/cm3, and the PSSA 
was 0.84 g/cm3. In Fig. 17 a), it can be observed that 
the density of the material decreased as the weight 
percentage of PSSA increased from 1 to 6. The 
density values decreased from 2.665 g/cm3 to 2.397 
g/cm3. This reduction in density can be attributed to 
the incorporation of PSSA particles, which have a 
lower density compared to the Al-Cu-Mg matrix. 
The decreased density of the reinforced particles 
results in a decrease in the overall composite 
density. 

 

 
                                          a) 

 
b) 

Fig. 17. a) variation in density; b) variation in % 
Porosity of the AL-Cu-Mg alloy added with PSSA 

 
Furthermore, as shown in Fig. 17 a), the 

experimental density is slightly below the 
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theoretical density. The difference between the 
theoretical density and the experimental density is 
very small. For example, the 1 Wt.% PSSA reinforced 
composite theoretical density is 2.68 g/cm3, and the 
experimental density is 2.665 g/cm3. As the 
percentage of reinforcement increased from 0% to 
6%, the percentage of porosity increased from 0.36 
to 0.95%. This shows (Fig. 17 b) that the addition of 
reinforcement may be the reason for the 
occurrence of porosity, which in turn lowers the 
density of composites [40,41]. This highlights the 
importance of the ultrasonic-assisted stir-casting 
method used to prepare the composite matrix. 
 
3.3 Tensile Strength 
 

The impact of incorporating 3-μm-sized PSSA 
particles on the tensile behaviour (Ultimate stress 
vs strain) of alloy and composite, illustrated in Figs. 
18 and 19, shows a variation of reinforcement effect 
on the ultimate tensile strength of the Al-Cu-Mg 
alloy.  

 

 
Fig. 18. Stress and Strain diagrams of the alloy and 

composites 

 
The inclusion of PSSA particles has resulted in an 

improvement in the tensile strength of the Al-Cu-
Mg alloy. The ultimate tensile strength of the Al-Cu-
Mg alloy measures 265 N/mm2, and when 
reinforced with 6 Wt.% of PSSA particle composites, 
the ultimate strength reaches 328.7 N/mm2. 
Notably, the strength of the alloy exhibits a relative 
increase as the weight percentage of PSSA in the 
alloy progresses from 1 to 6 Wt.%. Further. The 
presence of 3-μm-sized PSSA particles plays a 
crucial role in improving the strength of the base 
alloy. The rise in the tensile strength of the Al-Cu-
Mg composite is a result of the coefficient of 
thermal expansion mismatch between PSSA 
(ceramic) and the aluminium alloy. This mismatch 

induces strain, which acts as a prestress on the 
matrix. Furthermore, it can also release dislocation 
loops and mitigate thermal stress. Consequently, 
the incorporation of ceramic particles results in a 
higher dislocation density within the lattice material, 
thereby enhancing the strength of the aluminium 
network [24,36]. 

 
Fig. 19. Effect of reinforcement on Ultimate Tensile 

strength Al-Cu-Mg alloy composites 

 
3.4 Percentage of Elongation 
 

The impact of 3-μm-sized PSSA particles on the 
ductile behavior of the Al-Cu-Mg alloy is illustrated 
in Fig. 20. The addition of PSSA particles leads to a 
reduction in the ductility of the fabricated 
composites. This decrease in ductility can be 
attributed to the inclusion of rigid PSSA particles. As 
the weight percentage of PSSA increases from 1 to 
6 Wt.%, the ductility experiences further 
deterioration. These particles act as a constraint on 
the deformation of the Al-Cu-Mg alloy matrix due to 
the presence of PSSA. The comparison of tensile 
strength ductility of the composites is illustrated in 
Fig. 21. The graph demonstrates that the tensile 
strength experiences a proportional increase as the 
weight percentage of reinforcement increases. In 
contrast, the ductility shows an inverse relationship, 
decreasing as the weight percentage of 
reinforcement rises. The decrement of ductility and 
improvement of tensile strength follow almost the 
same proportionate Up to 3% PSSA reinforcement. 
Further, a rise in % of PSSA effect more decrement 
in ductility in comparison to the increment in tensile 
strength. The decrease in ductility can be attributed 
to the incorporation of rigid ceramic PSSA particles 
within the soft and ductile aluminium matrix 
(tensile fracture of alloy depicted in Fig. 22), 
resulting in a decline in elastic properties. This 
phenomenon is more pronounced with an increase 
in the percentage of inclusions, as evidenced by the 
composite reinforced with 5 Wt.% and 6 Wt.%. Fig. 
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23 depicts this phenomenon, showing that more 
brittle fractures were observed in Fig. 23 c) 
compared to the previous Figs. 23 a) and b). A 
similar phenomenon was noted in the study 
conducted by Nagaral et al. [36] on the 
characterization of B4C incorporated into aluminum, 
as well as in the research by Atuanya and Aigbodion 
[24] on aluminum reinforced with bean pond ash 
particles. 

