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Abstract: Metal Matrix Composites (MMCs) have emerged as vital materials across the space and 

transportation sectors including railways, roadways, aviation, and marine industries due to their broad range 

of applications in everyday human life.The greater emphasis on energy conservation, analysis, and related 

development has given lightweight materials global relevance. Because magnesium (Mg) and its 

alloys have a lower mass density, have greatly improved their prospective application in contemporary 

sectors. Although magnesium is a desirable light metal in the transportation sector, its use has been 

limited due to its poor strength and ductility. For any type of Metal Matrix composite (MMC), 

reducing the strengthening size allows for more favourable results, according to several highly 

praised reviews of the existing literature. The current investigation aims to analyze the tribological behavior 

of AZ91 magnesium alloy composites reinforced with hexagonal boron nitride (hBN) and reduced graphene 

oxide (r-GO). To evaluate the influence of these reinforcements, key tribological parameters such as Specific 

Wear Rate (SWR) and Coefficient of Friction (COF) are examined. The composite materials are synthesized 

through the stir casting process, with a focus on critical input factors including stirring speed and the weight 

fractions of r-GO and hBN.  

To optimize the tribological performance, Response Surface Methodology (RSM) is utilized to identify the best 

combination of input variables that results in minimal wear and friction. Tribological tests are carried out 

using a Pin-on-Disc setup under dry sliding conditions, following the ASTM G99-05 standard. Furthermore, 

Analysis of Variance (ANOVA) is employed to assess the statistical relevance of the experimental outcomes 

and to validate the reliability of the developed predictive models. 

Keywords: Material matrix Composite, AZ91, Reduced graphene Oxide, Hexagonal Boron Nitride, 
Tensile Strength, Hardness, ANOVA. 

 

1. INTRODUCTION 
 

Composite materials are extensively utilized in various engineering applications due to 

their ability to deliver superior performance. They are created by combining two or more 

distinct materials, each possessing different physical or chemical properties. When these 

constituents are integrated, they work together to form a new material system that exhibits 

improved properties such as increased strength, reduced weight, or enhanced durability that 

are often unattainable by the individual components on their own. A significant portion of 

sector engineering materials roughly 12.5% are composite materials. In electronic devices, 

AZ91 is used in telecommunication and electronic devices for making housing or 

covers. In Automotive AZ91 is used in car seat frames, steering wheels and other automotive 

components, In Medical AZ91 is used for orthopedic implants, and in  Other 

applications  AZ91 is also used in laptop frames, concrete tools, speaker cones, and 

textile machinery. 
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2. LITERATURE REVIEW 

1. Ajith Kumar et al. (2014) conducted a detailed study on AZ91 magnesium alloy 

composites reinforced with SiC particles using liquid metal stir casting. The research 

encompassed a wide range of evaluations, including thermal, mechanical, and tribological 

assessments. Both micro- and macro-hardness tests demonstrated improved resistance to 

deformation. Tensile and compressive tests provided insights into the composite’s structural 

integrity and failure behavior. Moreover, the dry sliding wear tests confirmed the enhanced 

wear resistance of the composite, making it suitable for applications requiring durability and 

mechanical stability under frictional loading. 

2. Huang et al. (2022) investigated AZ31 magnesium alloy composites reinforced with 

Nb₂O₅ nanoparticles using stir casting. The study further applied Equal Channel Angular 

Pressing (ECAP) to improve the microstructure. Results indicated that increasing the number 

of ECAP passes led to enhanced mechanical performance, including strength and ductility, 

due to significant grain refinement and better dispersion of nanoparticles. 

