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Abstract: Lightweight materials are now relevant worldwide due to the increased focus on

energy saving, analysis, and related development. The reduced mass density of magnesium (Mg) and its
alloys has significantly increased their potential for usage in modern industries. Although magnesium is
widely valued in the transportation industry for its lightweight properties, its broader application has been
hindered by its relatively low strength and limited ductility. In metal matrix composites (MMCs), studies have
shown that refining the size of reinforcement particles can lead to improved mechanical performance. In this
context, the mechanical characteristics of the AZ91 magnesium alloy was enhanced by incorporating
hexagonal boron nitride (hBN) and reduced graphene oxide (r-GO) as reinforcements. This research focused
on evaluating key output responses such as Tensile strength, flexural strength and Micro-hardness under the
influence of various process parameters, including stirring speed and different weight percentages of r-GO

and hBN using the stir casting process.

The findings indicated that the uniform dispersion of nano-reinforcements within the magnesium matrix led to
noticeable improvements in the composite’s overall mechanical properties. These enhancements suggest that
the developed MMC has the potential to broaden the industrial applications of AZ91 magnesium alloy,
especially in sectors where both strength and weight reduction are crucial. Analysis of Variance (ANOVA)

has been adopted to assess the effectiveness of the model created.

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

1. INTRODUCTION

One of the most common materials in engineering is composites, and these are composed
of multiple constituent materials with completely different physical or chemical
properties that, when combined, create a new material with enhanced properties that none
of its component parts alone could achieve. These individual components are called
reinforcement and matrix, and they are combined so that every component maintains its
own distinctive characteristics and characteristics within the final structure.

A significant portion of sector engineering materials roughly 12.5% are composite
materials. In electronic devices, AZ91 is used to create enclosures or coverings for
electrical and communication equipment. Automobile seat frames, steering wheels, and

other automobile parts are made of AZ91. Orthopedic implants are made of AZ91 in the
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medical field. Other uses for AZ91 include laptop frameworks, concrete tools, speaker

cones, and textile machines.

2. LITERATURE REVIEW
Katarzyna et al. (2022) presented a newly developed hybrid MMCs AZ91 reinforced

with SiC and Ti. They conducted a detailed evaluation of the various properties of the
composite material under ambient conditions. The mechanical characteristics of the
newly developed AZ91 hybrid composite were found to be significantly excellent,
compared with the base AZ91 alloy in all evaluated parameters. Significant progress were
observed despite the utilization of identical fabrication techniques for the samples, hence
emphasizing the outstanding advancements in mechanical properties resulting from the

addition of Silicon Carbide and Ti particles inside the AZ91 alloy.

Yasmin Mussa et al. (2020) revealed that the inclusion of hexagonal boron nitride (h-
BN) yielded numerous advantageous outcomes in the context of Co304/r-GO (Cobalt
Oxide/Reduced Graphene Oxide) Nanocomposites. The thermal stability of Co3O4/r-GO
Nano-composites were seen to be enhanced with the incorporation of h-BN. This
observation implies that the inclusion of hBN inside the Nano composites had a crucial
role in preserving their structural integrity and characteristics even under elevated
temperatures. The incorporation of hBN into the Nano composites resulted in an
augmentation of the specific surface area. The inclusion of hBN in the Nano composites
resulted in a reduction in internal resistance, hence enhancing the efficiency of energy

storage and retrieval.

3. METHODOLOGY

SELECTION OF MATERIALS
AZ91 MAGNESIUM ALLOY+ Reduced Graphene oxide+
Hexagonal Boron Nitride

1l

[ Samples Preparation through Stir casting Technique ]

I

[ UTM & VHT Testing ]
il
[ Analysis of Variance (ANOVA) ]

i

[ Grey Relation Analysis (GRA) ]
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4. COMPOSITIONS OF SAMPLES

The Taguchi Lo orthogonal array is applied in the sample fabrication process to
systematically explore the effects of different reinforcement compositions. This method
enables a structured evaluation of how varying reinforcement levels impact the mechanical
and tribological properties of the composite material. Among the key process parameters
investigated are the weight percentages of Hexagonal Boron Nitride (hBN) and Reduced
Graphene Oxide (r-GO) along with the stirring speed used during mixing. By
implementing the Lo design, experiments are efficiently arranged to allow controlled
variation of multiple factors with a minimal number of trials. This statistical approach
significantly reduces the experimental workload while still delivering meaningful insights
into the relationship between processing parameters and material performance.

