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Abstract: The systematic optimization approach highlights the potential of powder metal-
lurgy and GNP reinforcement to enhance the mechanical properties of AZ31 magnesium
alloys, making them suitable for lightweight structural applications. The present study
employs the Taguchi approach to optimize the processing parameters of powder metallurgy
for the fabrication of AZ31/graphene nanoplatelet (1.75 wt.%GNP) composites. The pro-
cess parameters are varied at three levels, i.e., compaction pressure (250 MPa, 300 MPa, and
350 MPa), sintering temperature (500 ◦C, 550 ◦C, and 600 ◦C), and sintering time (45 min,
60 min, and 75 min) using an L9 orthogonal array. The impact of these parameters on mi-
crohardness and compressive strength was analyzed using a signal-to-noise (SN) ratio and
an analysis of variance (ANOVA) approach. The results indicate that compaction pressure
significantly influences both microhardness (72.99%) and compressive strength (68.38%),
followed by sintering temperature and sintering time. Optimal parameter combinations
(350 MPa, 600 ◦C, and 60 min) yielded maximum microhardness (108.5 Hv) and compres-
sive strength (452.2 MPa). Regression models demonstrated strong predictive capabilities
with R² values exceeding 85%. This study underscores the importance of efficient parameter
optimization to achieve enhanced material properties in a cost-effective manner.

Keywords: AZ31 alloy; graphene nanoparticles; Taguchi method; ANOVA; compaction
pressure; sintering temperature; sintering time

1. Introduction
Magnesium and its alloy-based composite are effectively used as matrix material due

to their remarkable mechanical properties offering a high strength-to-weight ratio and high
damping ratio [1]. Irrespective of superior mechanical properties, low corrosion resistance
and high wear rate are often considered major problems when dealing with magnesium
alloy as they gradually decrease the strength of magnesium and its alloy [2]. Therefore,
the metal matrix composite has low-density magnesium alloy as a matrix reinforced with
particles or fibers that involve high stiffness and high resistance to wear along with offering
greater strength [3]. The research scenario suggested that the metal matrix composite has
carbon-based nanoparticles as a reinforcing agent, enhancing the mechanical properties of
the composite [4]. However, the amount of reinforcement in the magnesium alloy matrix
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is crucial in deciding the uniform composition of nano-powder in the matrix that hinders
the crack propagation around the grain boundary and the agglomeration of powder in the
composite [5]. The small addition of graphene nanoparticles to the AZ31 alloy significantly
improves the mechanical properties and widens its application field, but the uniform
dispersion of graphene nanoparticles in the magnesium-based alloy composite is always a
challenging task [6]. The mechanical properties of magnesium alloy-based matrix composite
depend upon the percentage and types of reinforcement, matrix and fiber composition,
fabrication approaches, and processing parameters [7]. The amount of reinforcement is
crucial in controlling the porosity of the composites, whereas the types of reinforcement
encounter the final characteristics of the composites.