 

 
 

3. METHODOLOGY 
 

 

SELECTION OF MATERIALS 
AZ91 MAGNESIUM ALLOY+ Reduced Graphene oxide(r-GO) 

+ Hexagonal Boron Nitride(hBN) 

Grey Relation Analysis (GRA) 

Analysis of Variance (ANOVA) 

PIN- ON - DISC Testing 

Samples Preparation through Stir casting Technique 
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4. COMPOSITIONS OF SAMPLES 

The Taguchi L16 orthogonal array is applied in the sample fabrication process to 

systematically explore the effects of different reinforcement compositions. The rationale 

behind employing the varring reinforcement combinations is to assess the influence of 

increasing r-GO content, alongside constant hBN, on the composite's mechanical properties 

and tribological performance. The study specifically aims to investigate improvements in 

parameters such as wear resistance and cofficient of friction under operational stress. The 

experimental plan followed the Taguchi method utilizing an L16 orthogonal array. This robust 

statistical design allowed for efficient exploration of parameter interactions with a reduced 

number of trials, ensuring comprehensive data collection while minimizing experimental 

resources. The Taguchi approach aids in determining the optimal combination of input 

parameters that maximize the desired material characteristics, particularly in terms of 

durability and wear resistance under real-world application conditions. 

The Process Parameters are coded with Taguchi L16 Orthogonal array as  Reinforcement 
of  r-GO and hBN (A), Load (B) and Speed  (C). 

 
Table 4.1: Taguchi L9 Orthogonal Array with actual values 

 

 
Process       

Parameter 

 
 
      Units 

Minim
um 
Value 

Maxim
um 
Value 

-1    
(coded) 

+1 
(coded) 

A: 
Reinforcem
ent of r-GO 

and 
hBN 

         Wt% 
 

      
0%+0% 

 
    

0.5%+1% 

B: Load     N   4.905   19.62 

C: Speed        rpm   300   600 

 

5. FABRICATION 

AZ91 magnesium alloy composites were fabricated using the stir casting technique, 

following a carefully controlled process designed to achieve uniform distribution of 

reinforcement particles throughout the metal matrix  

                                  5.1 Material Preparation: 

The AZ91 magnesium alloy samples are placed into a steel crucible and subjected to heating 

in a furnace. The temperature is elevated to approximately 850°C, which exceeds the melting 

point of the alloy. Maintaining this elevated temperature ensures the complete liquefaction 

of the alloy, allowing for a homogeneous melt. To achieve proper melting, the AZ91 

magnesium alloy was cut into plate-shaped sections from the ingot. These sections were then 

weighed to ensure the precise quantity required for the intended composition. 
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Simultaneously, reduced graphene oxide (r-GO) and hexagonal boron nitride (h-BN) were 

prepared for incorporation, enabling accurate control over the alloy’s final chemical 

composition. 

AZ91 is a widely used magnesium alloy that typically contains around 9% aluminum 

and 0.7% zinc, with trace additions of other elements to refine its properties. One of 

the notable advantages of AZ91 is its excellent resistance to corrosion and oxidation, 

even in aggressive or outdoor environments. This makes it a preferred choice for 

components exposed to moisture, atmospheric conditions, or chemical agents, 

enhancing the material’s suitability for long-term structural and functional 

applications. 

Figure 5.1: AZ91 Mg Alloy plates 

Graphene Oxide (GO) is modified from the Reduced Graphene Oxide (r-GO) which is derived 

from the graphene (Narenthiran et al. 2021). The carbon atoms of  a GO is a layer (single) which 

is arranged in a 2D honey comb lattice structure, produced by oxidising the graphene. GO is 

obtained by introducing the functional groups like epoxides, hydroxyls, and carboxyls on the 

graphene’s surface which provides process ability and hydrophilicity. 

 

 
Figure 5.2: h BN Powder Figure 5.3: r-GO Powder 
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Hexagonal boron nitride (hBN) is a two-dimensional material composed of alternating boron 

(B) and nitrogen (N) atoms arranged in a hexagonal lattice structure, closely resembling the 

architecture of graphene. Unlike graphene, however, hBN functions as an electrical insulator 

rather than a conductor. Its exceptional combination of thermal stability, chemical inertness, 

and lubricating properties has attracted significant attention from researchers and has led to its 

widespread application in industries such as aerospace, automotive, optics, and advanced 

manufacturing. carried out in a nitrogen-rich atmosphere to facilitate the formation of the 

hexagonal phase Here are some Properties and Composition of hBN. 

                               5.2 STIR CASTING: 

Once the AZ91 magnesium alloy is fully melted, preheated reduced graphene oxide (r-GO) 

and hexagonal boron nitride (h-BN) particles are introduced into the molten alloy matrix. The 

blend is then mechanically stirred at a speed of 400–600 rpm to ensure uniform dispersion. 

