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Abstract. This research investigates the development of a high-performance 

aluminum-silicon (Al-Si) alloy connecting rod and piston reinforced with 

titanium boride (TiB) particles. Al-Si alloys are widely used in the 

automotive sector due to their lightweight nature, good thermal conductivity, 

and corrosion resistance. However, their mechanical properties, especially 

tensile strength, hardness, and wear resistance are often insufficient for 

demanding applications like connecting rods. To address this, TiB particles 

are introduced as reinforcements to create a metal matrix composite with 

superior mechanical performance. The study emphasizes refining the casting 

process to ensure uniform dispersion and strong bonding of TiB particles 

within the Al-Si matrix, which is crucial for consistent and reliable 

performance. Casting parameters are optimized to enhance microstructural 

uniformity and particle integration. After casting, mechanical testing was 

conducted, including tensile strength, hardness, and wear resistance 

evaluations. The results show significant improvements in all tested 

properties compared to the unreinforced alloy. The TiB-reinforced composite 

demonstrated higher tensile strength, increased hardness, and reduced wear, 

indicating its suitability for high-stress engine components. These 

enhancements suggest that the reinforced connecting rod and piston can offer 

longer service life, reduced maintenance, and improved reliability in 

automotive applications, making it a promising solution for lightweight and 

durable engine part manufacturing.  

1 Introduction 

In the pursuit of higher fuel efficiency and reduced emissions, the automotive industry 

continues to demand lightweight, high-performance materials for engine components [1]. 
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Aluminum-silicon (Al-Si) alloys are among the most widely used non-ferrous materials in 

the production of engine parts such as pistons and connecting rods due to their low density, 

good castability, thermal conductivity, and corrosion resistance [2]. However, conventional 

Al-Si alloys often exhibit insufficient mechanical strength, hardness, and wear resistance 

for use in highly stressed and thermally demanding environments found in internal 

combustion engines [3]. This limitation restricts their application in components that are 

subject to high loads, friction, and continuous cyclic stresses. 

To overcome these challenges, metal matrix composites (MMCs) have emerged as 

promising candidates. In particular, the reinforcement of Al-Si alloys with ceramic particles 

such as titanium boride (TiB) offers an effective approach to enhance their mechanical and 

tribological properties [4]. TiB particles are thermally stable, hard, and chemically 

compatible with aluminum matrices. Their addition can improve tensile strength, hardness, 

wear resistance, and thermal stability without significantly increasing the overall density of 

the component [5]. Moreover, TiB particles can be synthesized in situ during casting, 

ensuring fine particle dispersion and strong interfacial bonding with the aluminum matrix 

both of which are critical for achieving uniform mechanical performance [6]. 

The urgency of this research lies in the growing global demand for lightweight and 

durable materials that can contribute to the development of energy-efficient and 

environmentally friendly vehicles. With tightening emissions regulations and increasing 

market pressure for better fuel economy, automakers are under continuous pressure to 

replace traditional steel-based components with advanced lightweight alternatives. 

Developing TiB-reinforced Al-Si alloys for critical engine parts like pistons and connecting 

rods offers a viable solution to meet these challenges without compromising safety or 

performance. This study addresses a critical need in automotive engineering by developing 

advanced composite materials through an economically feasible process. The outcomes of 

this research are expected to provide valuable insights into material design and processing 

strategies that support sustainable, high-performance vehicle technologies. 

Table 1. Properties of Aluminum. 

Properties 

Purity of Aluminum (%) 

99.996 >99 

Density (gr/cm3) 26.989 2.71 

Melting Point (°C) 660.2 653-657 

Specific Heat (Cal/gr °C) 0.2226 0.2297 

Specific Conductivity (%) 64.94 59 

Electrical Resistivity Temperature 

Coefficient (/°C) 
0.00429 0.0115 

Expansion Coefficient (20-

100°C) (mm3) 

23.86 x 10-6 23.5 x 10-6 

 

This research focuses on the development and characterization of TiB-reinforced Al-Si 

alloy components, specifically targeting connecting rods and pistons, which are core 

elements of an engine's reciprocating system. These components are constantly exposed to 

high pressures and temperatures, and their reliability directly affects the engine's 

performance, efficiency, and durability. By reinforcing Al-Si alloys with TiB particles and 

optimizing the casting process, this study aims to fabricate components with enhanced 

structural integrity, increased wear resistance, and extended service life [7]. The research 

utilizes stir casting, a cost-effective and scalable method suitable for mass production, to 

incorporate TiB particles uniformly into the Al-Si matrix. Comprehensive microstructural 

and mechanical evaluations including tensile testing, hardness measurement, and wear 
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resistance analysis will be conducted to assess the performance benefits of the reinforced 

composite [8]. 