Various fabrication approaches are liquid infiltration, stir casting, disintegrated melt
deposition, and powder metallurgy [8]. Powder metallurgy (PM) is regarded as the most
appropriate method for preparing the magnesium alloy-based composite, involving the high
utilization of material with no or less time machining for the final product obtained [9].
The formation of complex shapes with ease is obtained with the help of powder metallurgy
via isostatic pressing [10]. Wu et al. observed an improvement in mechanical properties with
0.5 wt.% GNPs in Mg-based matrix composite by powder metallurgy route [11]. Kavimani
et al. [12] investigated the mechanical behavior of Mg-MMCs reinforced with weight fractions
(0.2 wt.% to 0.5 wt.%) of r-GO (reduced-graphene oxide) by PM that showed that minimal
micro-voids and cracks were established with 0.3 wt.% of r-GO, a clear surface with some
micro-voids was obtained with 0.4 wt.% of r-GO, and a large number of cracks were formed
with 0.5 wt.% of r-GO, resulting in a decrease in the mechanical characteristics of the compos-
ites. Raja et al. [13] analyzed the improvement in elongation and hardness with 0.6 wt.% of
GNP in AZ31 alloy matrix composites. Rashad et al. [14] fabricated an AZ31 alloy with weight
fractions (0.25 to 1 wt.%) of carbon-based reinforcement formed by the powder metallurgy
methodology. The microhardness and failure strain were found to be increased by increasing
the percentage of reinforcement without any significant change in the tensile strength as com-
pared to the base material. Jayakumar et al. [15] analyzed the fracture mechanism of the AZ31
alloy with a weight fraction (0.33 to 1 wt.%) of carbon-based reinforcement formed by PM.
A continuous increase in porosity with a reduction in density was obtained by increasing the
amount of carbon-based reinforcing particles in the AZ31 alloy. Zhou et al. [16] analyzed the
influence of carbon-based reinforcing particles (0.5 to 4 wt.%) on the mechanical characteristics
of AZ31 matrix-based composites formed by powder metallurgy. There was a slight increase
in porosity from 0.5 to 2 wt.%, but after that, a drastic increase in porosity was observed that
led to crack propagation as well as an agglomeration of reinforcement in the matrix material.

Further, PM allows the uniform distribution of carbon-based nanoparticles in the
matrix material [17]. Powder metallurgy encompassing critical stages such as powder
compaction and sintering, offers significant potential for fabricating high-performance
composites. Among the key processing parameters, compaction pressure, sintering temper-
ature, and sintering time are crucial in determining the microstructure and, consequently,
the mechanical properties of the final composite [18]. Compaction pressure affects the
densification and bonding between powder particles while sintering temperature and
time control grain growth, diffusion, and porosity elimination [19]. Comparing the role
of processing parameters with other approaches such as laser powder bed fusion (LPBF),
the overall characteristics of the material directly correlate [20]. Therefore, it is essential to
optimize these parameters to achieve the desired balance of mechanical strength, hardness,
and durability. The Taguchi method has been widely employed in recent years as an effec-
tive statistical approach for optimizing powder metallurgy parameters. Kumar et al. [21]
demonstrated the use of the Taguchi method to optimize compaction pressure, sintering
time, and sintering temperature to enhance the microhardness of Al-CNT 2 composites.
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Similarly, Sahoo et al. [22] applied the Taguchi approach to identify optimal conditions for
the densification and mechanical strength of steel-based composites, revealing the signifi-
cance of compaction pressure and sintering temperature. Calaph et al. [23] applied Taguchi
optimization in hybrid metal matrix composites and found that properly tuned sintering
time and temperature significantly improved tensile properties. The objective of this study
is the optimization of the processing parameters for AZ31 alloy reinforced with 1.75 wt.%
of graphene nanoplatelets (GNP), focusing on the optimal GNP weight fraction. Using the
Taguchi method with an L9 orthogonal array, the effects of compaction pressure, sintering
temperature, and sintering time on microhardness and compressive strength are analyzed
through signal-to-noise (SN) ratios and ANOVA. This study also aims to develop predictive
regression models to establish quantitative relationships between process parameters and
mechanical properties, ensuring accurate and reliable optimization.

2. Materials and Methods
2.1. Matrix and Reinforcement Material

The AZ31 alloy was selected as a matrix material that acts as a bonding element in the
composite for the distribution and transfer of load from the matrix to reinforcement [21].
The composition of the AZ31 alloy is illustrated in Table 1. Table 2 indicates the properties
of the AZ31 alloy. The average particle size of the AZ31 alloy is 150 µm. AZ31 alloy powder
is manufactured by Parasmani Metals, Mumbai, India. Graphene nanoparticles (GNP) were
used as a reinforcing agent in the AZ31 matrix to improve the mechanical properties of
the composite. The properties of graphene nanoparticles are listed in Table 3. The average
particle size of graphene nanoparticles is 5–10 nm. The material powder is manufactured
by Platonic Nanotech Pvt. Ltd., Jharkhand, India. Carbon-based nanoparticles provide a
strong bonding strength in the composite subject to improvement in wear resistance and
compressive strength of the composite [24].