Stirring is a critical step in the stir casting process, as it ensures the homogeneous distribution 

of reinforcement particles throughout the molten alloy. 

                                  Figure 5.4: Top view of Stir casting Process along with schematic process of stir casting 

5.3 POST PROCESSING 

After solidification and cooling of the fabricated samples underwent machining and surface 

finishing processes to reduce their diameter from 12 mm to 10 mm, ensuring compliance with 

ASTM testing standards. For the pin-on-disc wear test, the specimen dimensions were prepared 

in accordance with ASTM G99 guidelines, which specify that the pin diameter should range 

between 6 mm and 12 mm. This dimensional adjustment was essential to guarantee that the test 

specimens met the required criteria for accurate and consistent assessment of wear behavior and 

other mechanical properties under standardized testing conditions. 
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6. ANALYSIS OF VARIANCE 

Analysis of Variance (ANOVA) is a statistical technique employed to assess whether there 

are statistically significant differences between the means of three or more groups or 

experimental conditions. It is especially valuable in examining the influence of one or more 

independent variables, known as factors, on a single dependent variable. ANOVA functions 

by partitioning the overall variability in the dataset into components attributed to various 

sources, thereby enabling a detailed evaluation of each factor's contribution to the observed 

results.  

 General Linear Model: Wear Rate Vs Reinforcement %, Load, Speed 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 
wt % 3 129.32 129.32 43.11 1.42 0.005 
load 3 220.21 220.21 73.40 2.42 0.000 

speed 3 91.26 91.26 30.42 1.00 0.453 

Error 6 181.72 181.72 30.29   
Total 15 622.51     



 

 

 

The ANOVA and regression analysis results reveal that both reinforcement Wt% and load 

significantly influence the wear rate, while speed does not have a notable effect. The 

ANOVA shows that the reinforcement percentage (p = 0.005) and load (p = 0.000) are 

highly significant factors, whereas speed (p = 0.453) is not statistically significant. 

The regression model provides a precise equation to predict wear rate, with an 

adjusted R-squared of 95.02%, indicating that the model explains almost all the 

variance in the wear rate.  

 General Linear Model: COF Vs Reinforcement  %, Load, Speed 


 

 

 

 

 

 

 

 

 

 

 

 
S 

 

 
R-sq 

 

 
R-sq(adj) 

 

 
R-sq(pred) 

5.50340 97.81% 95.62% 90.48% 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 
wt % 3 1.2796 1.2796 0.42652 32.72 0.000 
load 3 10.9239 10.9239 3.64131 123.19 0.001 

speed 3 0.1047 0.1047 0.03492 0.22 0.878 
Error 6 0.9422 0.9422 0.15703   
Total 15 13.2504     

 
S 

 
R-sq 

 
R-sq(adj) 

 
R-sq(pred) 

0.396266 97.89% 92.22% 91.44% 
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The ANOVA results show that both reinforcement weight percentage (Wt%) 

and load (N) have a significant impact on the coefficient of friction (COF), with p-

values of 0.000, indicating strong statistical significance. Load, in particular, has the 

most substantial effect, as evidenced by its high F-value of 123.19, while 

reinforcement Wt% also significantly influences COF (F-value of 32.72). In 

contrast, speed does not significantly affect COF, as its p-value is 0.22, above the 

standard significance threshold of 0.05. The overall model fit is excellent, with an 

R-squared of 97.89% and an adjusted R-squared of 92.22%, indicating that nearly all 

variability in COF is explained by the model. However, the lack of significance in 

the speed factor suggests it may not be a key determinant of COF in this context. 

 

                                        7. GRA OPTIMIZATION 

The primary objective of the optimization phase is to identify the most effective combination 

of input parameters namely applied load, disc speed, and reinforcement content of reduced 

graphene oxide (r-GO) and hexagonal boron nitride (hBN) that results in minimized wear rate 

and improved coefficient of friction. To achieve this, advanced statistical and analytical 

methods such as Response Surface Methodology (RSM), Grey Relational Analysis (GRA), 

and Analysis of Variance (ANOVA) will be employed.  

