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 A tribological investigation was undertaken on hybrid metal matrix composites 
based on Aluminum alloy 6262, incorporating varying weight percentages of 
Tungsten Carbide (WC) and Molybdenum disulfide (MoS2) under dry sliding 
conditions. Specifically, Tungsten Carbide was incorporated at 3%, 6%, and 9%, 
while Molybdenum disulphide was introduced at 2%, 4%, and 6%. The 
fabrication of these hybrid composites was accomplished using the stir casting 
technique. The experimental design followed an L27 orthogonal array, and 
Taguchi optimization was employed to identify the optimal combination of input 
parameters. The orthogonal array, signal-to-noise ratio and analysis of variance 
were employed to study the optimal testing parameters on developed 
composites. The optimal formulation, resulting in the minimum wear rate and 
coefficient of friction, was determined to be 9% WC, 6% MoS2, a load of 10N, a 
sliding velocity of 1 m/s, and a sliding distance of 400 m. Characterization was 
carried out for Al6262/WC/MoS2 hybrid composite by using scanning electron 
microscopy (SEM).  
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1. Introduction 

In the field of composite materials, numerous investigations have been carried out. It 
exhibits higher material performance in comparison to traditional materials. A common 
composite, particularly in the automotive and aerospace industries, is aluminum-based 
material. This is due to its accessibility, affordable production costs, and simplicity of 
manufacturing [1-4]. The devices' everyday mechanical components are susceptible to 
wear and tear. Wear-resistant materials should be utilized in the machine in order to boost 
its reliability [5]. The automotive industry is placing greater focus on weight optimization 
since it lowers emissions and improves fuel economy. Aluminum alloys are being used 
more often because they help reduce weight and have other advantages including strong 
corrosion resistance, good formability, and recyclability [6]. A great deal of research has 
been done on the wear of aluminum composites. Stir casting is the most often used 
production technique for producing composites among many others [6]. Furthermore, the 
main issue with their usages includes deteriorated performance at high temperatures and 
poor friction coefficient and wear rate [7].  MMCs, which are hard ceramic elements 
reinforced in aluminum alloys, are used to solve these issues. Due to its increased 
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toughness, high stiffness, and excellent wear resistance, aluminum-based MMC is being 
employed more and more in these industries [8].  

The addition of particles of hard ceramic is what has caused these increases in tribological 
properties. Wear is a major effect in the operation of many automotive components, 
including pistons, cylinder liners, connecting rods etc. [9]. These components are all made 
of aluminum-based MMC. The lowest wear rate was attained by experimenting Al/SiC 
nanocomposites with a 2-volume percent graphite addition the combined due to its self-
lubricating properties [10]. Also, another research positive impact of soft MoS2 particles 
improvements in Al/Al2O3 composites' wear resistance and friction. Between touching 
surfaces, a protecting layer is created primary factor lowering the hybrid wear composites 
enhanced aluminum resistance to abrasion alloys through the creation of a hybrid 
composites. By adopting the stir casting technique [11], Al2219 combined with B4C & MoS2 
for composite materials. In the experiment, the morphology, density, micro hardness, 
tensile strength, and dry sliding wear test are all evaluated. The outcome shows that, as 
observed in the morphology of the matrix alloy, the reinforcement particles are spread 
arbitrarily and finely. In comparison to prepared composite material, Al2219 alloy has a 
comparatively low density and microhardness. Al2219 and MoS2 have a minimum 
mechanical property and Al2219 alloy has a maximum tensile strength. Wear rate is 
reduced, and their wear resistance is increased by the addition of MoS2 reinforcement 
[12]. Radhika and Jojith investigated the tribological properties of LM13/TiO2/MoS2. They 
take into account the applied force applied, sliding velocity, and sliding distance are their 
input parameters. In this work, the author used the Taguchi approach to determine sliding 
wear and came to the conclusion that TiO2/MoS2 reinforced offers superior abrasion 
resistance [13]. Al6061/SiC/WC hybrid aluminum materials have been attempted under 
various weight percentages of reinforcement particulates [13]. The addition of stiffer and 
stronger reinforcement to the matrix material has boosted the hardness of AMMCs.  The 
compression, tensile, and fatigue strength of the aluminum composite material can all be 
greatly improved by the addition of SiC and WC reinforcements to the matrix alloy [14].  

