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Abstract 
 
The present study evaluates the microstructural features, mechanical properties, and wear characteristics of the newly developed hybrid 
composite of A356/ZrO2/Al2O3/SiC produced by compo-casting at 605±5 °C, 600 rpm for 15 minutes with less than 30% solid fraction in 
which Bi and Sn were added separately to the matrix before introducing reinforcements. FESEM micrographs and corresponding EDS 
illustrated the successful incorporation of particles in the matrix. Fine particles of ZrO2 were observed close to the coarse Al2O3, and SiC 
particles, along with Bi and Sn elements, were detected at the eutectic evolution region. The A356+Bi/Al2O3+ZrO2+SiC hybrid composite 
exhibited the lowest specific wear rate (1.642 ×10-7 cm3/Nm) and friction coefficient (0.31) under applied loads of 5, 10, and 20 N, in line 
with the highest hardness (73.4 HBN). Analysis of the worn surfaces revealed that the wear mechanism is mostly adhesive in all 
synthesized composites, which changed to the combination of adhesive and abrasive mode in the case containing Bi and SiC. Inserting Bi 
not only leads to the refinement of eutectic Si but also enhances the adhesion between the matrix/particles and improves lubricity. This, in 
turn, reduces the wear rate and coefficient of friction, ultimately improving the performance of the hybrid composite. 
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1. Introduction 
 
Aluminium Metal Matrix Composites (AMMCs) have 

received much attention because of their unique combination of 
low density, good corrosion resistance, heat treatability, and 
excellent mechanical properties. Adding reinforcing particles such 
as SiC, B4C, TiC, Al2O3, ZrO2, TiO2, and TiB2 has improved 
aluminum composites’ mechanical and tribological properties [1–
3]. According to the industry requirements, production costs, and 
material availability, a single reinforcing particle may not impart 
the necessary properties for specific applications in aluminum 

composite materials. Therefore, scientists turned to the 
simultaneous use of two or more different reinforcements with 
various shapes and sizes, so hybrid metal matrix composites 
(HMMCs), known as the second generation of composites, have 
been introduced [4] to achieve unique properties [5–7]. Hybrid 
composites provide increased flexibility and dependability when 
designing potential components based on the combination and 
composition of the reinforcing particles [8]. Increased strength-to-
weight ratio, improved hardness, toughness, and wear resistance 
compared to single-reinforced composites, indicating that 
aluminum hybrid metal matrix composites (AHMMCs) could be 
utilized in the design of components for automobile (e.g., pistons, 
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brake plates, and drums, connecting rods, engine, cylinder, 
crankshaft, bearings, sprockets, and pulleys), aircraft (e.g., wings, 
airplane chassis, and fuselage), building and construction (e.g., 
bridge decks, fall protection, and as a shield against the sunlight 
for buildings, window frames, door panels, and roof structures), 
marine (e.g., fast-moving boats), sport and recreations,  rail 
transport, and defense [8–12]. 

James et al. [11] fabricated a hybrid composite with 6061 
matrix alloy, 5% of ZrO2, and 5% of Al2O3 and reported 
significant improvement in mechanical properties. According to 
Pranavi et al. [13], an increase in B4C and Al2O3 ceramic particles 
within the 5059/B4C/Al2O3 hybrid composite was correlated with 
the enhancement of tensile strength and hardness. Conversely, 
elongation values are negatively associated with the concentration 
of B4C and Al2O3 particles.  Rajmohan et al. [6] have indicated 
that the Al/10SiC-3mica hybrid composite exhibits superior 
strength, hardness, and wear resistance. It has been reported that 
adding the B4C particles enhanced the wear properties of the 
AA6351-SiC composite [14].  

