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Abstract 

Composite materials are harnessed to obtain wear resistance in light castings. 

Aluminum alloys aa2024 castings were prepared by adding alloying elements to 

pure aluminum. Carbon nanotubes CNTs 20-30 nm long were added to four sample 

castings after being coated with several layers of aluminum foil. Titanium , Ti was 

added to the molten as a powder with percentages of 0, 0.5, 1, 1.5, and 2%, 

respectively.  These alloys were titled Sa0, Sa1, Sa2, Sa3, and Sa4. The changes in 

hardness and wear resistance properties were examined for all samples. The 

hardness of non-heat-treated samples with 1.5% Ti was increased by about 116% 

compared with base aa2024. The highest hardness was the sample aa2024-1.5 

CNTs-2 Ti, which increased to HV235 compared with the base alloy. The test 

results indicate that the lost weight decreases from 84×10-5 to 0.8×10-5 gr for 

samples aa2024 base and hybrid aa2024-1.5CNTs-2Ti r before solution heat 

treatment. Moreover, the solution treatment has a significant effect on wear 

resistance. The results indicated that the weight loss decreased to 0.1×10-5 g at a 

sliding time of 7 minutes for the hybrid of aa2024-1.5CNTs-2 Ti. This sample has 

the best hardness and wear resistance. 

Keywords: Aluminium alloy, Carbon nanotubes, Solution heat, Titanium additive, 

treatment, Wear resistance. 
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1. Introduction 

The wrought aluminum alloy aa2024 has been used in aircraft frames, rivets, bolts, 

truck wheels, screw machine products, and other structural parts [1, 2]. One of the 

most basic objectives in the automotive and aerospace sectors is the attainment of 

durability and wear resistance in light castings [3]. These qualities can be obtained 

using composite materials [4, 5]. This perspective prompted researchers to create 

metal matrix composite MMCs castings with outstanding durability and wear 

resistance. Ceramics or other high-strength particles, whiskers, and short and 

continuous fibers are examples of these additives. The methods of using and 

manufacturing aluminum matrix composites (AMCs) are continually changing 

because of the ease of manufacture and the good quality of the result [6]. AMCs 

have gained much traction due to their high strength, toughness, wear resistance, 

increased compressive strength, thermal conductivity, dimensional stability, and 

ductility [7, 8].  

The mechanical properties of Al 2024-based hybrid metal composites were 

studied and evaluated, and the contents of E-glass and fly ash affected the 

mechanical properties of hybrid aa2024. The study results concluded that the 

compression and ultimate tensile strength increased with increasing the E-glass 

contents [9]. Carbon nanotubes (CNTs) could be an excellent reinforcement for 

metal matrix composites, specifically for composites with aluminum alloy matrix. 

The presence of Carbon nanotubes leads to the formation of a deeper modified 

layer, with segregation of Si particles homogeneously dispersed and improved 

hardness [10].  

The graphene/CNTs reinforcement in the Al matrix affects the parameters: yield 

strength, microhardness, ductility, and tensile strength monitored in a review article 

[11]. The impact of the inclusion of Ti powder and T6 heat treatment on the 

microstructure and mechanical properties of A356-based composite comprising 0.5, 

1.5, and 5 wt.% Ti manufactured by compo-casting to improve the hardness and tensile 

strength [12]. The influence of Nano-alumina ceramic particle contents and the mixing 

temperature of casting on mechanical properties of aa2024 and the enhancement of the 

matrix properties have been studied by Jiang et al. [13], Al-Zuhairi and Alshalal [14], 

and Al-Zuhairi et al. [15]. Carbon nanotubes (CNTs) could be an excellent 

reinforcement for metal matrix composites, specifically for composites with aluminum 

or aluminum alloy matrix. Pérez-Bustamante et al. [16] used mechanical milling to 

create a composite material from 2024 aluminum alloy and CNTs (carbon nanotubes). 

The microstructure was studied using a scanning electron microscope and a transition 

electron microscope. The phases that developed from the product's heat treatment were 

determined by X-ray diffraction. The authors determined that including CNTs resulted 

in a quick increase in mechanical characteristics. Ergul et al. [17] created a hybrid 

composite Al 2024-MgO-MWCNTs. The authors investigated the wear resistance of 

this alloy and concluded that a suitable reinforcing quantity ratio should be used to 

improve the composite's wear behavior. In addition, the effect of adding nano-sized 

particles on the aluminum alloy matrix has been investigated [18]. 