 

 

Fig. 20. Effect of reinforcement on ductility of Al-Cu-
Mg alloy composites 

 

 

Fig. 21. Percentage of Variation of ductility of Al-Cu-
Mg alloy and composites 

 
3.5 Compression Strength 
 

The influence of 3-μm-sized PSSA particles on 
the compression strength of the Al-Cu-Mg alloy is 
illustrated in Fig. 22 a) compression strength and Fig. 
22 b) percentage of improvement in compression 
strength. The plot shows that the compression 
strength improved when reinforcement was added, 
from 1% to 6%. The compression strength of Al-Cu-
Mg alloy is measured as 238.63 MPa, and it is 317.2 
MPa with 6 Wt.% PSSA reinforced composite. 32.93% 
improvement was recorded when the alloy was 
added with 6% PSSA reinforcement.  

 
a) 

 

 

b) 

Fig. 22. a) Effect of PSSA particles on Compression 
strength of Al-Cu-Mg alloy; b) Percentage of 

improvement in compression strength w.r.t. PSSA 
particles 

 

The improvement of compression strength in 
aluminum alloy reinforced with ceramic ash (PSSA) 
can be attributed to the fact that ceramic ash is 
often characterized by high stiffness and rigidity. 
When incorporated into aluminum alloy, it 
reinforces the matrix and increases the overall 
stiffness of the composite [15, 20]. This results in 
improved resistance to compression forces. In other 
ways, reinforcement particles have harder surfaces, 
and particle movement in between matrices is 
crucial, constraining dislocation movements and 
improving the load-bearing capacity of the 
composites [36]. The results obtained from the 
current study reveal consistent outcomes in terms 
of the enhancements observed in both tensile and 
compressive strengths of the fabricated composites 
as the number of ceramic particulates added to the 
alloy increases. 
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3.6 Fractography of Tensile 

Fig. 23 illustrates the surface morphology of the 
Al-Cu-Mg alloy and reinforced composites added 
with 5 Wt.% and 6 Wt.% of PSSA particles.  

a) 
 

 
b) 
 

 
c) 

Fig. 23. Tensile fracture surface morphology of a)  the 
Al-Cu-Mg alloy; b) the alloy added with the 5 Wt.% of 
particles and; c) the alloy added with 6 Wt.% of PSSA 

particles 

 

In Fig. 23 a), the fracture morphology of the alloy 
is depicted, revealing a plastic fracture morphology. 
On the other hand, Fig. 23 b) and c) exhibit the 
fracture profiles of the alloy with the incorporation 
of 5 Wt.% and 6 Wt.% of PSSA particles. The 
introduction of these rigid particles alters the size 
and depth of the dimples in the fractured specimens 
of the composites, resulting in a brittle fracture 
morphology due to the presence of PSSA inclusions. 
Furthermore, cracks are observed to propagate 
within the rupture, and sharp facets are visible in 
both composite morphologies. As the mass 
fractions of PSSA particles in the alloy increase, the 
matrix material undergoes a brittle fracture as a 
consequence of the increasing percentage of PSSA 
particulate content in the matrix. It is obvious that 
Fig 23 c) has a more brittle zone in comparison with 
Fig 23 b). In their study, (Kumar et al.) [41] 
conducted investigations on AZ31D specimens 
reinforced with SiC particles to examine the 
presence of microcracks near the fracture surface. 
They found that the majority of the microvoids were 
located at the interface of second-stage particles. In 
one more work, (Nagaral et al.) [36] observed that 
as the mass fractions of carbide particles in the 
Al2024 alloy increased, the matrix material 
exhibited a brittle fracture. This was attributed to 
the rising percentage of B4C particulate content in 
the matrix.  
 