The stir-casting method has received more attention due to its 
commercial viability, flexibility, and simplicity. However, this 
method faces drawbacks such as inadequate wettability, uneven 
distribution of reinforcement, porosity, clustering, and segregation 
[15]. Therefore, the reinforcement particles can settle at the 
bottom of the crucible, float on the surface, and agglomerate due 
to the high surface tension of the molten metal. Thus, a reduction 
in mechanical properties is a commonly anticipated outcome. 
Various techniques such as compo-casting, pre-heating, coating of 
particles, and ultrasonic, electromagnetic, and alloying agent 
addition have been performed to improve the metal-reinforcement 
wettability [16]. The compo-casting route is a superior method 
that can enhance the wetting between the molten matrix alloy and 
the reinforcements and facilitate uniform dispersion of the 
reinforcement particles within the solidified matrix [17].  

Mg [18,19], Sr [20], Ti [21,22], Cu [23], Zr [22], and Cr [24] 
have been added to the molten matrix to enhance wettability. 
Low-melting point elements such as Bi, Sn, Pb, and Cd are free-
machining elements and improve the machinability of Al alloys 
[25]. It has been reported that Bi can improve the tribological 
properties [26,27] and machinability [28,29] of aluminum alloys. 
The use of lubricating materials incorporating metal matrix 
composites is rising due to the growing demand for 
environmentally friendly or sustainable tribology and enhanced 
energy efficiency. Graphite has been added to the Al matrix to 
fabricate a self-lubricating composite. Nevertheless, the addition 
of graphite particles reduces the mechanical properties of 
AA6351[30] and AA6082 alloy [31], so it is used less in 
engineering applications. A similar deteriorative effect of graphite 
on mechanical properties has been reported for AA7050/B4C/Gr 
hybrid composite [32].  

Based on the literature review, no comprehensive analysis has 
been carried out in fabricating hybrid aluminum matrix 
composites through compo-casting containing Bi and Sn and their 
properties. Combining reinforcing particles and alloying agents in 
composite materials can produce favorable and adverse effects. 
While these constituents may improve the material’s properties, 
they can initiate unintended interactions that compromise 
functionality. Therefore, thoroughly investigating the effects of 
such particles in hybrid composites is crucial. This study aims to 

analyze the impact of Bi and Sn Bi addition on the microstructure, 
mechanical, and wear properties of hybrid composites containing 
Al2O3, ZrO2, and SiC reinforcing particles. 

 
 

2. Experimental Procedure 
 

A 1kg alloy (Al-7Si-0.4Mg) ingot, which is of great interest, 
was selected for the matrix alloy. The matrix alloy was placed in a 
SiC crucible and melted using an electrical furnace. Subsequently, 
the temperature was maintained at 605±5 °C to achieve a semi-
solid state, and mechanical stirring was applied using a single-
stage impeller. A weighted Al2O3 (particle size of 250±60 𝜇𝜇m), 
ZrO2 (particle size of 10±5 𝜇𝜇m), and SiC (particle size of 150±30 
𝜇𝜇m) were pre-heated at 300 °C for 20 min. Then, each reinforcing 
particle was slowly added to the stirred vortex melt  .The particles 
were introduced to the melt in 3 steps with a time interval of 5 
minutes at 600 rpm rotation speed. Mechanical stirring was 
carried out at 605±5 oC, speed of 600 rpm for 15 min. A k-type 
thermocouple controlled the temperature during stirring. Before 
pouring the melt into the permanent steel mold (50 mm height, 30 
mm inert diameter), the melt temperature was increased to 700 oC 
and stirred manually for 1 min. When it was necessary to add Bi 
and Sn, these elements were added to the melt before adding 
reinforcing particles and stirring. Details of synthesized 
composites were tabulated in Table 1.  
 
Table 1. 
Chemical composition of synthesized hybrid composites (wt.%). 
Sample 

No. Si Mg Al2O3 ZrO2 SiC Sn Bi 

1 7.02 0.40 2.5 2.5 - -  
2 7.24 0.35 2.5 2.5 - - 0.5 
3 7.09 0.41 2.5 2.5 - 0.5 - 
4 7.10 0.40 1.6 1.6 1.6 - 0.5 