Several previous studies have explored the use of metal matrix composites (MMCs), 

particularly aluminum-based composites, for high-performance automotive applications. 

Among these, aluminum-silicon (Al-Si) alloys reinforced with ceramic particles have 

gained significant attention due to their potential to combine lightweight characteristics 

with enhanced mechanical properties. Reinforcements such as silicon carbide (SiC), 

alumina (Al₂O₃), and titanium diboride (TiB₂ or TiB) have been widely studied for their 

ability to improve the strength, hardness, and wear resistance of Al-Si alloys [9]. 

One notable study by Wang et. al. (2023) reviewed the processing and mechanical 

behavior of particle-reinforced MMCs, emphasizing how proper reinforcement distribution 

significantly impacts mechanical performance. Their findings highlighted that uniform 

particle dispersion and strong interfacial bonding between the matrix and reinforcements 

are critical to achieving consistent composite behavior under load [10]. 

In the context of TiB as a reinforcing agent, several researchers have demonstrated its 

advantages in aluminum-based composites. TiB is favored over other reinforcements due to 

its high modulus of elasticity, thermal stability, and in-situ synthesis capability during the 

casting process. In-situ formation ensures cleaner particle-matrix interfaces, finer particle 

sizes, and a more homogeneous distribution, which collectively enhance the mechanical 

performance of the composite. A study conducted by Lixia et al. (2020) demonstrated that 

Al-TiB composites produced through in-situ casting exhibited higher tensile strength and 

improved wear resistance compared to traditional composites reinforced with externally 

added particles [11]. 

Further, Sudhir and Pradeep (2025) investigated the mechanical behavior of Al-12Si 

alloy reinforced with in-situ TiB particles using stir casting [12]. Their research showed 

that the tensile strength increased by over 20%, and the hardness improved significantly 

compared to the unreinforced alloy. They also noted that wear resistance improved by 30–

40%, attributing the results to the fine dispersion of TiB particles and their ability to inhibit 

dislocation motion. In the context of automotive applications, Hullur et al. (2023) studied 

the reinforcement of TiB particles in Al-Si alloys for piston applications [13]. Their study 

reported that reinforced composites could withstand higher operating temperatures and 

cyclic stresses without significant degradation. They recommended further exploration of 

the use of TiB in critical engine components such as pistons and connecting rods, 

emphasizing the need for process optimization in casting to ensure particle uniformity. 
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Fig. 1. Schematically shows the preparation process of TiB2 composite [13]. 

Despite the progress, there remains a lack of research that focuses specifically on 

integrating TiB-reinforced Al-Si composites into both pistons and connecting rods as 

functional engine components. Most studies focus on either small-scale samples or single-

component analysis. Moreover, limited studies have addressed the industrial feasibility of 

using stir casting for mass production of such composites while maintaining uniform 

particle distribution and component reliability. Therefore, the current research builds upon 

these previous works by advancing the integration of TiB-reinforced Al-Si composites into 

key engine components through an optimized and scalable stir casting process. It also aims 

to bridge the gap between laboratory-scale testing and real-world application, offering both 

performance evaluation and practical insights for future automotive engineering solutions 

2 Research method  

2.1 Schematic architecture 

The research method involves the fabrication of TiB-reinforced Al-Si alloy composites 

using the stir casting process.  

 
Fig. 2. Flowchart diagram of the study. 
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The molten composite is stirred to ensure uniform dispersion of reinforcements and then 

cast into molds. Specimens are machined for testing, followed by characterization using 

Scanning Electron Microscopy (SEM), hardness testing, and wear resistance evaluation. 

Results are analysed to determine the mechanical improvements due to TiB reinforcement. 

This flowchart in Figure 2 illustrates the systematic methodology employed in the 

research on developing TiB-reinforced Al-Si alloy components for automotive applications. 