The Process Parameters are coded with Taguchi L9 Orthogonal array as Stirring
speed (A), Hexagonal Boron Nitride(B) and Reduced Graphene oxide (C).

Table 4.1: Taguchi L9 Orthogonal Array with actual values

Run | Stirring hBN r-GO

Speed (rpm)| (Wt%) (wt%)
1 400 1 0.2
2 400 1 0.35
3 400 1 0.5
4 500 1 0.35
5 500 1 0.5
6 500 1 0.2
7 600 1 0.5
8 600 1 0.2
9 600 1 0.35

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:

To ensure the correct melting, the magnesium-based alloy AZ91 was sliced into plates
from the ingot. After that, it is weighed to make sure the right amount of material is

utilized to form the combination, and both reduction of graphene oxide (r-GO) and
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hexagonal boron nitride (hBN) are kept available for mixing. This stage guarantees exact
control over the chemical composition of the alloy.

The AZ91 magnesium alloy's low density, high specific strength, and outstanding
castability make it a popular material in many distinct sectors. For building components
and lowering their weight, it is especially well-liked in the automobile and aviation
industries. AZ91 is renowned for having a strong mix between mechanical qualities and
resistance to corrosion, and it normally comprises 9% aluminium and 0.7% zinc, among
other elements. Excellent Corrosion Resistance: The alloy is appropriate for outdoor and
chemical exposure applications since it withstand oxidation as well as corrosion in a

variety of conditions.

Figure 5.1: AZ91 Mg Alloy plates
Reduced Graphene Oxide (r-GO) is a chemically modified form of graphene oxide

(GO), which itself originates from graphene. Graphene oxide consists of a single
atomic layer of carbon atoms arranged in a two-dimensional honeycomb structure.
Unlike pristine graphene, GO contains various oxygen-containing functional groups
such as hydroxyl (-OH), carboxyl (-COOH), and epoxide (-O-) groups on its surface

and edges.
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Figure 5.2: hBN Powder Figure 5.3: r-GO Powder

Hexagonal boron nitride (hBN) is a layered crystalline material made up of equal parts
boron and nitrogen atoms, arranged in a hexagonal pattern similar to that of graphite.
Within each layer, the atoms form a two-dimensional honeycomb lattice, while the layers
themselves are stacked and held together by weak van der Waals forces. This structure is
responsible for hBN’s distinctive properties, including high thermal stability, electrical

insulation, and excellent lubricating behavior.
5.2 STIR CASTING:

Following complete melting of the AZ91 Magnesium Alloy, the molten magnesium alloy
matrix is supplemented with heated reducing graphene oxide (r-GO) plus hexagonal
boron nitrate (hBN) particles. The mixture will be stirred for ten minutes at 400-600 rpm

using a mechanical stirrer.

Feinloreeinent

Furnace

= Haolor

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

5.3 POST PROCESSING
Following freezing as well as solidifying, the test specimens were machined and finished
to lower their lengths and diameters in accordance with the standards established by the
ASTM. The gripper's overall length is 100mm, whereas the diameter of it is 12mm. The
cylindrical grinding and turning machines have undergone the procedure of finishing.

Emery paper is then used to superfinish the specimens that were collected.
6. ANALYSIS OF VARIANCE

is a statistical technique used to determine whether there are significant differences

between the means of three or more groups. Rather than comparing means in pairs (as
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done in t-tests), ANOVA evaluates all groups simultaneously to identify if at least one

group differs significantly from the others. This method helps researchers assess the

impact of one or more factors on a particular outcome or response variable.

e General Linear Model: Tensile Strength Vs Stirring Speed, r-GO, hBN

Source DF | SeqSS | AdjSS | AdjMS | F-Value P-Value
Stirring Speed | 2 | 0.33387 | 0.33387 | 0.166937 3.28 0.000
r-GO 2 | 0.01108 | 0.01108 | 0.005539 0.11 0.042
hBN 2 | 0.02814 | 0.02814 | 0.014068 0.28 0.063
Error 2 | 0.10177 | 0.10177 | 0.050885
Total 8 | 0.47486
S R-sq R-sq(adj) R-sq(pred)
0.0225577 96.57% 95.23% 93.94%

e General Linear Model: Flexural Strength Vs Stirring Speed, r-GO, hBN
Source | DF Seq SS Adj SS Adj MS | F-Value | P-Value
Stirring 2 23.549 23.549 11.774 9.61 0.000