 
The casting samples (Fig.1a) were cut longitudinally to analyze 

the microstructure (Fig.1b). After sanding, polishing, and etching, 
the samples were evaluated under a field emission scanning 
electron microscope (TESCAN MIRA3) with energy-dispersive 
X-ray (EDS). Dry sliding wear is conducted on Pin-on-Disc wear 
testing according to ASTM- G99 standard. The test was 
performed under a load of 5, 10, and 20N, a sliding speed of 0.2 
m/s, and a sliding distance of 1000 m (Fig.1c and Fig.1d) at 
ambient temperature. A steel with 230 HBN hardness was chosen 
as a disk counterpart. After running continuously, the specimens 
were removed and cleaned with acetone, and the weight loss was 
measured. 
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Fig. 1. Schematic illustration of (a) cast composites, (b) 

longitudinally cut for microstructural analysis and pin preparation, 
(c) machined pins, and (d) wear test apparatus 

 
The wear test was repeated two times for each condition, and 

the mean value was reported. The specific wear rate (SWR) was 
calculated by using equation (1) as follows: 

W
SWR

F D

∆
=
ρ× ×

(cm3/N.m)        (1) 

 
Where ΔW is the weight loss in g, ρ is the specimen’s density 
g/cm3, F is the normal load in N, and D is the sliding distance in 
m. Finally, the worn surfaces were examined in detail through 
FESEM to explore the wear mechanism. The hardness of the 
composites was measured by a Brinell hardness tester (Koopa - 
UV3) with a load of 62.5 kg and a tip diameter of 2.5 mm. The 
reported results are the mean value calculated from five 
measurements taken from distinct regions for each sample. 
 
 

3. Results 
 
 
3.1. Microstructure analysis 
 

Fig. 2a displays the microstructure of sample 1, comprised of 
Al2O3 and ZrO2 reinforcements. The primary Al and eutectic Al-
Si phases, the dominant phases of the A356 alloy, are visible, 
along with the embedded particles in the eutectic Al-Si regions, 
where the final solidification occurs. The solidification front 
pushes the suspended particles towards the areas of the freezing 
end due to particle-pushing phenomena. Further observation of 
Fig.2a revealed the sign of discontinuity at the particle/matrix 
interface and agglomeration of finer particles. This phenomenon 
can be related to the lack of wetting of particles by the molten 
aluminum and their inherent tendency to attract each other due to 
electromagnetic forces. The particle/matrix interface of the hybrid 
composite was evaluated at higher magnification (Fig. 2b). The 
corresponding EDS analyses of the particles were displayed in 

Fig. 3, wherein the point A and point B particles were identified 
as Al2O3 and ZrO2, respectively. It is worth noting that ZrO2 
particles could be observed within the eutectic region and close to 
Al2O3 particles. 

 

 
Fig. 2. (a) SEM micrograph of A356/Al2O3+ZrO2 hybrid 

composites and (b) Al2O3+ZrO2/ matrix interface 
 

Fig. 4a illustrates the microstructure of sample 2, wherein the 
A356 matrix alloy was treated with Bi before incorporating Al2O3 
and ZrO2 particles. EDS analyses (Fig. 4b) of these more glowing 
particles, marked as C, confirmed the composition as Bi elements. 
Strikingly, Bi was found surrounding the Al2O3 particles. These 
observations corresponded to the findings previously reported 
regarding Bi particles near the reinforcements [27]. 

 

 
Fig. 3. EDS spectra of (a) point A and (b) point B in Fig.2b 
 
On the other hand, adding Bi is expected to reduce 

aluminum's surface tension, enhancing wetting behavior [33]. As 
a result, the particles were better covered by the matrix, with 
fewer instances of discontinuity observed at the particle/matrix 
interface. Furthermore, this factor assists in achieving a more 
uniform distribution of particles with different densities and 
physical properties. 
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Fig. 4. (a) SEM micrograph of A356+Bi/Al2O3+ZrO2 hybrid 

composites. (b) EDX spectrum of point C 
 

Fig. 5 presents the microstructure of the A356/Al2O3+ZrO2 
hybrid composite containing the Sn element. The incorporation of 
Al2O3 and ZrO2 into the matrix is apparent, with numerous bright 
particles spread adjacent to the particles. 