2. Experimental Setup  

As a matrix material, Al 6262 has been selected because of its good material qualities, high 
level of resistance to corrosion, and great weldability. Because of its inherent ability to 
lubricate itself, MoS2 is used as reinforcement. Table 1 below illustrates the base material's 
chemical make-up. Before being cast, the reinforcements is heated for 25 minutes at 450°C. 
After warming the reinforcement, the Al6262 was melted in a graphite crucible at 550°C 
to 650°C. In order to prevent explosives, magnesium is added at 2% wrapped in aluminum 
foil and added to the aluminum matrix. After the reinforcement added all the materials is 
then stirred for 10 minutes at 800 rpm [15]. While the combination of Aluminum 6262, 
tungsten carbide, and molybdenum disulfide (MoS2) offers several limitations, combining 
these materials may pose challenges during the manufacturing process, especially in terms 
of fabrication, machining, or bonding. Specialized processes may be required, increasing 
production complexity. The Pin on Disc setup was used to find the wear rate of the 
developed composites. The EDAX analysis of the developed composites is shown in figure 
1. The chemical combination of the base material is shown in Table 1. 

Wear rate ( Wi ) was then calculated by calculating using the following equation :  

𝑊𝑖 =
𝑉

𝐿𝑛𝑆
 

(1) 

where V is volume rate and n are the applied load on ring and S is the sliding distance. The 
coefficient of friction can be calculated as follows. 
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Ff  = ͷ* N     (2) 

Ff is the frictional force, ͷ is the coefficient of friction, and N is the applied normal load 

Table 1. Typical chemical composition for aluminum alloy 6262 

Si Fe Cu Mn Mg Zn Ti Pb Bi Cr Al 

0.80 0.25 1.4 0.75 1.05 0.15 0.10 0.55 0.60 0.23 94.12 

 

 

Fig. 1. EDAX analysis of the composites 

3. Design of Experiments  

The table 3 shows design of experiments used in this study is with five factor and three 
levels. The input parameters are wight percentage of tungsten carbide, weight percentage 
of molybdenum disulphide, load, sliding velocity and sliding distance. The Brinell hardness 
value of the composites is shown in table 2. When the weight percentage of the composites 
increases and the percentage of MoS2 in intermediate level the hardness values is higher. 
When the volume fraction of the reinforcement in the composite is a critical factor. 
Increasing the volume fraction of reinforcement generally tends to enhance hardness up 
to a certain point. The uniform distribution of reinforcement particles within the Al 6262 
matrix is essential. Agglomeration or uneven distribution can lead to localized variations 
in hardness. The output parameters are wear rate and coefficient of friction. Based upon 
these criteria L27 orthogonal array is chosen for performing the experiments as shown in 
Table 3.  

Table 2. Hardness of the composites 

 

WC 3 3 3 6 6 6 9 9 9 

MoS2 2 4 6 2 4 6 2 4 6 

BHN 76 80.2 75.6 81.5 84.3 80.2 87.6 92.2 86.7 
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Table 3. L27 Levels and factors 

Factors  Unit Level 1 Level 2 Level 3 

WC  % 3 6 9 

MoS2 % 2 4 6 

Load N 10 20 30 

Sliding Speed m/sec 1 1.5 2 

Sliding Distance m 400 800 1200 

4. Results and Discussion  

4.1 S/N Ratio and ANOVA 

The figure 2 shows the Signal to noise ratio of wear rate. The decrease in wear rate trends 
to lower weight percentage of tungsten carbide. The results show that at 3 % of WC offers 
maximum wear rate. This is due to the hardness of the composite material. It is generally 
believed that contribution of hard particles to aluminum alloys results in an improvement 
of the wear resistance of the base alloy to a great extent [16]. At 3% of tungsten carbide 
the hardness of the composites is less. Owing to this tendency the density of the material 
is less which results increase in wear rate. In addition to 6% and 9% the hardness increases 
and the wear rate also reduces. In addition of MoS2 the hardness starts increasing in 
addition of MoS2 percentage. When MoS2 is at 6% at WC at 9% the hardness of the material 
is higher. Due to increase in percentage of MoS2 the self-lubricant properties of the 
materials increase which reduces the friction between the pin and the disc reduces which 
trends to loss of materials [17]. 

