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 Abstract: This study investigates the enhancement of mechanical properties of Aluminium 

7075 alloy by incorporating Gula clay and soot as reinforcements for ballistic application. 

Aluminium 7075, widely used in aerospace, defense, and automotive industries, is known for 

its excellent strength-to-weight ratio but requires improved impact resistance and tensile 

properties for advanced ballistic applications. The research involves systematically varying 

the composition of Gula clay (1 - 5wt.%) at constant amount of 2wt.% soot to produce six 

distinct samples through liquid metallurgy and heat treatment processes. Microstructural 

analysis, Mechanical tests, including Vickers micro-hardness, tensile strength, impact 

resistance, total elongation, and wear resistance, were conducted to evaluate the composite 

properties. Based on the obtained optical micrographs, dendritic structure, and Zn – Al rich 

matrix of unreinforced Al7075 was vividly seen, the reinforced Al7075 consist of both primary 

matrix of Zn – rich phase, Al – rich secondary phase with uniform distribution reinforcements 

in the Al7076 alloy. It was observed that as the volume of Gula clay was increased, the 

dendritic structure of Al7075 was covered with the reinforcement. The mechanical tests results 

revealed that the addition of Gula clay in the range of 1 – 5 wt.% and at 2wt.% soot enhances 

tensile strength from 186 MPa (aluminium 7075) to 269 MPa (44.6% increment), while impact 

resistance improves from 17.6J to 34J (48% improvement), the wear resistance of Al7075 was 

enhanced by 81%. But there was a gradual marginal decrease in the ductility of Al7075 from 

3.4 – 10.9%. The improved properties demonstrate the potential of this composite material to 

meet international standards for ballistic applications. These findings fill a significant gap in 

lightweight, cost-effective ballistic materials, providing an alternative to conventional alloys. 

This research contributes to the development of advanced materials for military applications 

while promoting the use of sustainable reinforcements 
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1 Introduction 

There is a continuous interest among researchers to 

develop aluminium matrix composites with high 

strength to light weight, stiffness, and good wear 

resistance material for the structural applications, 

especially for aerospace and automobile engineering 

(Takahashi et al., 2002; Jiejun et al., 2003; Previtali et 

al., 2008; Sreenivasan et al., 2011). 

Aluminium 7075 is popularly known as one of the 

most versatile and high-performance aluminium 

alloys owing to its excellent mechanical properties. It 

belongs to the 7 series of aluminium alloys, which are 

having high strength-to-weight ratio. Its main alloying 
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elements are zinc, magnesium, copper, and trace 

amounts of other elements which improve its strength 

and toughness. This alloy is widely used in aerospace, 

automotive, and defense industries due to its 

lightweight and durability (Davis,1999). Aluminium 

7075 has been found to be very useful in ballistic 

applications due to its ability to absorb impact energy 

effectively.  

Researchers such as (Balos et al., 2021) showed that 

aluminium alloys in the 7 series exhibit excellent 

deformation characteristics under high-velocity 

impact conditions. These properties position them as 

appropriate material for lightweight armour systems 

that need a balance between mobility and protection. 

The addition of clay into aluminium 7075 composites 

improves material performance and also cut down 

production costs by reducing the reliance on costly 

synthetic reinforcements (Khan and McNally, 

2023).The needed characteristics of Al7075 are 

increased by adding hard ceramic particles into the 

aluminium alloy (Vintila et al., 2011; Wu et al., 2014). 

Past researches have showed that clay-based 

reinforcements increase the hardness and toughness of 

metal matrices, which are vital factors in resisting 

high-velocity impacts (Bilinski and Syduzzaman, 

2022). Previous studies have demonstrated that the 

addition of clay into Al7075 can enhance grain 

refinement, which consequently increases the impact 

resistance of the material (Balos et al.,2021). The 

incorporation of clay particles into Al7075 improves 

the energy absorption capacity of the composite by 

improving its hardness and toughness. This makes 

Al7075 to withstand high-energy impacts without 

catastrophic failure, making it an ideal material for 

ballistic applications (Tsiorgianis et al., 2024).  