 

 
Fig. 5. SEM micrograph of A356+Sn/Al2O3+ZrO2 hybrid 

composites 
 

Upon closer inspection of the bright particle (marked D) 
through higher magnification (Fig. 6a), its composition was 
verified through EDS analysis (Fig. 6b), confirming that Sn 
elements were predominantly distributed near the eutectic Si area. 
Fewer ZrO2 particles can be observed around the Al2O3 in the 
A356+Sn/Al2O3+ZrO2 hybrid composite. In addition, a non-
uniform distribution of ZrO2 particles around the Al2O3 can be 
seen. The effect of adding Sn seems less than that of Bi addition. 
However, more studies are needed to shed more light on this 
issue. It may be related to the formation of Sn-Al-Si compounds 
during the hybrid composite’s solidification process,  which 
reduces the role of the Sn element. 

 
Fig. 6. (a) SEM micrograph of the bright particle in the A356+Sn/ 
Al2O3+ZrO2 hybrid composites and (b) EDX spectrum of point D 

 
Fig. 7 presents the microstructure of a hybrid composite 

comprising Al2O3, ZrO2, and SiC particles with Bi. It can be seen 
that all reinforcement particles are embedded within the matrix. 
Like Mg, Bi can enhance the wetting of particles by increasing 
solid surface energy, reducing molten surface tension, or 
decreasing the interfacial energy between the molten and solid 
phases [33]. Fig. 8 displays all visible phases’ corresponding EDS 
spectra. Figs. 8a-8d confirm the presence of SiC particles (marked 
A), Bi (marked B), ZrO2 (marked C), and Al2O3 (marked D), 
respectively.  

 

  
Fig. 7. SEM micrograph of A356+Bi/Al2O3+ZrO2+SiC hybrid 

composites 
 
 

3.2. Hardness 
 

Fig. 9 illustrates the hardness variations of the synthesized 
composites. It has been reported that incorporating Al2O3, ZrO2, 
and SiC particles into the A356 alloy enhanced the composite’s 
hardness [34]. The hardness of the A356/Al2O3+ZrO2 composite 
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was around 65.1 HBN, which increased to 71.2 HBN after adding 
Bi.  

 

 
Fig. 8. EDX spectra of marked phases in Al2O3+ZrO2+SiC+Bi 
hybrid composites in Fig.7: (a) SiC, (b) Bi, (c) ZrO2, and (d) 

Al2O3 
 

 
Fig. 9. Hardness values of hybrid composites: (1) A356/ 
Al2O3+ZrO2, (2) A356+Bi/ Al2O3+ZrO2, (3) A356+Sn/ 

Al2O3+ZrO2 and (4) A356+Bi/ Al2O3+ZrO2+SiC 
 

 
This may be because Al2O3 and ZrO2 obstruct the dislocation 

motion, increasing the hardness. It has been shown that the 
hardness of 7075 alloy improved by reinforcing the matrix with 
multiple SiC and B4C reinforcements [35]. It is important to note 
that adding Bi can induce the refinement of coarse eutectic Si in 
hypo-eutectic Al-Si [33], improving hardness. However, the 
hardness of the A356/Al2O3+ZrO2 composite decreased slightly to 
69.8 HBN after adding the Sn element. Finally, the hardness of 
the A356+Bi/ Al2O3+ZrO2+SiC hybrid was measured at 73.4 
HBN. Adding SiC with higher hardness increases the hardness of 
the hybrid composite [36] to the highest value. It has been shown 
that the 5083/SiC/CeO2 hybrid composite is 40% harder than the 
5083 base metal [37]. Numerous factors affect the hardness of 
aluminum composites, including particle size and distribution, 
matrix-reinforcement bonding strength, the matrix's chemical 
composition, type, quantity of reinforcing phase, processing 
conditions, and heat treatment methods. The selection of the 
reinforcing material can dramatically impact the composite’s 
hardness, with materials possessing greater rigidity relative to the 
matrix, leading to an overall increase in the hardness.  However, 
the interfacial bonding strength plays a significant role in 
determining the composite’s hardness. 
 