3.7 Hardness 
 
      Figs. 24 a) and b) show the effect of 3-μm-sized 
PSSA particles on the hardness of the Al-Cu-Mg alloy. 
The figures illustrate that the hardness of the Al-Cu-
Mg alloy improves as the weight percentage of PSSA 
particles increases from 1 to 6. The alloy's hardness 
is 126 HV, and the inclusion of 1 Wt.% PSSA particles 
measured 134 HV. Further, it was raised to 143.5 HV 
for composites reinforced with 6 Wt. % PSSA.  

The improvement in hardness is due to the 
inclusion of more hard ceramic particles in the soft 
aluminium matrix. Concerning the strengthening 
behavior of the composites, the addition of 
particles to the matrix alloy results in an 
augmentation of strain energy at the periphery of 
the particles within the matrix. These tendencies 
can be attributed to the formation of dislocations at 
the boundary of the ceramic particles, which is 
caused by the disparity in thermo-expansion 
coefficients between the matrix and ceramic 
particles [12,42]. 
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a) 

 

 
b) 

Fig. 24. a) Effect of PSSA particles on hardness of Al-
Cu-Mg alloy; b) Percentage of improvement in 

hardness w.r.t. to PSSA particles 

 
3.8 Impact Strength 
 

The Impact behavior of reinforced and 
unreinforced composites has been plotted; Figs. 25 
a) and b) specify the specific impact strength and 
percentage of improvement, respectively. The plot 
illustrated the effect of PSSA reinforcement on the 
specific impact strength of Al-Cu-Mg; the effect is 
very minimal.  

The impact strength of the Al-Cu-Al alloy is found 
to be 2.6 J/mm2. It was found to be 2.589 J/mm2 
upon the inclusion of 1 Wt.% PSSA particles. Further, 
it decreased to 2.575 J/mm2 for 6 Wt.% PSSA, and 
at this percentage, the maximum decrease was 
measured as 0.96%. The elastic behaviour of the 
composite proportionally decreased with the 
addition of reinforcement because of the lower 
ratio of matrix and reinforcement, which decreases 
the energy absorption under an impact load. On the 
contrary, energy absorption was more or less stable 
in this study. The 3-μm-sized PSSA particles helped 

in providing a large surface between the matrix and 
the particle interface, which helped in the 
maintenance of impact energy. Fig. 13 a) (SEM 
images) shows the surface interface between 
matrix and PSSA particles. Similar observations have 
been made by (Atuanya and Aigbodion 2014) in 
their research on Al-Cu-Mg/ bean pod ash synthesis.    

 

 
a) 

 

 
b) 

Fig. 25. a) Effect of PSSA particles on impact strength 
of Al-Cu-Mg alloy; b) Percentage of improvement in 

impact strength w.r.t. to PSSA particles 

 
3.9 Wear Analysis 
 

The impact of 3-μm-sized PSSA particles on the 
wear behavior of the Al-Cu-Mg alloy is illustrated in 
Fig. 26. Fig. 26 a) illustrates a significant relationship 
between the weight percentage of PSSA in the Al-
Cu-Mg alloy and the wear loss of the compounds. It 
is evident that as the weight percentage of PSSA 
increases, the wear loss decreases. This 
phenomenon can be attributed to the high 
hardness of the carbides and ceramic (SiO2, Al2O3, 
and C) particulates found in the PSSA-reinforced 
composites. These hard ceramic particulates serve 
as a barrier, effectively preventing wear. Moreover, 
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the presence of these particles introduces 
resistance during the dry sliding wear process. A 
similar observation was made by (Gladstone et al.) 
[19] in the research work ‘Dry sliding wear behavior 
of AA6061 aluminum alloy composites reinforced 
rice husk ash particulates'. Another work was 
recorded by  (Nagaral et al.) [36] with Al2024 and 
boron carbide reinforcements.  