Addition of soot (carbon-based particles) as 

reinforcement to A7075 alloy (Al-Zn-Mg-Cu alloy) 

can significantly influence its mechanical properties, 

microstructure, wear behavior. Soot particles (nano – 

or micro – size carbon) act as nucleation sites during 

solidification leading to grain refinement of the 

aluminum matrix, producing a finer and more uniform 

grain structure. Finer grains improve strength and 

ductility balance due to the Hall – Petch effect. Hard 

carbon particles hinder dislocation movement within 

the aluminum matrix, which results in increased 

hardness and strength, especially when soot is well 

dispersed (Zhang et al.,2019). Soot particles are 

primarily composed of amorphous carbon, with a 

small proportion of crystalline structures. Their nano 

scale size provides a high surface area, enhancing their 

interaction with metallic matrices. According to 

(Singh et al.,2020), Preliminary research by Agboola 
et al., 2020, investigated the mechanical properties of 

aluminium-clay composites, concluding that fine clay 

particles considerably increased the hardness of the 

material. In the same way, (Eze et al.,2022) showed 

that carbon-based reinforcements such as soot could 

enhance the tensile strength of aluminium alloys. 

However, both studies observed difficulties in 

achieving uniform dispersion and compatibility, 

suggesting the need for optimization. The main 

intention was to enhance hardness, tensile strength, 

and fatigue resistance, which is crucial for aerospace 

applications. Findings from the studies showed that 

Solution-treated samples exhibited a homogenized 

microstructure with improved ductility, artificial 

aging resulted in the formation of fine precipitates, 

significantly enhancing tensile strength and hardness. 

Doel and Bowen (1996) fabricated Al7075/SiC (5, 13 

and 60 μm) composites and concluded that tensile 

strength was improved for 5 and 13μm SiC particles 

than that of base alloy. (Fatile et al., 2017) fabricated 

the Al7075 composites with carbon-coated silver 

nanoparticles and concluded that Vickers micro 

hardness (HVN) values were higher at higher Ag-CNP 

contents. Baradeswaran and Elaya Perumal (2013) 

developed the Al7075 hybrid metal matrix composite 

through stir casting method. The results exhibited 

improvement in hardness, ultimate tensile strength, 

and flexural strength. (Suresh et al., 2017) presented 

the mechanical and physical properties of the 

Al/Al7075 two-phase material and concluded that the 

tensile and compression strength increased and 

ductility decreased when decreasing base powder. (Su 

et al., 2004) developed the Al7075 composite 

reinforced with SiC and studied the relationship 

between true stress and true strain. The use of clay as 

a reinforcing agent in metal matrix composites has 

been explored in various studies (Angadi et al., 2024) 

showed that incorporating clay particles into 

aluminium alloys improved the hardness and wear 

resistance of the resulting composite. However, they 

noted that achieving uniform particle dispersion was a 

challenge. The target of this research is to assess the 

enhancement of mechanical properties of Al7075 

using 1–5 wt.% Gula clay and  constant amount of 

2 wt.% soot for military applications. 

2 Materials and Methods 

2.1 Experimental Materials 

Materials used in this research are block Aluminium 

7075, soot and Gula clay. The Gula clay was locally 

sourced from Gula village in Shafa local government 

area of Southern Borno, soot was generated in Biu, 

Biu local government area of Borno State and the 

Aluminium7075 was procured from Lagos State, 

Nigeria. 
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2.2 Methods 

2.2.1 Preparation of Aluminium 7075 and Charge 

Calculation 
Aluminium 7075 (Al7075), a high-strength 

aluminium alloy, was selected as the base material for 

this research due to its excellent mechanical properties 

and suitability for ballistic applications. The 

preparation process was meticulously carried out to 

ensure the alloy met the requirements for experimental 

reinforcement with soot and Gula clay. 

2.2.2 Soaking and Initial Purification 

To begin the preparation process, an adequate amount 

of raw Gula clay was collected and soaked in water for 

three days. This soaking step served multiple 

purposes, including softening the clay, removing 

soluble impurities, and reducing its iron content. 

Excessive iron can adversely affect the mechanical 

properties of aluminium composites, as it tends to 

form brittle intermetallic phases (Mukhopadhyay and 

Karmakar,2019). During the soaking phase, impurities 

such as organic matter, soluble salts, and coarse 

particles settled or dissolved into the water.  After the 

initial soaking, the clay was sieved using a mesh with  

150µm aperture size. This sieving step was critical in 

eliminating larger particles, stones, and debris from 

the clay matrix. Removing these impurities was 

essential for ensuring the final clay reinforcement 

would be homogeneously distributed within the 

aluminium alloy during composite fabrication. 