 

Fig. 2. S/N ratio graph for wear rate 
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Table 4. L27 orthogonal array and experimental results 

 WC MoS2 Load 
Sliding 
Speed 

Sliding 
Distance 

Wear 
Rate 

COF 

1 3 2 10 1 400 0.00155 0.206 

2 3 2 10 1 800 0.0015 0.236 

3 3 2 10 1 1200 0.00165 0.255 

4 3 4 20 1.5 400 0.002 0.308 

5 3 4 20 1.5 800 0.0024 0.353 

6 3 4 20 1.5 1200 0.00334 0.428 

7 3 6 30 2 400 0.003 0.486 

8 3 6 30 2 800 0.00345 0.453 

9 3 6 30 2 1200 0.00365 0.476 

10 6 2 20 2 400 0.00354 0.451 

11 6 2 20 2 800 0.00342 0.472 

12 6 2 20 2 1200 0.0025 0.334 

13 6 4 30 1 400 0.00265 0.354 

14 6 4 30 1 800 0.00205 0.297 

15 6 4 30 1 1200 0.0023 0.311 

16 6 6 10 1.5 400 0.00158 0.201 

17 6 6 10 1.5 800 0.00155 0.189 

18 6 6 10 1.5 1200 0.00131 0.177 

19 9 2 30 1.5 400 0.00156 0.207 

20 9 2 30 1.5 800 0.00182 0.245 

21 9 2 30 1.5 1200 0.00192 0.287 

22 9 4 10 2 400 0.00157 0.205 

23 9 4 10 2 800 0.00193 0.216 

24 9 4 10 2 1200 0.00176 0.201 

25 9 6 20 1 400 0.00181 0.226 

26 9 6 20 1 800 0.00165 0.248 

27 9 6 20 1 1200 0.00127 0.165 

 

The harder deformation of the counter surface penetrates the softer pin surface more as 
the applied stress increases. After each composite's critical load [18], with the application 
of load, the wear rate quickly starts to rise when the applied load increases to 20 N.  The 
load at 30N the wear rate spikes to a very high level.  In the event that the transitional 
load and the velocity of the composite increases in value by a large margin. Here is due to 
the noticeably greater frictional heating and as a result the pin material's localized 
adhesion to the counter surface as well as a rise in the surface structure's softening and 
more asperities can penetrate as a result larger deformation in wear surface are acquired 
[19]. The impacts graphic demonstrates that sliding speed is the parameter with the 
greatest relative impact. The plot clearly shows that wear rate of the composites reduces 
with sliding distance and reinforcement material but increases with sliding velocity [20]. 
It is common knowledge that the elastic modulus and temperature-related characteristics 
of composite materials can influence their tribological behavior. When two materials slide 
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against one another, heat is produced at the deformation, which raises the temperature at 
the interface and affects how viscoelastic the materials' reaction to tension. The 
temperature at the friction surface rises as sliding velocity increases, which may 
substantially impair the mechanical properties of the composites and cause significant loss 
in composite materials [21]. 

 

Fig. 3 S/N ratio graph for coefficient of friction 

 

The Figure 3 shows the Signal to noise ratio of Coefficient of friction. The weight 
percentage of the tungsten carbide is the most significant parameters in friction coefficient. 
The initial finding in terms of the results is the drop in coefficient of friction as a result of 
an increase in the reinforcement's weight percentage. Comparing the reinforced AMMNCs 
to aluminum 6262 alloy indicated a lower coefficient of friction. It can be attributed to the 
composite's increased hardness, which results from the combination of abrasive particles 
and behaves as a tougher substance within the matrix [22].   Good surface adhesion occurs 
between the matrices and non-reinforcement whenever refractory bits are firmly bonded 
to the matrix. According to numerous studies, the COF of crystalline MoS2 is typically low, 
at 6% in a dry sliding condition, this lubricating performance of MoS2 is unique due to its 
self-lubrication properties.   One explanation for this is that in a dry environment, MoS2 
particles good has adhesion and smaller particle sizes can easily fill the substrate's rough 
surface. Additionally, the reciprocating shear stress that occurs during the frictional 
process can disintegrate MoS2 particles into lamella, resulting in a reduction in the sliding 
friction coefficient [23].  