This study aims to increase the composite material's hardness to improve the 

aluminum alloy's wear resistance. This research's novelty is adding titanium metal in 

variable percentages to the composite of 2024 aluminum-nano carbon tubes to 

produce a new hybrid composite alloy to improve the mechanical properties 

(hardness and wear resistance). 
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2.  Experimental Procedure 

Castings were created utilizing the standard method of casting in this paper. Aluminum 

alloys have been used to make the castings aa2024 using the stir casting method. 

2.1.  Sample preparation 

It was created by alloying elements added to pure aluminium following the 

aluminium alloy standard 2024. After smelting, 1.5% of multi-walled carbon 

nanotubes (MWCNTs) that are 20-30 nm long were added to four castings. The 

MWCNT's coated with numerous layers of aluminum foil. After coating, the 

powder is preheated to 300 oC, immersed in the molten metal, and mixed by an 

electric mixer at about 650 rpm for 5 minutes. After that, the titanium powder with 

a grain size of 25 μm was prepared by the same method of MWCNTs, then 

immersed in the molten metal and mixed in the same method and time. The titanium 

percentages added to the samples (Sa.0, Sa.1, Sa.2, Sa.3, and Sa.4 were 0, 0.5, 1, 

1.5, and 2 %, respectively). The slag was removed after adding 1 gm of hydride 

aluminium-chloride (AlCl3.6H2O) slag removal. Then, the molten was poured into 

a cast-iron mold and preheated to about 300 °C. The casting dimensions were 14 

mm in diameter and 220 mm in length. 

2.2.  Measuring procedure and Measurement devices 

Half of each sample was sliced in half and subjected to solution heat treatment. The 

solution was heated to 500 °C for 5 hours before being quenched in chilly water. 

An artificial aging process was conducted at 190 °C for 10 hours. Samples were 

sliced for chemical and mechanical tests according to sample preparation criteria. 

Optical emission spectroscopy (SPECTROMA) was used to determine the 

chemical composition of the alloy, as shown in Table 1. Tescan Vega 3 SEM and 

EDX were used to examine the microstructure [13].  

Table 1. Chemical composition of five samples of fabricated alloys. 
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3.  Results and Discussion 

The results of hardness tests of the examined samples before solution treatment and 

aging are shown in Fig. 1.  

As apparent from the values of the hardness results, there is a notable difference 

in the values according to the different chemical compositions. The sample without 

the addition of MWCNTs (aa2024-MWCNTs composite) has a higher hardness 

compared with the base alloy because of the dispersion of MWCNTs in the matrix 

and interfacial bonding between the matrix and CNTs. The CNTs interact with 

aluminium to form the compound (Al4C3), adopting the references [13, 14, 19] 

procedure. The hardness of hybrid aa2024-1.5% MWCNTs-Ti composite also 

increased with increasing the titanium content. The higher hardness was at samples 

with 1.5 and 2%Ti. The increase was about 116% compared with base alloy aa2024. 

The rate of increase of hardness increased continuously, up to 1.5%Ti content, but 

decreased at 2%Ti. This increases because of the presence of Ti in the aluminium 

composite alloy. The Ti acts as a nucleus to refine the grains, increase the grain 

boundary area, and increase the hardness. Moreover, in the presence of silicon (Si), 

the compound of (Al, Si)3Ti phase residues [20]. 

 
Fig. 1. The measured hardness of the samples before treatments. 

Figure 2 shows the increment in the hardness value compared with non-heat-

treated samples. The hardness of the base metal, as well as composite aa2024, was 

increased. It is the notable effect of Ti on the hardness of composite alloys. The 

hardness increased from 175 (hardness of aa2024-1.5%CNTs before solution heat 

treatment to 235 (hardness of aa2024-1.5%CNTs-2%Ti) after solution heat 

treatment. During the solution treatment, the alloys were quenched to obtain 

homogeneity upon cooling. This process produces a supersaturated solid solution.  

At room temperature, the components of the quenching process begin to 

produce ductile but unstable alloys. These phases are the solid solution, α, and 

intermetallic compound θ (Al2Cu). The artificial aging process is carried out to 
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obtain high-strength alloys. Stable compounds precipitate during the aging process 

as these compounds separate from the supersaturated solid solution formed in the 

quenching process. These compounds or phases increase the hardness of the alloy 

after aging and are called second phases. These phases are the θ" and θ', which 

grant high strength to alloys. Moreover, the presence of CNTs increases hardness 

because of the formation of a hard phase Al4C3, as examined by reference [11]. 

 
Fig. 2. Hardness results after treatment. 