 

        7.1 GREY RELATIONAL ANALYSIS (GRA) 
 

Grey Relational Analysis (GRA) is a widely utilized method for determining the optimal set 

of input parameters required to achieve desired performance outcomes. It is particularly 

effective in multi-factor optimization problems, especially when dealing with limited 

experimental data. GRA provides a systematic approach to evaluate and rank the influence of 

various parameters on performance characteristics, making it a valuable tool for improving the 

efficiency and reliability of complex systems and processes. 

The method is structured into several key phases: 

 Data Pre-processing

 Normalizing

 Deviation Sequence

 Grey Relation Sequence

 Grey Relation Grade
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Table. 7.1: Optimizing using GRA method 
 
 
Original values 

 

Normalizing 

values 

 

Deviation 

sequence 

Grey 

Relation 

Coefficient 

 
 
GRG 

 
 
Rank 

S. 

No 

 
COF  

Wear 

Rate 

 
COF  

Wear 

Rate 

 
COF  

Wear 

Rate 

 
COF  

Wear 

Rate 
1 1.061 0.042 0.255 0.951 0.742 0.041 0.405 0.992 0.655 13 
2 0.604 0.056 0.687 0.857 0.319 0.143 0.619 0.774 0.694 10 
3 0.441 0.087 0.842 0.639 0.193 0.361 0.766 0.545 0.670 12 
4 0.362 0.179 0.918 0.000 0.083 1.000 0.852 0.333 0.596 14 
5 0.714 0.035 0.589 1.000 0.411 0.000 0.545 1.000 0.772 9 
6 0.469 0.051 0.815 0.889 0.185 0.111 0.731 0.812 0.774 8 
7 0.36 0.064 0.914 0.798 0.076 0.209 0.866 0.711 0.787 7 
8 0.317 0.069 0.965 0.763 0.035 0.211 0.928 0.675 0.803 6 
9 1.325 0.07 0.000 0.756 1.000 0.256 0.333 0.677 0.503 16 
10 0.327 0.036 0.952 0.956 0.048 0.004 0.911 0.981 0.940 1 
11 0.296 0.041 0.984 0.953 0.016 0.047 0.969 0.977 0.943 2 
12 0.276 0.048 1.000 0.922 0.000 0.078 1.000 0.849 0.923 3 
13 1.182 0.051 0.132 0.889 0.868 0.111 0.365 0.812 0.592 15 
14 0.387 0.054 0.185 0.856 0.105 0.134 0.824 0.799 0.807 5 
15 0.354 0.057 0.925 0.822 0.077 0.178 0.879 0.757 0.813 4 
16 0.322 0.124 0.959 0.344 0.051 0.616 0.919 0.445 0.683 11 

max 1.325 0.179 1.000 1.000 1.000 1.000     
min 

0.276 0.035 
0 0 0 0 Theta= 0.5   

 

(Rank 1 –Sample 10): Sample 10, characterized by the parameter combination R3, L1, S2, 

recorded the highest Grey Relational Grade (GRG) of 0.940, establishing it as the most effective 

configuration in terms of both coefficient of friction (COF) and wear rate. This sample achieved 

a COF of 0.276 and a wear rate of 0.035, both ranking among the lowest values observed in the 

study.  

(Rank 16 – Sample 9): "Sample 9 demonstrated the lowest Grey Relational Grade (GRG) of 

0.503, placing it at the bottom in terms of overall tribological efficiency. It exhibited a 

comparatively high coefficient of friction (1.325) and a wear rate of 0.070, both noticeably 

higher than those recorded in other trials.  
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7.2  TAGUCHI DESIGN 

The mean responses table illustrates the impact of every given input component (hBN, r- GO 

reinforcements that are and stirring speed). It offers insight for optimisation and assists in 

determining which aspect has the most influence 

                             Table 7.2: Grey Relation Grade and mean corresponding to Design of 
Experiment 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.3: Response table for means 
 

 

 
 
 
 
 
 
 
 

Based on the analysis of mean values, Level 3, with a mean value of 0.83, represents the 

optimal reinforcement level as it exhibits the highest average, generally reflecting superior 

performance. Similar to the reinforcement graph, this plot displays the average response (Mean 

GRG) across different load levels (4.905 N, 9.81 N, 14.715 N, and 19.620 N), based on the 

tabulated data. The mean GRG begins at 0.620 for level 1, rises sharply to 0.810 at level 2, 

remains steady at 0.830 for level 3, and then declines to 0.750 at level 4. 