 
3.3. Wear characteristics 

 
The wear behavior of composites is a significant factor in 

determining their suitability, durability, maintenance cost, and 
overall performance in various applications. The wear 
characteristics were assessed based on specific wear rate (SWR) 
and friction coefficient (FOC) measurements from pin-on-disc 
tribological tests, and the mean values were reported. Fig.10 
depicts the specific wear rate alterations for the fabricated 
composites under 5, 10, and 20N applied loads. Wear is 
predominantly a surface phenomenon, with the reinforcements 
experiencing localized force impacts. Accordingly, the 
distribution of the reinforcements is of particular significance. 
The SWR increased with the increase in the applied load from 5 
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to 20N, which is in accordance with Dinaharan et al. [38]. It can 
be seen that the SWR of composites containing Bi and Sn is lower 
than that of those without Bi and Sn under different loads. For the 
applied load 5N, the highest wear rate of 2.537 ×10-7 cm3/Nm was 
obtained for the A356/ZrO2+Al2O3 hybrid composite. The wear 
rate decreased to 1.94 ×10-7 cm3/Nm after adding Bi and then 
shifted to 2.223×10-7 cm3/Nm after adding Sn. The lowest wear 
rate was measured at 1.642 ×10-7 cm3/Nm for 
A356+Bi/ZrO2+Al2O3+SiC hybrid composite. Adding Bi and Sn 
helps reduce the metal-to-metal interaction between the pin and 
disc, decreasing the wear rate. For the 10N load, the SWR was 
measured at 5.770 ×10-7 cm3/Nm for A356/ZrO2+Al2O3, which 
fell to 3.921 ×10-7 cm3/Nm after adding Bi. The SWR increased to 
4.422×10-7 cm3/Nm for composite containing Sn. After inserting 
SiC into the A356+Bi/ZrO2+Al2O3 hybrid composite, the SWR 
decreased to the lowest value of 3.421×10-7 cm3/Nm. The SWR 
increased significantly after an increase of applied load up to 20N. 
It reached the highest value of 14.642×10-7 cm3/Nm for 
A356/ZrO2+Al2O3 hybrid composite. The SWR decreased 
sharply to 11.920×10-7 cm3/Nm for A356+Bi/ZrO2+Al2O3 hybrid 
composite for 20N applied load.  

 

 
Fig. 10. Variations of specific wear rate as a function of applied 

load for fabricated hybrid composites 
 
Adding Sn increased the SWR to 12.490×10-7 cm3/Nm 

compared to the Bi addition. Moreover, the lower SWR 
(9.242×10-7 cm3/Nm) was obtained for 
A356+Bi/ZrO2+Al2O3+SiC hybrid composite. The wear rate is 
closely related to the type of reinforcement material and the 
bonding features between the reinforcements and matrix. Improve 
bonding adhesion of hybrid composites due to adding Bi or Sn 
leads to a lower wear rate.  

On the other hand, despite the low hardness, Bi and Sn act as 
solid lubricants and mitigate wear rates. Particles operate as a 
protective barrier against extreme destructive action caused by the 
counter face. This is attributed to the strong interface bond, a 
crucial factor in transferring loads from the matrix to the hard 
particles, consequently reducing material wear [14]. So, the wear 
rate of Al2O3+ZrO2+SiC+Bi is lower than Al2O3+ZrO2+Bi due to 
adding more rigid SiC particles. Fig.11a illustrates the frictional 
coefficient graph as a function of sliding distance for various 
hybrid composites, all subjected to a 5N applied load. 

 
Fig. 11. (a) Friction of coefficient vs. sliding distance for different 

hybrid composites under 5N applied load. (b) Variations of 
coefficient friction as a function of applied loads for fabricated 

hybrid composites 
 
The chart can determine the frictional behavior of the surfaces 

in contact. During the wear test, the friction coefficient for the 
A356/ZrO2+Al2O3 composite experiences an initial rise, followed 
by a gradual ascent to reach a stable level, which persists after a 
sliding distance of 100 m. This initial increase, followed by the 
stabilization of the friction coefficient, occurred after sliding of 
250 m for the A356+Bi/ZrO2+Al2O3 composite. For the 
A356+Sn/ZrO2+Al2O3 composite, a shorter sliding distance (150 
m) is needed to achieve a consistent and stable friction 
coefficient. Furthermore, for the A356+Bi/ZrO2+Al2O3+SiC 
composite, a longer sliding length of 300 m was required to attain 
a constant friction coefficient value. The average FOC of the 
A356/ZrO2+Al2O3 composite is around 0.42, dropped to 0.32 
after adding Bi to the A356/ZrO2+Al2O3 composite.  