The COF are increased from 10N to 30N. When a force of 10N is applied, the WC 
percentages significantly increase the substrate's hardness of the composites and keep 
abrasive particles from becoming embedded in the contact area, effectively preventing 
cutting on friction. In the meantime, the interface's shear strength is outweighed by the 
cohesive force between the WC and the matrix materials.  As a result, there is hardly any 
WC particle pull away first from contact area. As a result, compared to certain other loads, 
the COF at a 10N load is considerably less. When the load reaches 30N, the ultimate stress 
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begins to outweigh the binding effect between the WC and the substrates, leading to WC 
continuous extraction and cohesiveness occurs which leads higher friction coefficient. 

  

  

Fig. 4. Contour plot for input parameters Vs wear rate 

The COF is shown in the graph is decreases up to 1 m/s before starting to rise as sliding 
speed increases rapidly [24]. The continuous development of a tribo layer at the contact 
surface is increased as sliding speed increases. Despite the fact that temperature increase 
increases as sliding velocity rises, the heat is in some ways beneficial for the development 
of a WC enrich interfacial layer, which in turn influences the development of compact 
layers at the contact area. However, when the sliding speed is increased beyond 1.5 m/s, a 
considerable quantity of heat is produced, which leads to the development of the 
composite pin softness results in increased in friction.                              

The figure 4A shows the contour plot for tungsten carbide and MoS2 on wear rate. The 
graph indicates when the percentage of tungsten carbide increases from 3% to 6%. Wear 
rate is reduced from 0.0035 to 0.00275. When the weight percentage of tungsten carbide 
is 9 % the wear rate is less than 0.0015 grams this is mainly due to the density of the 
composite is higher so the loss of carbide particles which trends decrease in wear rate Also 
when the percentage of MoS2 at 6% offers minimum wear rate due to its self-lubrication 
properties of MoS2[25]. The figure 4B shows the interaction graph of applied load and 
percentage of tungsten carbide on wear rate. Both the matrix alloys and the composites 
showed a direct relationship between weight loss and applied load. When the load is 
increased from 20N to 30 N the wear rate of material is high. However, when the weight 
percentage of reinforcement increases, the wear rate somewhat decreased.  Both weight 
loss during the same applied load increased approximately continuously as sliding 
distance increased [25]. Figure 4C and 4D shows the interaction graph of applied load and 
sliding speed and sliding distance on wear rate. Additionally, it was found that as the 
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applied load increased up to its maximum, the effect of the sliding distance grew more 
severe. This might be connected to the heat created when the two abrasive connecting 
portions were engaged in the process of abrasive wear [26]. The test material softened as 
a result of the produced heat, which increased as the sliding distance. 

The figure 5A shows the contour plot for tungsten carbide and MoS2 on coefficient of 
friction. The friction between the pin and the disc is low when the weight Percentage of 
WC is increased. Initially the contact if friction at 3 % to 6% the friction between the plates 
is slightly decreased. Further when the percentage of WC is at 9% and at 6 % of MoS2 the 
friction between the pin and disc is reduced.  The figure 5B shows the interaction plot for 
wt. % of tungsten carbide and applied load on coefficient of friction. The impact of applied 
load on the resistance to wear reduced as the weight percentage of reinforcing particles 
increases. This may be explained by the addition of tungsten carbide particles mixed the 
matrix alloy, which increased hardness and decreased real area of contact, hence 
enhancing reducing of friction coefficient [27]. It is clear that the reinforcing particles can 
function as load-bearing components in composite made of aluminum composites, 
improving their friction. The figure 5C and figure 5D shows the interaction plot for sliding 
speed, Sliding distances and applied load on coefficient of friction. When the sliding 
velocity is increased from 1.5 m/sec to 2 m/sec the fiction between the pin and disc 
increases. The largest abrasion occurs at higher applied loads and highest sliding distances, 
producing excess heat in the two contacting surfaces and softening the interracial 
interactions between the matrix and reinforcement [28]. However, the effect of the applied 
load became more essential as the sliding distance increased. 