The process begins with material selection, where aluminum-silicon alloy and TiB 

precursors are chosen. This is followed by the casting process, which includes continuous 

stirring for uniform TiB particle dispersion and casting into specific mold shapes such as 

connecting rods and pistons. After solidification, the cast products undergo machining to 

prepare test specimens. These are then subjected to characterization, which includes 

Scanning Electron Microscopy (SEM) for microstructural analysis, as well as hardness and 

wear tests to assess mechanical performance. The gathered data is then used in data analysis 

and comparison, evaluating the differences between reinforced and unreinforced specimens. 

The final step involves drawing conclusions and recommendations, summarizing findings 

and suggesting directions for future research. This structured approach ensures reliability, 

repeatability, and comprehensive evaluation of the developed composite materials. 

2.2 Mechanical properties  

In this research, the Rockwell Ball Hardness Test was employed to evaluate the surface 

hardness of aluminum-silicon (Al-Si) alloy specimens reinforced with titanium diboride 

(TiB) particles [14]. The Rockwell B scale (HRB), which uses a 1/16-inch hardened steel 

ball as the indenter and a 100 kgf major load, was selected due to its suitability for testing 

non-ferrous metals such as aluminum alloys (Figure 3). The test method involves applying 

a minor load to establish initial contact, followed by a major load to create an indentation 

on the specimen surface. After maintaining the major load for a standard dwell time, it is 

released, and the depth of the resulting indentation is measured while the minor load is still 

applied.  

As illustrated in the figure, materials with higher hardness values show shallower 

indentations, while softer materials display deeper ones. In this study, the Rockwell test 

provided quantitative data on how the TiB reinforcement influenced the hardness of the Al-

Si alloy. Improved hardness values in the reinforced samples indicate increased resistance 

to surface deformation and wear, which are crucial for automotive components such as 

connecting rods and pistons. This test method was integral in validating the effectiveness of 

TiB particle dispersion and bonding within the alloy matrix. 

 

 
Fig. 3. Rockwell ball hardness test [14]. 
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Fig. 4. Illustration of different wear test methods [15]. 

 

The image in Figure 4, illustrates four commonly used wear testing configurations in 

tribology: pin-on-disk, reciprocating pin-on-disk, ring-on-flat, and crossed-cylinders. These 

methods are designed to evaluate the friction and wear behaviour of materials under 

different types of contact and motion. In the pin-on-disk setup, a stationary pin is pressed 

against a rotating disk to simulate continuous sliding contact, making it ideal for testing the 

wear resistance of materials like metal alloys or coatings. The reciprocating pin-on-disk 

method involves back-and-forth motion of the pin over the disk, representing oscillating 

contact found in engine components. The ring-on-flat configuration uses a ring specimen 

sliding over a flat surface to provide line contact, which is useful for simulating gear or 

bearing interactions under larger loads. Lastly, the crossed-cylinder setup involves two 

cylindrical specimens that contact each other at a point, simulating rolling-sliding wear, as 

seen in camshafts or rolling bearings. These test methods are essential in material 

characterization, especially for assessing advanced composites like TiB-reinforced Al-Si 

alloys. By applying these techniques, researchers can determine key tribological properties 

such as wear rate, friction coefficient, and material degradation, which are crucial for 

automotive applications requiring high durability and mechanical performance [15]. 

3 Results and Discussion 

3.1 Scanning Electron Microscope 

The Scanning Electron Microscope (SEM) analysis of the aluminum-silicon (Al-Si) alloy 

reinforced with TiB particles reveals significant improvements in microstructural integrity 

and wear resistance. The SEM image in Figure 5, shows a refined and uniform distribution 

of TiB particles embedded within the aluminum matrix, which play a critical role in 

hindering dislocation movement and minimizing localized deformation.  

The worn surface of the alloy displays shallower grooves and less severe abrasive marks 

compared to unreinforced samples, indicating that the TiB particles effectively reduce 

material removal during sliding wear. Additionally, the presence of fine wear debris 

suggests a mild wear regime, with reduced adhesion and surface damage. No large cracks 

or delamination were observed, reflecting strong interfacial bonding between the TiB 

particles and the matrix. This microstructural stability under load confirms that the 

incorporation of TiB reinforcement enhances hardness, improves wear resistance, and 
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maintains the structural coherence of the alloy. These findings support the alloy's suitability 

for high-performance automotive applications, particularly in components like connecting 

rods and pistons that operate under high friction and mechanical stress conditions. 