Speed
r-GO 2 2.157 2.157 1.079 6.88 0.000
hBN 2 6.439 6.439 3.220 0.63 0.276
Error 2 2.449 2.449 1.225
Total 8 34.595
S R-sq R-sq(adj) R-sq(pred)
1.10665 95.92% 93.68% 91.70%
e General Linear Model: Micro-hardness Vs Stirring Speed, r-GO, hBN
Source DF Adj SS Adj MS F-Value P-Value
Stirring Speed 2 0.005698 0.000860 110.68 0.000
r-GO 2 0.066987 0.000569 3.07 0.246
hBN 2 0.002698 0.005238 61.84 0.000
Error 2 0.0000785 0.000236
Total 8 0.0754615
S R-sq R-sq(adj) R-sq(pred)
0.0000039 96.09% 94.37% 91.89%
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The ANOVA analysis indicates that stirring speed and the weight percentage of -GO
reinforcement have a statistically significant influence on Tensile Strength with both
factors showing p-values are less than 0.05 so the both the parameters are significant.
confirming strong significance, The regression analysis produces a reliable predictive
equation for tensile strength, with an adjusted R-squared value of 93.94%, suggesting the
model accounts for most of the variability in tensile strength. Among these, stirring speed

has the greatest effect.

The ANOVA analysis indicates that stirring speed and the weight percentage of r-GO
reinforcement have a statistically significant influence on Flexural Strength with both
factors showing p-values are less than 0.05 so the both the parameters are significant.
confirming strong significance.

The ANOVA analysis indicates that stirring speed and the weight percentage of hBN
reinforcement have a statistically significant influence on micro-Hardness with both
factors showing p-values are less than 0.05 so the both the parameters are significant.
confirming strong significance. Among these, stirring speed and micro- hardness has the

greatest effect.
7. GRA OPTIMIZATION
Grey Relational Analysis (GRA) is a robust and widely used method for identifying the

optimal combination of input parameters to enhance desired quality outcomes. It is
especially valuable in situations involving multiple influencing factors and limited or
uncertain data. GRA offers an effective way to improve processes and systems by
simplifying complex decision-making problems. The method is structured into several

key phases:

e Data Pre-processing

e Normalizing

e Deviation Sequence

e Grey Relation Sequence
e Grey Relation Grade

e Rank
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Table. 6.1: Optimizing using GRA method

Original values Normalizing Deviation sequence Grey Relation GRG| Rank
values Coefficient
S. No | Tensile Flexural Micro- | Tensile Flexural Micro- | Tensile Flexural Micro- | Tensile Flexural Micro-
Strengt | Strength | Hardne |Strength | Strength |[Hardne | Strengt | Strength |Hardne | Strengt | Strength | Hardne
h Ss SS h SS h SS
boloass 29 92 | 0238 | 0375 | 0500 | 0762 | 0625 | 0500 | 0396 | 0444 | 0.500 | “*4O ’
2| 188 | 28 9% | 0382 | 0250 | 1.000 | 0620 | 0750 | 0.000 | 0.446 | 0400 | 1.000 | % .
3| 180 | 28 9 | 0000 | 0250 | 0833 | 1000 | 0750 | 0.167 | 0333 | 0400 | 0725 | %4 >
ol |27 9% | 0285 | 0125 | 0583 | 0715 | 0875 | 0417 | 0411 | 0366 | 0556 | O i
S| 189 | 26 88 | 0428 | 0000 | 0167 | 0572 | 1000 | 0.833 | 0466 | 0333 | 0374 | O ?
6 1 195 27 9 | 0714 | 0125 | 0333 | 0286 | 0875 | 0667 | 0.636 | 0336 | 0420 | *47° ¢
7| 20 28 9 | 1000 | 0250 | 0417 | 0000 | 0750 | 0.583 | 1.000 | 0.400 | 0461 | 62O g
8| 198 31 8 | 0857 | 0625 | 0000 | 0.143 | 0375 | 1.000 | 0777 | 0579 | 0333 | * !
7] 193 34 9% | 0619 | 1000 | 0667 | 0381 | 0000 | 0333 | 0567 | 1.000 | 0624 | % !
max | 201 | 34 98 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000
min | 180 | 26 86 0 0 0 0 0 0 Diffusion
Coefficient = 0.5

e Rank 1 - Sample 9 (S3, hBN1, r-GO2) Sample 9, identified as S3 with hBN1 and r-
GO2, achieved the highest Grey Relational Grade (GRG) of 0.722, making it the top-

performing combination among all tested samples. The individual performance

metrics Tensile Strength (193 MPa), Flexural Strength (34 Mpa), and Micro-

Hardness (94 VHN) are among the highest values in the dataset.