Figure 3 reveals the relation between lost weight and dry sliding wear resistance 

time of hybrid MWCNTs-Ti reinforced aa2024 without heat treatment. The value 

of lost weight was changed clearly by the presence of CNTs and variation of Ti 

content. In addition, the wear resistance changed with variations in sliding time. 

The lost weight of aa2024 base metal was (80×10-5 gr, 106×10-5 gr, 115×10-5 gr, 

and 123×10-5 gr., at 7, 14, 21, and 28 min, respectively). This value decreases 

obviously at aa204-MWCNTs composite, without Ti addition, too (32×10-5 gr, 

38×10-5 gr, 42×10-5 gr, and 46×10-5 gr at 7-, 14-, 21-, and 28-min sliding times, 

respectively). This increase in the wear resistance of the samples containing 1.5% 

MWCNT, compared to the base alloy, was because of the diffusion of carbon 

nanotubes and their interaction with aluminium to form solid compounds of the 

Al4C3 phase [11]. As appears in Fig. 3, the lost weight increased with sliding time, 

but the rate of weight loss decreased with increasing time. This was due to the 

presence of crushed grains from the sample's surface because of friction between it 

and the disc's surface. These crushed grains act as a lubricant between the surfaces. 

The wear resistance decreases with increasing the Ti content for all samples. For 

example, the lost weight decreases from (84×10-5 gr to 0.8×10-5 gr for samples 

aa2024 and hybrid aa2024-1.5CNTs-2Ti, respectively) at 7 sliding times. This 

increment in wear resistance results from Ti, which acts as a nucleus to refine the 

grains and increase the grain boundaries area, then increase the hardness as 

discussed above. 

Figure 4 shows the relation between lost weight and dry sliding wear resistance 

time of hybrid MWCNTs-Ti reinforced aa2024 after solution heat treatment. The 

wear resistance values improved after solution heat treatment for all samples, 

aa2024 base alloy, aa2024-1.5 CNTs, and the hybrid composite of aa2024-

1.5CNTs-Ti. The base alloy's wear resistance increased due to solution treatment. 

 

  

   

   

   

   

         
         

 
  
 
 
  
  
 
  
 
 
  
  
  

       



2973       L. M. Asaad et al. 

 
 
Journal of Engineering Science and Technology      December 2023, Vol. 18(6) 
 

The lost weight decreased from 84×10-5 to 34×10-5 g at 7 min. Sliding time, before 

and after solution treatment, respectively. The sample aa2024-1.5 CNTs also view 

enhancement in wear resistance. The lost weight was reduced from (32×10-5 to 

22×10-5 g for sliding time 7 min.) before and after solution treatment. Also, the 

wear resistance was increased for all sliding times. The wear resistance is also 

improved due to carbon nanotubes, Ti, and solution treatment. The lost weight of 

sample aa2024-1.5CNTs-2Ti) decreases from 0.8×10-5 to 0.1×10-5 g at 7 min. 

Sliding time before and after solution treatment, respectively. This sample is the 

best wear resistance. This improvement in the wear resistance is due to the reasons 

mentioned in the hardness discussion. 

 

Fig. 3. Lost weight during dry sliding  

wear for samples before solution heat treatment. 

 

Fig. 4. Lost weight during dry sliding  

wear for samples after solution heat treatment. 
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4.  Conclusions 

Aluminium alloys, aa2024 castings were prepared by adding alloying elements to 

pure aluminium. Carbon nanotubes of 20-30 nm long were added to four sample 

castings in the same percentage after being coated with several layers of Aluminium 

foil. Composite materials are harnessed to obtain wear resistance in light castings. 

It has been found that adding MWCNTs and Ti in aa2024 alloy enhanced the 

hardness and wear resistance. Increasing the Ti content increased the hardness of 

samples before solution treatment. The hardness increased from 145HV1 to 

194HV1, while after solution treatment it increased from 175HV1 to 235HV1. The 

wear resistance increased with the presence of MWCNTs, but decreases with 

increasing sliding time, but the rate of decrease is reduced with sliding time. 

However, the wear resistance increased with increasing Ti content before solution 

treatment. The lost weight decreases from 32×10-5 g to 0.8×10-5 and increased with 

increasing Ti content after solution treatment. The lost weight decreases from 

13×10-5 g to 0.1×10-5 g. 

Abbreviations 

AMC Aluminium matrix composite 

CNT Carbon nanotubes 

MMC Metal matrix composite  

MWCNT multi-walled carbon nanotube 
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