Essentially, the impact of the PSSA on Load is a 
crucial factor that holds great significance in the 
context of wear loss. In order to examine the impact 
of load on wear, graphical representations have 
been created to depict the wear loss in relation to 
the wear rate under varying loads of 10, 30, 50, and 
70 N. These experiments were conducted at a fixed 
distance of 3768 m and a sliding velocity of 3.14 m/s. 
Fig. 26 b) illustrates the impact of the applied 
normal load on the wear characteristics of both the 
Al-Cu-Mg alloy and composites. The graph reveals 
that as the load increases from 10 to 70 N, there is 
a corresponding increase in wear for both the as-
cast alloy and the processed composites. At the 
maximum load of 70 N, the temperature of the 
sliding face rises. Consequently, as the load on the 
pin intensifies, there is also a simultaneous 
escalation in the wear loss of the matrix alloy. This 
trend is similarly observed in the composites. 
Notably, the wear loss of the as-cast Al-Cu-Mg alloy 
is the highest among all the loading conditions.  

The wear misfortune in relation to speed 
variation is graphically represented in Fig. 26 c). The 
experimental procedure involved adjusting the disc 
speed between 0.88 and 3.14 m/s while 
maintaining a constant load of 70 N. The results 
presented in it indicate that wear misfortune 
escalates as the disc speed increases. Notably, the 
impact of sliding velocity on the Al-Cu-Mg alloy 
surpasses that of PSSA-strengthened metal 
composites [30,19]. Furthermore, an increase in the 
sliding speed and load was found to result in a 
proportional rise in the wear rate, displaying an 
almost linear trend. Additionally, it was observed 
that when the composite material is subjected to 
higher loads, dynamic recrystallization occurs as a 
consequence of plastic deformation [36]. The 
findings of this investigation reveal that the 
composites exhibit a considerably reduced wear 
loss compared to the Al-Cu-Mg alloy at various 
sliding speeds. Finally, as the PSSA particulates 
increase, the wear losses of the composite decrease. 
These outcomes are consistent with prior 
investigations conducted by other researchers, 
reinforcing with similar type ceramic 
reinforcements B4C and CaCo3 [36,37].  

 

 
 
 
 
 
 
 
 
 
 
 

 

a) 

 
 
 
 
 
 
 
 
 
 
 

b) 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

c) 
 

 
 
 
 
 
 
 

 
 
 
                   

d) 
Fig. 26. a) Wear (microns) of Al-Cu-Mg alloy 

reinforced with varying Wt.% of PSSA particulates; b) 
Wear (microns) of alloy and its PSSA composites at 

constant speed and varying loads; c) Wear (microns) 
of Al-Cu-Mg alloy and its PSSA composites at constant 
load and varying speeds; d) Variation in coefficient of 

friction with varying weight percentages of PSSA.  
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Further, the friction behavior of Al-Cu-Mg alloy 
and composites with PSSA was analyzed by studying 
the changes in the coefficient of friction during dry 
sliding wear tests under various loads, as illustrated 
in Fig. 26 d). During the starting period of the dry 
sliding test, the friction force initially increases and 
then fluctuates around a mean value. To determine 
this mean value, the individual friction coefficients 
are analyzed, excluding the initial rising phase. 
Notably, the mean coefficient of friction has been 
observed to increase with an increasing load for 
both the Al-Cu-Mg alloy and the composites 
containing PSSA. Further, Fig. 26 d) demonstrated 
that when the load is higher, the frictional force 
rises due to increased dissipation of energy, 
resulting in a higher temperature at the contact 
point. Consequently, the coefficient of friction also 
rises with the increasing load. Further, the 
coefficient of friction increases with a higher PSSA 
content in the composite. This is unexpected 
because these particles are expected to form weak 
connections with the roughness of the counter face 
due to their low oxide-metal interfacial energy. 
Additionally, they contribute to forming a thicker 
transfer layer, which should further weaken the 
connections. Hence, the only logical conclusion is 
that the plowing of the sliding surface and micro-
cutting during three-body wear are responsible for 
the heightened frictional forces in composites that 
contain a greater amount of hard oxide particles. A 
similar finding was made by Apasia et al. [43]. In 
their study, they investigated the wear behavior of 
Al-Si-Fe Alloy/Coconut Shell Ash Particulate 
Composites. 
 