According to (Agboola et al.,2020), the removal of 

coarse particles enhances the binding efficiency and 

mechanical reinforcement properties of clay materials. 

2.2.3 Melting and Casting Process 

The Al7075 alloy was procured in solid block form, 

cut in to small sizes, weighed on  digital weighing 

balance (3 decimal places) based on preliminary 

charge calculations, and  melted using  pit melting 

furnace. The melting temperature was carefully 

maintained between 680°C and 700°C, as 

recommended by (Alu et al., 2018), to ensure 

complete liquefaction without causing oxidation or 

degradation of the alloy’s properties. This temperature 

range was determined based on the melting point of 

aluminium and its alloying elements, such as zinc and 

magnesium.  Once the alloy reached its molten state, 

it was poured into a sand mould, which was 

specifically designed to produce narrow, elongated 

castings. This casting design was selected to facilitate 

subsequent size reduction and particle refinement. The 

molten alloy was allowed to cool and solidify under 

ambient conditions. This cooling process was 

monitored to avoid rapid cooling, which could lead to 

thermal stresses and defects in the microstructure 

(Davis, 1999). For the reinforced samples, varying 

amounts  of Gula clay (1–5 wt.%) with a constant 

amount of 2wt.% soot (soot quantity ≤ 2wt.% 

improves the microstructure and mechanical 

properties of Al7075 (Rao et al., 2021)) were added 

to the molten aluminium in the furnace. The mixture 

was stirred vigorously to promote uniform particle 

distribution. This step is critical, as uneven dispersion 

of reinforcement particles can result in material 

inconsistencies and localized weak points (Ikubanni et 

al., 2022). 

To create a range of samples, different amounts of 

Gula clay were weighed in increments from 1wt. % to 

5wt. %, at interval of 1wt. %.  The subsequent samples 

followed a similar procedure, with  aluminium weight 

decreasing by 1wt.% for each sample while the Gula 

clay content increased by 1wt.%. The process 

continued until the final sample was produced, 

This incremental variation allowed for the systematic 

evaluation of the effect of Gula clay content on the 

composite's mechanical properties. 

2.2.4 Solution Heat Treatment at 550°C for 1 Hour 

The samples were heated in the muffle furnace and 

subjected to a solution heat treatment at 550°C for one 

hour. During this phase, the aluminium matrix 

dissolved alloying elements such as zinc, magnesium, 

and copper into a supersaturated solid solution. Rapid 

cooling after solution treatment "freezes" the solute 

atoms in place, setting the stage for subsequent 

precipitation during aging (Mishra et al., 2020). 

2.2.5 Artificial Aging at 130°C for 3 Hours 

Each selected sample was placed in an oven preheated 

to 130°C for duration of three hours. This stage 

facilitated the initial precipitation of secondary phases 

such as (MgZn2) within the aluminium matrix, which 

strengthens the alloy by impeding dislocation 

movement (Lumley et al.,2009). The uniform heat 

distribution in the oven enssured consistent aging 

throughout the sample. 

3 Results and Discussion 

3.1 Optical Microstructural Analysis Results 

Figures 1(a – f) display optical micrographs of hybrid 

composites having varied proportions of Gula clay (1 

to 5wt.%), constant amount of 2wt.% soot and the base 

metal is Al7075. The Zn - Al rich matrix was present. 

It is observed that the distributions of the overall 

reinforcements were uniformly distributed. One can 

see the reinforcement that is present inside matrix. The 

distribution of the reinforcements in the Al7075 

phases (Al - rich phase and Zn - rich phase) largely 

covers the dendritic grain structure of typical Al7075 

as the Gula clay content increases (Fatile et al., 2017) 
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Each Micrograph shows no noticeable structural 

damage and none of the samples exhibited clustering 

of reinforcements in the matrix. There was a great 

dispersion of reinforcements as they moved across the 

matrix. There is a strong bond between the matrix 

material and reinforcements. The fine particles of 

Gula clay and the ultra-fine soot, enhances the binding  

efficiency (Agboola et al, 2020). Increase in the 

quantity of reinforcing materials in the base matrix led 

to a reduction in the grain size. In each of the 

composite, the primary phase of the microstructure 

was determined to be Al, and it was followed by 

nucleation of MgZn2 and Al2CuMg precipitates. Both 

could be found in the intervals between the dendrites 

(Angadi et al., 2024). 