 
 
  
 

Wt % of 

Reinforcement 

 
Load 

 
Speed 

 
GRG  

 
S-N Ratio 

 
Mean 

0+0 4.905 300 0.655 3.67517 0.655 

0+0 9.810 400 0.694 3.17281 0.694 

0+0 14.715 500 0.670 3.47850 0.670 

0+0 19.620 600 0.596 4.49507 0.596 

0.2+1 4.905 400 0.772 2.24765 0.772 

0.2+1 9.810 300 0.774 2.22518 0.774 

0.2+1 14.715 600 0.787 2.08051 0.787 

0.2+1 19.620 500 0.803 1.90569 0.803 

0.35+1 4.905 500 0.503 5.96864 0.503 

0.35+1 9.810 600 0.940 0.53744 0.940 

0.35+1 14.715 300 0.943 0.50977 0.943 

0.35+1 19.620 400 0.923 0.69597 0.923 

0.5+1 4.905 500 0.592 4.55357 0.592 

0.5+1 9.810 600 0.807 1.86253 0.807 

0.5+1 14.715 400 0.813 1.79819 0.813 

0.5+1 19.620 300 0.683 3.31159 0.683 

Level Reinforcement 
(Mean GRG) 

Load (Mean 
GRG) 

Speed (Mean 
GRG) 

1 0.6538 0.6305 0.7638 

2 0.7840 0.8038 0.8005 

3 0.8273 0.8033 0.6958 

4 0.7238 0.7513 0.7288 

Delta 0.1735 0.1732 0.1048 

Rank 1 2 3 
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Level 3, with a mean response of 0.830, is identified as the optimal load level, as it yields the 

highest average value. This indicates improved performance at this specific load setting. 

Figure 7.1: main effect plot for means for stirring speed reinforcement 

wt% of r-GO and hBN 

 

 

8. RESULTS 
         8.1   Comparing Initial and Optimal Process Parameters 

 
"The optimization process led to a marked improvement in the tribological properties of the 

composite, with significant reductions observed in both the Coefficient of Friction and Wear 

Rate. An overall enhancement of 21.76% in the Grey Relational Grade (GRG) was achieved, 

highlighting the effectiveness of the optimized parameter combination Reinforcement Level 3, 

Load Level 1, and Speed Level 2 compared to the initial experimental setup. These results 

validate that the chosen optimal conditions contribute to superior performance under the 

specified testing environment." 

 
 

Table7.1: Initial and optimal parameters comparison 
 

  
 
 
 
 
 
 
 
 
 
 

 

 

 

 
Levels 

Initial 
Parameters 

Optimal  Parameters  

 

Improvement 

in % 

Predicted Experimental 
 

Setting Level 

 
   R2, L1, S2 

  
R3, L1, S2 

Coeffient of 
friction(COF) 

 
0.714 

  
0.327 

 
54.48 

       
         Wear Rate 

 
0.035 

  
0.036 

 
2.85 

Grey Relational 
Grade 

0.772 0.944 0.940 21.76 
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9. CONCLUSION 

 The composite samples reinforced with 0.2 wt% reduced graphene oxide (r-GO) and 1 wt% 

hexagonal boron nitride (hBN) exhibited significantly enhanced wear resistance when compared 

to the unreinforced AZ91 magnesium alloy and other reinforced variants developed in this study.  

 The main effect plots for the Grey Relational Grade (GRG) highlight the impact of each input 

process parameter. The maximum value at each level indicates the most favorable outcome for 

GRG. 

 Analysis of Variance (ANOVA) performed on the Grey Relational Grade reveals that the 

reinforcement percentage is the most influential factor, with load being the next most significant 

contributor. 

 A comparison between the initial and optimized experimental samples revealed a significant 

enhancement in the Grey Relational Grade (GRG), with an improvement of 21.76%. This 

substantial increase confirms the effectiveness of the optimization process in improving the 

overall tribological performance of the material. 
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