3.10 SEM Analysis on Worn Morphology 
 

It is important to analyze the worn-out surface 
of Al-Cu-Mg alloy and Al-Cu-Mg alloy added with 6 
Wt.% of PSSA particles. Fig. 27 a) and b) display the 
scanning electron microscopy (at 1000X) images of 
the worn-out surface of Al-Cu-Mg alloy and 
composite added with 6 Wt.% of PSSA respectively 
were tested at 70 kN load, 3.14 m/s speed, and 3768 
m sliding distance. Fig. 28 a) and b) illustrate the 
same specimens’ micrographs at 2000X 
magnification. When Al-Cu-Mg alloy material is 
subjected to sliding on a disc, the alloy exhibits 
lower hardness compared to the material of the 
rubbing disk, resulting in the viscous flow of the Al-
Cu-Mg matrix. This flow takes the form of a pin, 
leading to plastic deformation of the surface of the 
specimen and a significant amount of material 
being lost. Fig. 27 a) and Fig. 28 a) reveal the 

existence of grooves, micro-pits, and a 
delaminated/ fractured layer. These surface 
characteristics are likely to have contributed to the 
observed increase in wear loss.  

 

 
a) 

 

 
b) 

Fig. 27. SEM (1000X magnification) images of worn-
out surfaces of (a) Al-Cu-Mg alloy at and (b) 

Composite added with 6 Wt.% PSSA particles 

 
Fig. 27 b) and Fig. 28 b) demonstrate that the 

inclusion of 6 Wt.% PSSA particles in the Al-Cu-Mg 
alloy restricts the matrix's viscous flow. The addition 
of PSSA particles leads to a decrease in grooves and 
erosion, indicating an enhanced resistance to wear 
loss [36,38,43]. Moreover, the stress appears to be 
transferred to the hard particles, resulting in strain 
concentration around these particles. 
Consequently, the presence of these hard particles 
contributes to a reduction in cracks and grooves on 
the worn surface area.  
 



N. Tenali et al. / Applied Engineering Letters Vol.9, No.1, 46-63 (2024) 

 60 

 

a) 
 

b) 

Fig. 28. SEM (2000X magnification) images of 
worn-out surfaces of a) Al-Cu-Mg alloy; b) 

Composite added with 6 Wt.% PSSA particles 
 
4. CONCLUSION 
 

The Al-Cu-Mg alloys reinforced with varying 
contents of 3-μm-sized palm sprout shell ash (PSSA) 
have been successfully made by the ultrasonic-
assisted stir casting process. The microstructural, 
density, hardness, tensile, compression, impact, 
and wear behavior of composites were studied. The 
following observations were made: 

• Micrographs obtained using an optical 
metallurgical microscope and a scanning 
electron microscope demonstrate that the Al-
Cu-Mg alloy exhibits a homogeneous dispersion 
of PSSA particles. The presence of PSSA particles 
in the prepared composites was confirmed 
through EDS and XRD analysis.  

• Incorporating PSSA reinforcement has led to 
enhancements in hardness, compression 
strength, tensile strength. The hardness, 

ultimate tensile strength, and compression 
strength were improved by 13.89%, 24.04%, and 
32.93%, respectively, with the 6 Wt.% PSSA-
reinforced composite. 

• The addition of reinforcement—in this work, the 
composite reinforced with 6% PSSA particles 
showed the highest decrease, 42.87%—has 
reduced the ductility of the Al-Cu-Mg alloy 
composite. 

• PSSA particles have a positive effect; the 
decrement of impact strength is minimal. The 
maximum decrement was observed at 0.96% 
with the 6 Wt.% PSSA-reinforced composite. 

• The fractured surfaces observed in tensile tests 
indicate the occurrence of both ductile and 
brittle fracture mechanisms. As the 
reinforcement percentage increases, the brittle 
fracture is more evident. 

• The wear resistance of the Al-Cu-Mg alloy has 
been found to increase with the inclusion of 3-
μm-sized PSSA particles. The applied load and 
sliding speed influence the wear behavior of the 
alloy and its composites. As the speed and load 
increase, the wear rate and coefficient of friction 
of both the alloy and its composites reinforce the 
coefficient of friction of both the alloy and its 
composites, and the coefficient of friction of 
both the alloy and its composites reinforced with 
PSSA particles also increases. However, the 
incorporation of PSSA reinforcement leads to an 
overall improvement in wear resistance. 
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