e Rank 9 - Sample 5 (S2, hBN1, r-GO3): On the other hand, Sample 5, categorized
as S2 with hBN1 and r-GO3, recorded the lowest Grey Relational Grade (GRG) of

0.391, placing it at the bottom in terms of overall mechanical performance. The

corresponding values Tensile Strength (189 MPa), Flexural Strength (26 MPa), and

Micro-Hardness (88 VHN) are among the lowest in the test group. These low results

indicate poor mechanical characteristics.
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7.1 TAGUCHI DESIGN

The mean responses table illustrates the impact of every given input component (hBN, 1-

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

assists in determining which aspect has the most influence

Table. 6.2: Grey Relation Grade and mean corresponding to Design of

Experiment
Stirring r-GO hBN GRG S-N ratio Means
Speed
400 0.20 1 0.446880 6.99618 0.446880
400 0.35 1 0.615476 4.21577 0.615476
400 0.50 1 0.494320 6.11985 0.494320
500 0.20 1 0.440138 7.12821 0.440138
500 0.35 1 0.391615 8.14281 0.391615
500 0.50 1 0.476073 6.44654 0.476073
600 0.20 1 0.620560 4.14432 0.620560
600 0.35 1 0.560789 5.02401 0.560789
600 0.50 1 0.722592 2.82213 0.722592
Table 6.3: Response table for means
Level Stirring speed r-GO hBN
(mean GRG) (mean GRG) | (mean GRG)
1 0.5189 0.5025 0.5298
2 0.4359 0.5226 0.5184
3 0.6346 0.5643 0.3687
Delta 0.1987 0.0618 0.0529
Rank 1 2 3

Based on the analysis of mean values, the optimal reinforcement level for both r-GO and

hBN is Level 3 (0.67), as it exhibits the highest mean value, indicating superior

performance. A similar trend is observed in the response plot for r-GO. The plot

illustrates the average response across three reinforcement levels (1, 2, and 3), derived

from the experimental data. The mean response starts at 0.51 for Level 1, increases to

0.525 at Level 2, and reaches its peak at 0.57 for Level 3. Therefore, Level 3 (0.57) is

identified as the optimal level for r-GO reinforcement, signifying the most effective

performance at this concentration.

of Means

Main Effects Plot for Means
Data Means

r-GO hBN
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Figure 6.1: main effect plot for means for stirring speed reinforcement wt%
of r-GO and hBN

8. RESULTS AND DISCUSSIONS

7.1 Comparing Initial and Optimal Process Parameters

The Micro-Hardness, Flexural Strength, and Tensile Strength have been
significantly improved as a result of the procedure for optimization. with a notable
16.45% enhancement in total performance in the Grey Relational Grade. This
indicates that the research's mechanical performance is improved by the optimal

parameters (S3, r-GO> and hBN), which are substantially better than the original

ones.
Levels Initial Optimal Parameters Improvement
Parameters in %
Predicted Experimental
Setting Level S3, hBN1 & S3, hBN1 &
r-GOs r-GO2
Tensile Strength 201 193 3.98
(MPa)
Flexural Strength 28 34 21.428
(MPa)
Micro Hardness 91 94 3.29
(VHN)
Grey Relational 0.620 0.66900 0.722 16.45
Grade

9. CONCLUSION
Samples processed with a stirring speed of 600 rpm exhibited a notable improvement in

tensile strength compared to other combinations of r-GO and hBN reinforcements.

The main effect plots for GRG reveal how each input factor influences the overall
performance. The peak GRG values at specific levels confirm the favour parameter

settings for achieving high mechanical properties.

Results from the ANOVA on GRG indicate that stirring speed has the most significant
influence, followed by the percentage of reduced graphene oxide (r-GO). Although hBN
showed less impact on overall GRG, it emerged as a key factor in improving micro-

hardness.
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A comparison between the initial and optimized sample combinations showed a 16.4%

increase in the Grey Relational Grade, highlighting a substantial enhancement in overall

material performance after optimization.
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