Additionally, the FOC of A356+Sn/ZrO2+Al2O3 is around 
0.36, which decreased to 0.31 after inserting SiC particles into 
A356+Bi/ZrO2+Al2O3. Fig. 11b displays the FOC values for 
various hybrid composites under 5, 10, and 20 N applied loads. 
The average FOC of all hybrid composites under 20 N applied 
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load is greater than that for the 10 N and 5 N. It is generally 
accepted that FOC increases with increasing the applied load. 

However, the A356/ZrO2+Al2O3 composites rise faster than 
other fabricated composites. It can be seen that the FOC 
decreased after adding Bi and Sn into the A356/ZrO2+Al2O3 
composites. This trend aligns with the friction coefficient findings 
reported by Riahi et al. [39] in their study of the Al-SiC hybrid 
composite containing graphite. However, the role of Bi in 
reducing the FOC is more significant than adding Sn at three 
loads of 5 N, 10 N, and 20 N. For example, at an applied load of 
10N, the reduction after adding Bi and Sn was 26 % and 18%, 
respectively. This percent reduction in friction coefficient was 
32% and 23% for 20 N load, suggesting that the lubricating role 
of Bi and Sn becomes more prominent under higher applied loads. 
This may be due to increased friction and heat generation at the 
contact surfaces. 

The reduction in friction for A356+Bi/ZrO2+Al2O3 and 
A356+Sn/ZrO2+Al2O3 composites compared to the 
A356/ZrO2+Al2O3 composite can be mainly related to the 
gradually release Bi and Sn lubricating elements onto the worn 
surface, thereby diminishing shear stress. However, the effect of 
Bi is more colorful than Sn in lubricant conditions. 

Additional investigation is needed to illuminate this matter 
further. According to Archard’s law [40], a direct relationship 
exists between composite materials’ hardness and wear resistance. 
As the composite’s hardness increases, its wear rate decreases, 
indicating higher wear resistance. However, recent research 
suggests this rule may not apply to all synthesized composites. 
For example, the hardness was lower in certain composite 
materials containing three reinforcing particles and an Sn element 
than in other tested composites. Harder particles (SiC), alongside 
ZrO2 and Al2O3 particles, appear to have mitigated the negative 
impact of lower bonding strength between the matrix and 
reinforcement components on the composite’s properties. 

 
 
3.4. Worn surfaces 

 
The worn surfaces of hybrid composites were analyzed using 

FESEM to gain insights into the wear mechanisms. Fig. 12 
illustrates the FESEM micrographs of the worn surfaces of the 
produced hybrid composites, tested at loads of 5 N. Fig. 12a and 
12b illustrate the worn surface of the A356/Al2O3+ZrO2 
composite, with delamination of the sample surface observed, 
suggesting the adhesive is the primary wear mechanism. The EDS 
of Zone 1 and Zone 2, shown in Fig.13a and Fig.13b, 
respectively, exhibit the presence of O, Al, Si, and Fe, confirming 
that the material transferred between the friction pairs. Thus, 
adhesive wear manifested during the wear process. During 
adhesive wear, the materials transfer between pin and disk, like a 
soft aluminum matrix, adhere to the hard steel disk.  