  

  

Fig. 5. Contour plot for input parameters vs coefficient of friction 

 

 
 



Hemadri et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 

 

9 

Table 5. ANOVA for Wear Rate 

Source 
Sum of 
Square 

df 
Mean 

Square 
F p-value 

Model 1.23E-05 9 1.37E-06 9.72 0.0001 

A-WC 2.21E-06 1 2.21E-06 15.7 0.001 

B-MoS2 8.25E-08 1 8.25E-08 0.59 0.0043 

C-Load 3.93E-06 1 3.93E-06 27.95 0.0001 

D-Sliding Speed 1.60E-06 1 1.60E-06 11.34 0.0037 

E-Sliding Distance 1.08E-08 1 1.08E-08 0.076 0.0078 

AB 1.35E-06 1 1.35E-06 9.59 0.0066 

AC 9.65E-08 1 9.65E-08 0.69 0.0193 

BC 2.26E-07 1 2.26E-07 1.6 0.0227 

DE 2.90E-08 1 2.90E-08 0.21 0.0556 

Residual 2.39E-06 17 1.41E-07   

Cor Total 1.47E-05 26    

R Square 91.20%     

 

ANOVA (Analysis of Variance) can be employed as a statistical method to analyze and 
compare the means of wear rates and coefficients of friction among multiple groups or 
experimental conditions. The ANOVA is employed for weight fraction of WC, MoS2, applied 
load, sliding speed and sliding distance. Table 5 and 6 shows the ANOVA value for wear 
rate and coefficient of friction. The results shows that weight percentage of WC and applied 
load are the most significant parameters which influences wear rate and coefficient of 
friction. 

Table 6. ANOVA for coefficient of friction 

Source Sum of Square df 
Mean 

Square 
F p-value 

Model 0.25 10 0.025 13.59 0.0001 

A-WC 0.049 1 0.049 26.39  0.0001 

B-MOS2 5.14E-04 1 5.14E-04 0.28 0.0605 

C-Load 0.081 1 0.081 43.59  0.0001 

D-Sliding Speed 0.03 1 0.03 16.03 0.001 

E-Sliding Distance 5.56E-06 1 5.56E-06 3.01E-03 0.0957 

AB 0.024 1 0.024 12.78 0.0025 

AC 2.60E-04 1 2.60E-04 0.14 0.0712 

BC 2.01E-03 1 2.01E-03 1.09 0.0312 

CE 3.00E-06 1 3.00E-06 1.62E-03 0.0684 

DE 4.81E-04 1 4.81E-04 0.26 0.0168 

Residual 0.03 16 1.85E-03   

Cor Total 0.28 26    

R Square 92.29     
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4.2 Regression Equation 

Regression equations are mathematical models that help in understanding and predicting 
the relationship between two or more variables. The equation 3 and 4 shows the 
mathematical model for wear rate and coefficient of friction. 

Wear Rate=+2.175E-003-5.297E-004* A-1.279E-004* B+8.835E-004* 
C+7.878E-004* D+2.444E-005* E+8.781E-004* A * B-2.348E-004 * A * C-
2.538E-004* B * C+4.917E-005 * D * E 

(3) 

COF=+0.30-0.079 * A-0.010* B+0.1* C+0.11 * D-5.556E-004* E+0.12 * 
A * B-0.012 * A * C-0.024 * B * C+5.000E-004* C * E-6.333E-003 * D * E 

(4) 