 

 
Fig. 5. SEM result on Al-Si specimen with addition TiB  

 

 
Fig. 6. SEM result on Al-Si specimen without addition TiB. 

 

The SEM image in Figure 6, shows the worn surface of an Al-Si alloy sample without 

TiB reinforcement. The surface displays deep and continuous grooves, indicating severe 

abrasive wear. The absence of reinforcing particles has likely made the matrix more 

susceptible to plastic deformation and material removal. Additionally, the wear track 

appears rough with signs of adhesion and tearing, suggesting reduced wear resistance 

compared to the TiB-reinforced counterpart. This highlights the need for reinforcement to 

enhance the alloy’s surface durability under frictional loading. 

3.2 Mechanical properties 

The mechanical properties of the tested aluminum alloy composites, particularly hardness 

and wear resistance, are presented in Tables 1 and 2. The Rockwell hardness results 

indicate that specimen TP1 exhibits the highest average hardness value of 50.5 RHN, 

followed by TP2 with 44 RHN, and TP3 with 43 RHN. The increase in hardness for TP1 

suggests a stronger and stiffer material, likely due to higher reinforcement content or better 

bonding between the matrix and reinforcement particles such as TiB. This enhanced 

hardness is generally associated with improved resistance to plastic deformation and better 

surface integrity. 
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However, the wear test results show an inverse trend where TP1, despite having the 

highest hardness, also exhibits the highest wear rate of 0.0027 g/s. TP2 and TP3 have lower 

wear rates of 0.0020 g/s and 0.0017 g/s, respectively. This indicates that while increased 

hardness contributes to improved surface strength, it does not linearly translate to lower 

wear rate. The higher wear rate in TP1 may be caused by factors such as brittleness, particle 

pull-out, or microcrack propagation, which are common in harder but less tough materials. 

Table 1. Rockwell hardness test. 

Specimen 

code 

Indentation 1 

(RHN) 

Indentation 2 

(RHN) 

Indentation 3 

(RHN) 

Average 

(RHN) 

TP 1 50 49.5 52 50.5 

TP 2 45 44 43 44 

TP 3 43.5 42 43.5 43 

 

Table 2. Wear test. 

Specimen 

Code 

Initial Weight 

(gr) 

Final Weight 

(gr) 

Test Time 

(s) 

Weight Difference 

(gr) 

Wear Rate 

(gr/s) 

TP 1 27.27 27.11 60 0.16 0.0027 

TP 2 27.11 26.99 60 0.12 0.0020 

TP 3 26.99 26.89 60 0.1 0.0017 

Average 0.126 0.0021 

 

Overall, the results show that while hardness improves with reinforcement, wear 

resistance is influenced by a combination of hardness, ductility, and microstructural 

uniformity. Therefore, optimizing mechanical properties in metal matrix composites 

requires a balanced composition to achieve both high hardness and good wear performance. 

4 Conclusion and Recommendations 

Based on the results of the Rockwell hardness and wear tests, it can be concluded that the 

addition of reinforcement particles such as TiB to aluminum alloy significantly enhances its 

hardness but does not linearly improve its wear resistance. The TP1 specimen, which had 

the highest hardness value of 50.5 RHN, exhibited the highest wear rate of 0.0027 g/s, 

suggesting that while reinforcement increases material hardness, it may also introduce 

brittleness or reduce toughness, leading to greater material loss during wear. Conversely, 

TP3, with the lowest hardness of 43 RHN, showed the best wear resistance, indicating a 

more balanced mechanical behavior in terms of both strength and durability. This finding 

highlights the importance of not only focusing on increasing hardness but also considering 

the overall microstructural integrity and toughness of the composite material. The SEM 

analysis further supported these findings, showing smoother wear tracks and fewer signs of 

particle pull-out or surface damage in specimens with lower hardness but better wear 

resistance. 

For future research, it is recommended to optimize the amount and distribution of TiB 

or similar reinforcement materials to achieve a balance between hardness and wear 

resistance. Hybrid reinforcements or the addition of secondary toughening agents may also 

be explored to improve the ductility and reduce brittleness. Moreover, investigating 

different sintering temperatures, compaction pressures, or heat treatment processes may 

further enhance the microstructural bonding between the matrix and reinforcement. 

Ultimately, the goal should be to tailor the composite formulation for specific applications 

where both high surface strength and excellent wear behavior are required. 
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