 
 
 
 
 
 
 
 

 
Fig. 12. The worn surfaces of hybrid composites: (a,b) 

A356/Al2O3+ZrO2, (c,d) A356+Bi/Al2O3+ZrO2, (e,f) 
A356+Sn/Al2O3+ZrO2, and (g,h) A356+Bi/Al2O3+ZrO2+SiC 
 
Fig. 12c and 12d display the worn surface of the 

A356+Bi/Al2O3+ZrO2 hybrid composite. It can be seen that the 
adhesive region decreased, and several parallel scratches 
indicating abrasive wear were observed. The EDS of point A is 
shown in Fig.13c, confirming the presence of Bi in the worn 
surface during sliding. It can typically occur when the lubricating 
role of Bi comes into play during sliding movements. Self-
lubricating of Bi can minimize the sticking together of surfaces in 
contact, thus decreasing the occurrence of tiny connections 
formed due to the bonding of rough areas on the interacting 

(f) 
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surfaces. This fact shows that the composite's wear mechanism 
depends on the microstructure constituent [41]. 

 

 
Fig. 13. Analysis of chemical elements of worn surface in (a) 
Zone 1 and (b) Zone 2 in Fig. 12b and (c) Point 3 in Fig. 12d 

 
The worn surfaces of the A356+Sn/Al2O3+ZrO2 hybrid 

composite are presented in Fig. 12e and 12f, with delamination 
and scratches detected on the wear test sample. Fig. 12g and 12h 
exhibit the worn surfaces of the A356+Bi/Al2O3+ZrO2+SiC 
hybrid composite. It demonstrates the grooves that occur parallel 
to the sliding direction. The creation of parallel tracks on the pin 
surface indicates a shift in the wear mechanism from adhesive to 
the combination of abrasive and adhesive mode. Adhesive wear 
generally has a higher friction coefficient than abrasive wear. 
Adhesive wear is caused by transferring material from one surface 
to another due to forming a strong bond between the two surfaces, 
resulting in a higher FOC [42,43], as shown in Fig. 11.  

On the other hand, abrasive wear is caused by hard particles 
or debris between two surfaces, resulting in a lower FOC [42]. It 
has been noted that abrasive wear is the only mechanism in which 
the wear characteristics directly correlate with the material's 
hardness. Hard particles can diminish the effective contact area 

between the friction pairs, thereby decreasing the material's 
removal. When subject to external force, the soft base tends to 
expose a significant portion of particles on the sample surface to 
bear the load. This was advantageous in preventing the direct 
involvement of the soft matrix in the friction process. 

At the initiation of the wear process, adhesive wear takes 
precedence, predominantly resulting from the plastic deformation 
of the aluminum alloy matrix triggered by frictional heat, which 
leads to surface softening. The SWR experiences a substantial 
increase, as shown in Fig.10, accompanied by rapid escalation of 
the friction coefficient (Fig.11). However, after a specific 
duration, adhesive wear diminishes notably due to the emergence 
of fortified phase hard particles, ZrO2, Al2O3, and SiC exposed on 
the matrix surface. 

Subsequently, abrasive wear supersedes the primary wear 
mechanism, enhancing wear resistance to a certain extent (Figs. 
12g and 12h). Simultaneously, Bi plays a pivotal role in 
lubrication and anti-friction by uniformly dispersing within the 
aluminum matrix. Therefore, the best tribological characteristics 
were obtained for A356+Bi/Al2O3+ZrO2+SiC hybrid composite. 
Further research is imperative to accelerate our understanding of 
the impact of various weight proportions of ceramic particles on 
hybrid composites’ mechanical and wear characteristics. 

 

4. Conclusions 
 
1. All Al2O3, ZrO2, and SiC reinforcements were 

successfully incorporated inside the A356 matrix alloy via 
selective compo-casting route. 

2. Both Bi and Sn elements were detected at the latter stage 
of solidification near the reinforcement particles, 
improving the interface’s discontinuity and hybrid 
composite performance.   

3. The lowest wear rate and friction coefficient were 
obtained for A356+Bi/ZrO2+Al2O3+SiC hybrid composite 
under 5, 10, and 20 N applied loads.   

4. Adhesive and abrasive mechanisms were detected in 
composite’s worn surfaces. The composite sample 
demonstrating superior wear resistance exhibited a greater 
tendency towards abrasive wear and a lesser bias towards 
adhesive wear due to self-lubricating addition elements 
and integrating the harder reinforcement particle. 

5. The lubricating role of Bi is more significant than Sn for 
reducing specific wear rates and friction coefficients in 
fabricated hybrid composites. 
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