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Introduction 

Magnesium (Mg) alloys have great promise in different industries because of their lightweight properties, high strength-
to-weight ratio, and outstanding castability. Magnesium, the least dense structural metal, has recently attracted much attention 
for its ability to help reduce weight in the aerospace, automotive, and portable electronics industries [1,2]. Yet, its strength and 
wear resistance constraints impede its wider implementation in structural contexts. To address these constraints, researchers 
have investigated different ways, with reinforcement by adding additional phases to the Mg matrix as a promising method. This 
method results in the creation of Metal Matrix Composites (MMCs), which combine the superior features of the reinforcing 
phase with the beneficial attributes of the Mg matrix, producing a material with improved overall performance [3,4]. The 
different reinforcement particles, such as fly ash, B4C (Boron Carbide), BN (Boron Nitride), and TiO2 (Titanium Dioxide), 
enhance the mechanical characteristics of Mg alloys and their hybrid composites [5]. Incorporating different reinforcing 
particles like nanosized Al2O3, hybrid Al-CNT, and aluminum nanoparticles has greatly improved the mechanical characteristics 
of magnesium (Mg) alloys. The improvements consist of higher microhardness, dynamic elastic modulus, yield strength, 
ultimate tensile strength, and ductility, as reported by [5-7]. In addition, combining (B4C) particles with aluminum (Al) has been 
discovered to enhance the mechanical properties of Mg-based nanocomposites, especially in terms of tensile and compressive 
strength [8-10]. 

The results indicate that incorporating reinforcing particles via powder metallurgical methods has significant promise for 
addressing the inherent limitations of Mg alloys. Fly ash, a residue from burning coal, is a cost-efficient and environmentally 
benign choice for reinforcing. When added to magnesium alloys, it improves the microstructure by impeding the movement 
of dislocations and increasing strength [11]. Research indicates that using fly ash can enhance the Ultimate Tensile Strength 
(UTS) and Yield Strength (YS) of metal matrix [12]. Studies show that fly ash, a residue from coal burning, can greatly improve 
the mechanical characteristics of metal matrix composites. Incorporating fly ash into Al-4Si-Mg composites resulted in higher 
porosity and reduced hardness [13]. Polypropylene fiber enhanced the strength and durability of fly ash blended concrete [14]. 
Incorporating fly ash into aluminum composites enhanced their mechanical characteristics.

Muruganandhan reported a 20% boost in strength, while Patil observed a 58% increase in tensile strength. Both experiments 
discovered that the corrosion resistance of the composites decreased when fly ash was added [15]. According to studies, (B4C) is 
a potent reinforcing agent in magnesium alloys, greatly improving their strength and wear resistance [16-18]. Adding B4C can 
enhance the Ultimate Tensile Strength (UTS) and Yield Strength (YS) of magnesium alloys by up to 50% and 70%, as reported 
by Gao M, et al.  [19]. The significant increase in strength results from the effective restriction of dislocations in the magnesium 
matrix by B4C particles, which impedes their movement [20]. (hBN) has been discovered to greatly improve the strength and 
malleability of magnesium alloys, offering potential uses across several industries. Managing grain boundaries in magnesium 
alloys can enhance their mechanical characteristics, such as toughness [21]. Including BN nanoplatelets can enhance ceramic 
materials’ fracture toughness, strength, and wear resistance [22]. Adding BN to magnesium matrix composites significantly 
improves wear resistance, with Aydın highlighting BN’s function as a solid lubricant [23,24]. These studies emphasize the 
potential of (BN) as a crucial element in improving the mechanical and tribological characteristics of magnesium alloys.

Adding TiO2 to (Mg) alloys has greatly improved their mechanical characteristics. TiO2 enhances the interfacial bonding 
in Mg composites, reducing degradation rate and higher compressive strength [25]. Adding nanosized Al2O3 particles to Mg 
composites significantly boosted microhardness, yield strength, and ultimate tensile strength [5,26]. Tun. et al. [27] corroborated 
these results by demonstrating that including nanoscale (Al2O3 + Cu) hybrid reinforcements in Mg composites enhanced 
microhardness, yield strength and ultimate strength. Adding a TiO2 coating to Mg2B2O5w-reinforced AZ91D magnesium matrix 
composites can improve the bonding between materials and boost the mechanical characteristics of the composite [28]. Hybrid 
composites use the distinct benefits of each constituent ingredient by incorporating various reinforcing materials. Utilizing 
B4C with fly ash or BN can enhance strength and mitigate the negative impacts of pollutants in fly ash [29]. Combining BN 
with B4C makes it possible to balance increased strength, wear resistance, and lubrication [30]. Powder metallurgy is crucial for 
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This work explores the impact of fly ash and nanoparticle reinforcements (TiO2, hBN, B4C) on the mechanical and 
tribological properties of magnesium nanocomposites produced via mechanical alloying. The investigation revealed that 
incorporating these reinforcements increased the compressive strength and microhardness of the composites compared to 
pure Mg. Notably, the Mg-fly ash + B4C composite exhibited the highest microhardness (50.74 HV), representing a 71.3% 
increase. Tribological analysis demonstrated that the Mg-fly ash composite and Mg-fly ash + TiO2 composite displayed 
slightly lower friction coefficients than pure Mg. The Mg-fly ash + hBN composite exhibited the lowest friction coefficient 
due to the lubricating nature of hBN. In contrast, the Mg-fly ash + B4C composite showed the highest friction coefficient 
due to its inherently rough surface. These findings suggest that the developed hybrid magnesium nanocomposites offer a 
compelling combination of enhanced mechanical properties and tunable tribological behavior, making them suitable for 
applications demanding both wear resistance and reduced friction.
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producing magnesium alloy composites reinforced with different particles [31]. This technique allows for accurately mixing the reinforcement material with the Mg powder, followed 
by compression and sintering to achieve the desired composite structure [32]. Therefore, in the current investigation, the fly-ash hybrid with ceramics nanoparticles is added to the 
Mg powder to fabricate a hybrid nanocomposite Mg matrix using the powder metallurgy method. The investigation aims to study the effect of hybrid particles on the mechanical and 
tribological behavior of the fabricated composites. 