     4.3 Microstructure Analysis 

The Figure 6a shows the worn-out surface which is identified through SEM images. Figure 
6 a show the 9 % of WC and 4 % of MoS2 and load of 10N. The figure 6b shows that 9 % of 
WC and 6 % of MoS2 and load of 10N. When compared to figure 6a figure 6b has reduction 
in wear rate. Also, it can be found that the WC particles also have less worn-out area owing 
to its hardness value. It is commonly accepted that adding hard particles to aluminum 
alloys enhances the underlying alloy's wear resistance to a noticeable extent [29]. Good 
surface adhesion occurs between the matrices and non-reinforcement whenever 
refractory bits are firmly bonded to the matrix. According to numerous studies, the COF of 
crystalline MoS2 is typically low, at 6% in a dry sliding condition, this lubricating 
performance of MoS2 is unique due to its self-lubrication properties. Figure 6 c shows the 
6 % of WC and 6 % of MoS2 and load of 20N. The figure 6c shows that 6 % of WC and 4 % 
of MoS2 and load of 20N. When compared to figure 6d figure 6c exhibits better wear 
resistance. This is due to increased surface temperatures at the contact area encouraged 
the formation of low shear strength thermo on the rubbing surfaces [30]. The reduced 
resistive values were caused by a protecting tribo layer that accumulated on the surface of 
the materials at slower sliding speeds [31].  

 

Fig. 6a. 9% WC & 4% MoS2, Load 10N 

 

Fig. 6b. 9 % WC & 6 % of MoS2, Load 10N 
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For a fixed sliding velocity, the rapid tribo layer covering formation at higher speeds tends 
to reduce the surface hardness of the composites. Figure 6e shows the 3 % of WC and 4 % 
of MoS2 and load of 30N. The figure 6f shows that 3 % of WC and 2 % of MoS2 and load of 
30N. When compared to figure 6e figure 6f has significant loss of tungsten carbide particles 
due to low addition of MoS2 particles. When the load reaches 30 N, the wear rate 
dramatically increases. In the event that the Composite's changeover load and velocity 
both significantly rise in higher load value. The rationalized adhesion of the pin substance 
to the counter surface, the increase in the softening of the surface structure, and the ability 
of more abrasive particles to penetrate the surface of the composites [32]. 

5.  Conclusion 

In this recent experiment, we successfully fabricated Al 6262/WC/MoS2 hybrid composites 
using the stir casting technique, incorporating various weight percentages of Tungsten 
Carbide (WC) – specifically, 3%, 6%, and 9%. Taguchi optimization was applied to 
determine the optimal combination of input parameters for achieving improved wear rates 
and friction reduction. The experiment yielded important conclusions: 

 

Fig. 6c. 6% WC & 6% of MoS2, Load 20N 

 

Fig. 6d. 6% of WC & 4% of MoS2, Load 20N 

  

Fig 6e: 3% WC & 4% MoS2, Load 30N Fig. 6f.  3% WC & 2% MoS2, Load 30N 
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At a composition of 9% WC and 4% MoS2, the hardness reached 92.2 BHN. An increase in 
the weight percentages of both tungsten carbide and MoS2 was found to enhance hardness, 
consequently leading to a reduction in wear rates. Taguchi optimization highlighted that 
the optimum combination for minimizing wear rates involved 9% WC, 6% MoS2, a 10N 
load, a sliding velocity of 1 m/sec, and a sliding distance of 400 m. The incorporation of 
hard particles significantly improved the wear resistance of the aluminum alloy base. 

For achieving the lowest coefficient of friction, the optimal combination was identified as 
9% WC, 6% MoS2, a 10N load, a sliding velocity of 1 m/sec, and a sliding distance of 400 m. 
Successful surface adhesion occurred between the matrices and non-reinforcement, 
particularly when refractory bits firmly bonded to the matrix. The addition of tungsten 
carbide particles to the matrix alloy increased hardness and reduced the real area of 
contact, thereby enhancing the reduction of the friction coefficient. 

SEM analysis validated worn-out surfaces during dry sliding wear. The maximum 
occurrences of grooving, ploughing, micro-cutting, fracturing, and embrittlement were 
observed in the composite with 3% WC and 2% MoS2 under a 30N load. This phenomenon 
was attributed to increased surface temperatures at the contact area, promoting the 
formation of a low shear strength thermo-affected layer on the rubbing surfaces. The 
reduced resistive values were linked to the presence of a protective tribo layer 
accumulating on the material surface, particularly under increased loads, resulting in a 
severe wear rate. 
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