 

 
 

 
 

Figure 1: (a) As – Received Al7075 (b): 1wt. % Gula clay + 2wt. % Soot + Al7075 (c): 2wt. % Gula clay + 2wt. % 

Soot + Al7075. (d): 3wt % Gula clay + 2wt. % Soot + Al7075 (e): 4 wt. % Gula clay + 2 wt. % Soot + Al7075 (f): 

5wt% Gula clay + 2wt. %Soot + Al7075 

3.2 Hardness Test Results 

Hard Gula clay and soot is included into the mixture, 

resulting in a progressive rise in the hardness values 

of the samples from 136HV to 187 HV showing that 

37.5% improvement in hardness of Al7075 was achieved 

as shown in Figure 2. Controlled soot addition (less or 

equal 2 wt. %) can increase hardness, wear resistance, 

and microstructural stability but excessive or uneven 

soot can reduce tensile properties (Ravikumar, et al., 
2018). The effect of clay on the hardness of Al7075 

depends on how the clay is introduced, the type of clay, 

dispersion of clay particles in the Al7075 matrix, and, 

adding clay particles into Al7075. The results of this 

study emphasized the proportionate increase in 

hardness that occurs with increasing Gula clay at 2wt. % 

soot particle reinforcement in the Al7075 metal matrix 

composite. During the casting process, the molten 

aluminium 7075 undergoes solidification, a phase 

transformation from liquid to solid. The rate of 

solidification and the presence of reinforcements (1 - 

5wt.% Gula clay and 2wt.% soot) influence the 

microstructure of the alloy. According to the theory of 

grain refinement, the addition of fine particles during 

solidification promotes heterogeneous nucleation, 

resulting in a finer grain structure and improvement in 

hardness (Suresh and Srivastava 2018). 

 

A B C 

D E F 
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Figure 2: Hardness of Gula Clay at 2wt. % Soot Reinforced 

Al7075 Composite 

 

3.3 Impact Energy Results 

Figure 3 shows the influence of varying amount of 

Gula clay at 2wt.% of soot on Al7075 Composite. 

From the Charpy impact results obtained for all the 

samples, progressive increase in impact resistance was 

noticed. The impact value of the unreinforced Al7075 

is 17.6J, while the reinforced samples (1wt – 5wt.% 

Gula clay at constant 2wt.% soot) have impact 

resistance values of 21J, 24J, 28J, 33J and 34J 

respectively, signifying 48% enhancement in impact 

strength of Al7075. This indicates that the addition of 

more reinforcement (Gula clay at constant content of 

2wt. % soot soot) enhances the material's ability to 

absorb energy before fracturing. This result aligns 

with the typical behaviour observed in composite 

materials where an increase in reinforcement content 

generally improves the material's toughness due to the 

energy dissipation at the interfaces between the matrix 

and the reinforcement particles. 

 

 
 

Figure 3: Impact Resistance of Gula Clay at 2wt. % Soot Reinforced Al7075 Composite 

 

3.4 Wear Rate Results 

Figure 4 represents the material lost due to wear for 

each sample. The worn mass generally decreases as 

the Gula clay content increases from 1wt.% to 5wt.% 

at constant amount of 2wt.% soot in the Al7075 matrix. 

The mass loss varies from 0.0259g to 0.005g (81% 

enhancement), suggesting better wear resistance. The 

mass loss which is directly related to wear rate reduces 

with clay content, confirming that clay additions in the 

range of 1 – 5wt.% at 2wt.% soot lead to greater wear 

resistance of Al7075. This is due to the fact that clay 

as a natural alumino-silicate material composed of 

SiO2, Al2O3 and Fe2O3 when used as a reinforcement 

in Al7075 matrix composites, it can acts as solid 

lubricant and wear barrier, improving load bearing 

ability and reduce both adhesive and abrasive wear 

mechanism. Clay particles increase the surface 

hardness of the Al7075 matrix, reduce material loss 

during sliding. In addition, fine Gula clay particles 

distribute the load more evenly, minimizing localized 

deformation. It forms a tribo – layer on the contact 

surface, reducing metal to metal contact (Suresh, and 

Srivastava, 2018). 