Experimental Procedures 

This study aimed to fabricate HMBCs using the powder metallurgy technique. Five distinct composite formulations were investigated, as detailed in Table 1. The experimental 
procedures employed throughout this work were conducted entirely within a controlled laboratory environment.

Material selection and powder mixing

Magnesium alloy powders were chosen as the metal matrix material for the HMBCs. The initial stage involved powder mixing, a fundamental step in the powder metallurgy 
process for metal matrix composite production. A multifunctional mixing machine was utilized to achieve a homogenous mixture of the base powders and designated additives within 
its chamber. The specific composition details outlined in Table 1 were strictly adhered to during this process. The mixing action was achieved through the combined effect of the blade’s 
horizontal rotation at 34,000 rpm and its concurrent vertical movement. A consistent mixing time of 30 minutes was employed for all five composite formulations.

Table 1: Five distinct composite formulations.

  Mg Fly ash TiO2 hBN B4C Total Appriviation

Sample 1 100% vol. 0% vol. 0% vol. 0% vol. 0% vol. Mg Mg

Sample 2 94% vol. 6% vol. 0% vol. 0% vol. 0% vol. Mg + 6 vol. fly ash Mg FA

Sample 3 91% vol. 6% vol. 3% vol. 0% vol. 0% vol. Mg + 6 vol. fly ash + 3 vol. TiO2 Mg FA TiO2

Sample 4 91% vol. 6% vol. 0% vol. 3% vol. 0% vol. Mg + 6 vol. fly ash + 3 vol.BN Mg FA BN

Sample 5 91% vol. 6% vol. 0% vol. 0% vol. 3% vol. Mg + 6 vol. fly ash + 3 vol.B4C Mg FA B4C

Compaction and sintering

The uniformly blended powders were subjected to compaction after the thorough mixing process. This step involved applying a uniaxial pressure of 120 bar using a hydraulic 
compactor. Applying this intense pressure compressed the powder mixture into a compact form, often referred to as a “green compact”. Sintering, a subsequent and critical stage 
in powder metallurgy, was then performed. All the green compacts were placed in a heat treatment furnace and exposed to an elevated temperature of 550 °C for one hour. This 
temperature, strategically chosen to be just below the magnesium melting point (650 °C), facilitated particle fusion through heat application. The elevated temperature during sintering 
promotes enhanced particle adhesion, ultimately forming the desired HMBCs.

Measurement of density The theoretical density of the Mg composite was determined through the rule of mixtures [33]. The densities of pure Mg and the composite were 
determined using Archimedes’ principle [34]. Weighed in the air as Wa, the cylindrical sample was suspended in distilled water and weighed again as Ww. The density was determined 
using Equation (1). The formula provided calculated the actual density of a cylindrical sample based on its mass in air, mass in distilled water, and density of distilled water [35]. It was 
weighed using a photoelectric balance with an accuracy of 0.1 mg (Figure 1).

Figure 1: The manufacturing process of the Mg composite matrix using the Powder metallurgy method.
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Results and Discussion
 
Microstructure 

SEM micrographs of Fly ash, TiO2, BN, and B4C particulates reinforced Mg 
Hybrid MMCs fabricated by P/M are displayed in Figure 2.The images suggest that the 
reinforcements exhibit stability within the magnesium material. Gray particles consist 
of fly ash, TiO2, BN, and B4C. Some agglomeration of the reinforcement particulates 
was observed, but the distribution seemed fairly uniform within the magnesium matrix. 
Moreover, the particulates of Fly ash, TiO2, BN, and B4C are small and irregular, 
measuring approximately 10 μm. Using Tabel 1, one can determine the density of each 
material and subsequently calculate the porosity using Equation (1). 

The formula can be expressed as P = 1 – Pa/Pt ……….(1)
 

P represents the material’s porosity, Pa is the actual density, and Pt is the theoretical 
density. Table 1 displays various composites’ theoretical density, actual density, and 
porosity, including as-cast pure Mg and Mg/Fly ash, Mg/Fly ash + TiO2, Mg/Fly ash + 
BN, and Mg/Fly ash + B4C. Figure 2a-2c illustrates a small microporosity. The porosity of 
pure Mg is lower compared to the investigated composites. The variation in porosity can 
be explained by the phase transition during the production of pure Mg and the sintering 
process in the study, which is influenced by solid diffusion and the compaction load 
during hot-pressed treatment. Compressive resistance rises as the reinforcement volume 
fraction increases under a fixed compaction load of 120 bar. Typically, porosity increases 
as the reinforcement volume fraction increases [36,37].

Microhardness 

Adding 6 volume percent of fly ash to pure Mg increased the microhardness from 
29.64 HV to 33.25 HV, showing a 12.3% enhancement. By incorporating 3 vol.% of TiO2, 
hBN, or B4C nanoparticles into the Mg-fly ash composite, a significant improvement 
in microhardness was observed compared to the Mg-fly ash composite without 
nanoparticles. 

The composites’ microhardness values are listed below: The hardness values are as 
follows: 37.54 HV for Mg-fly ash + TiO2 with a 26.7% increase, 46.54 HV for Mg-fly ash 
+ BN with a 56.7% increase, and 50.74 HV for Mg-fly ash + B4C with a 71.3% increase. 
These observations align with the findings documented in the scientific literature, 
which demonstrate that adding fly ash and nanoparticles enhances the mechanical 
characteristics of magnesium composites by employing different strengthening methods. 

The mechanisms encompass Structural impact: Including more rigid reinforcing 
particles such as fly ash and nanoparticles enables them to distribute a portion of the 
applied stress during indentation, thereby decreasing the load carried by the softer Mg 
matrix and increasing hardness. Dislocation hindrance refers to the obstruction or 
prevention of the movement of dislocations, which are line flaws inside a material that 
allow for plastic deformation (Figure 3). The scattered nanoparticles impede the motion 
of these dislocations, rendering the material more difficult to deform and leading to 
increased hardness. Grain refinement occurs when fly ash particles are nucleation sites 
for forming new magnesium (Mg) grains during solidification, resulting in a more finely 
structured grain arrangement. The increased impediment of dislocation movement by 
grain boundaries in finer grains generally leads to higher hardness relative to bigger 
grains, contributing to the observed microhardness improvement.

Tribological behavior 

The Mg/fly ash composite has a lower coefficient of friction than unreinforced 
magnesium, while the Mg/fly ash+TiO2 composite has a slightly lower coefficient of 
friction than unreinforced magnesium. The Mg/fly ash+hBN composite has the lowest 
coefficient of friction among all samples. On the other hand, the sample Mg/fly ash+B4C 
has the highest coefficient of friction compared to all other samples, as shown in Figure 4. 
The inclusion of various reinforcing elements has a significant effect on the coefficient of 
friction of magnesium. Both fly ash and hBN (hexagonal boron nitride) show a reduction 
in the coefficient of friction. This is most likely due to their lubricating properties. Fly ash 
particles can form a protective layer or roll/shear under friction. On the other hand, hBN 
is a widely recognized solid lubricant that effectively reduces friction between surfaces 

Figure 2: SEM images of the hybrid Mg composite, (a) Mg/ fly ash /TiO2, (b) Mg/ fly 
ash /hBN, (c) Mg/ fly ash /B4C.

Figure 3: Microhardness behaviour of the Mg composites.
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that come into contact with each other. Conversely, adding B4C significantly increases 
the coefficient of friction. Boron carbide is an exceptionally durable ceramic substance 
characterized by its coarse structure. This rough surface improves the material’s ability 
to interlock with other surfaces on contact and resist wear, ultimately leading to a higher 
coefficient of friction. The data confirm the trends described above. Adding lubricating 
elements such as fly ash or hBN can increase the strength of magnesium, especially in 
situations where lower friction is required B4C reinforcement is often used in wear-
resistant applications where high friction is not a priority.

Conclusion

a.	 This study investigated the tribological and mechanical properties of hybrid 
magnesium nanocomposites fabricated using mechanical alloying. The 
addition of fly ash and various nanoparticles (TiO2, hBN, B4C) significantly 
influenced the composites’ porosity, hardness, and friction coefficient 
compared to pure magnesium.

b.	 Compressive strength increased with reinforcement volume fraction, while 
porosity generally increased.

c.	 Microhardness was significantly enhanced by incorporating fly ash and 
nanoparticles. The Mg-fly ash + B4C composite exhibited the highest 
microhardness (50.74 HV), representing a 71.3% increase compared to pure 
Mg.

d.	 The Mg-fly ash composite and Mg-fly ash + TiO2 composite demonstrated 
slightly lower friction coefficients than unreinforced Mg. Notably, the 
Mg-fly ash + hBN composite displayed the lowest friction coefficient due 
to its lubricating properties. Conversely, the Mg-fly ash + B4C composite 
exhibited the highest friction coefficient due to its inherently rough surface.
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