 

3.5 Percentage Elongation Results 

Figure 4 showed the Mass Loss of Gula Clay at 2 wt.% 

Soot Reinforced Al7075 Composite. The ductility (% 

elongation) tends to decreases gradually as the Gula 
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clay content in the Al7075 was increased from 1 – 

5wt.%.  The decrease in percentage elongation  is due 

to the ceramic reinforcement which reduces the overall 

ductility of the composite, which is a trade-off 

commonly observed in metal matrix composites 

(MMCs) (Kumar et al., 2020). However, the decreases 

are marginal (3.4%, 4.74%, 6.16%, 8.53% and 10.9% 

respectively). The result obtained is of similar trends 

with the work reported on aluminium composites, 

showing that ductility decreases with increasing 

reinforcement (Khan, and McNally, 2023). 

 

 

 

 
 

Figure 4: Mass Loss of Gula Clay at Soot Reinforced Al7075 Composite 

 

 
 

Figure 5: % Elongation of Gula Clay at 2wt. % Soot Reinforced Al7075 Composite 

 

 

3.6 Tensile Strength Result 

Figure 6 illustrates the ultimate tensile strength (UTS) 

of the material with varying percentages    of Gula clay 

and soot. In the presence of 0 – 5wt. % addition of 

Gula clay and soot, there is an observable increase in 
UTS values, which range from 186 MPa to 269 MPa, 

for the unreinforced Al7075 and Gula clay and soot 

reinforced Al7075. This implies that 44.6% 

improvement in ultimate tensile strength of Al7075. 

 This consistent increase in tensile strength of the 

reinforced Al7075 composite indicates that Gula clay 

within the range of (1 - 5wt.%), at A constant 2wt.% 

soot plays an important role in determining the 

mechanical characteristics of the composite, notably is 

increase in its  tensile strength. Incorporating different 

amounts of Gula clay at constant 2wt.% soot into the 

Al7075 has a favourable influence on the ultimate 
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tensile strength of Al7075. The fine and closely packed 

arrangement of Gula clay and soot particles in the 

Al7075 are responsible for the increased strength. This 

arrangement also helps to reinforce the molecular 

strength in the aluminium lattice for the composites. 

The strengthening effect of the composites is based on 

the presence of hard reinforcement particles (fine 

particulate of Gula clay and ultra – fine soot). In 

aluminium alloy composite, the ceramic particles 

(Gula clay and soot) are homogeneously and 

uniformly distributed, thereby, acted as a block off for 

dislocation motion of matrix alloy, the addition of 

ceramic particles mainly improves the affecting 

tensile strength of composite by stress transfer from 

the aluminium matrix (ductile phase) to the reinforced 

(brittle) particles. This is achieved by Orowan 

mechanism by which a dislocation bypasses heavy 

obstacles where a dislocation restricted around a 

particle. This result is in accordance with the findings 

of (Murali et al., 2014 and Sambathkumar et al., 2014). 

 

 

 
 

 
Figure 6: Ultimate Tensile Strength of Gula Clay at 2wt. % Soot Reinforced Al7075 Composite 

 

 

 

 

k

4 Conclusion 

Based on the experimental results, it can be concluded 

that:  

1. Al7075 was successfully reinforced with 1 – 5 wt.% 

of Gula clay and 2wt.% soot through stir – sand 

casting technique. 

2. Optical micrographs of the produced samples 

consist of Zn – Al rich (primary and secondary 

soft phases) matrix with uniformly distributed 

(hard phase) fine particulate of Gula clay and 

ultra-fine soot. 

3. The hardness property of Al7075 was improved 

by 37.5%. 

4. The impact strength of Al7075 was increased by 

48% at the maximum weight of 5wt.% Gula clay 

and 2wt.% soot. 

5. Wear resistance of Al7075 was enhanced by 81% 

6. There was a marginal reduction in ductility of 

Al7075 by 3.4 to 10.9%. 

7. The tensile strength of Al7075 was improved by 

44.6%. 

8. The interplay of soot and Gula clay enhanced the 

microstructural and mechanical properties of 

Al7075 alloy for ballistic protection material 

application. 
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