Table 1. Composition of AZ31 alloy provided by the manufacturer.

Elements Mg Al Zn Mn Si Cu Fe Ni

Distribution (%) 95.09 2.80 1.75 0.20 0.10 0.05 0.005 0.005

Table 2. Properties of AZ31 alloy provided by the manufacturer.

S. No Properties AZ31 Alloy

1. Tensile strength 260 MPa

2. Yield strength 200 MPa

3. Purity 99%

4. Density 1.77 g/cc

5. Elongation 15%

6. Brinell hardness 49 BHN

Table 3. Properties of graphene nanoparticles provided by the manufacturer.

S. No Properties Graphene Nanoparticles

1. Purity >99%
2. Tensile modulus >1000 GPa
3. Length 5–10 microns
4. Thickness 5–10 nm
5. Density 2.5 g/cc
6. Thermal conductivity 2000 watt/m-k
7. Surface area 200–240 m2/g
8. Number of layers Layers
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2.2. Methodology

AZ31 alloy matrix material reinforced with graphene nanoparticles was prepared
using a powder metallurgy route to form a metal matrix composite. Initially, ultrason-
ication of graphene nanoparticles was performed in an acetone solution for 45 min to
avoid the agglomeration of nanoparticles while mixing them with the AZ31 alloy. After
ultrasonication, the AZ31 alloy was added to the slurry of nanoparticles to ensure the
agglomeration-free mixing of nanoparticles in the metal matrix composite. Then, after the
evaporation of acetone from the mixture (containing matrix and reinforcement powder),
the powders were placed in a stainless-steel jar and 0.3 wt.% stearic acid was added to
the mixture to minimize cold-welding during planetary ball milling. The powders were
then ball-milled at 500 rpm for 1 h with stainless-steel ball diameter of 3 mm under an
argon inert atmosphere at a flow rate of 200 mL/min. Argon gas was used as a protective
atmosphere in the jar to minimize oxidation. The weight ratio of the stainless-steel milling
balls to mixture powder was 20:1 [25]. Thereafter, the homogenous mixture of powders was
compacted in a stainless-steel cylindrical die of diameter 20 mm at compaction pressures
of 250 MPa, 300 MPa, and 350 MPa, with zinc steroid used as a lubricant to prepare the
green compact. The green compact was then sintered at sintering temperatures of 500 ◦C,
550 ◦C, and 600 ◦C in a tube furnace by creating a vacuum inside the furnace. The heating
rate for sintering was taken as 5 ◦C/min. The sintering times were taken as 45 min, 60 min,
and 75 min for sintering. From a cooling perspective, natural cooling via opening the
pump valve was incorporated into the furnace. The sintering curve for the preparation
of the composites is shown in Figure 1. Argon gas was supplied in the tube furnace at
a flow rate of (300 mL/min) which prevents the oxidation of magnesium material in the
sintering process, allowing the proper diffusion of the material in the pores to enhance the
bonding strength between the reinforcing agent and matrix material. After sintering, the
final sample was obtained with ϕ20 × 20 mm dimension which was used to evaluate the
mechanical properties for the optimized process parameter of composite. The schematic
process of fabrication of the magnesium alloy-based metal matrix composite using the
powder metallurgy route is illustrated in Figure 2.
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2.3. Characterization, Testing, and Experimentation

The microstructure of the composite was analyzed by Scanning Electron Microscopy
(SEM) (JEOL, JSM-7610FPlus, Akishima, Japan). The existence of GNP in the composite
material was analyzed using X-ray diffraction (XRD) (Bruker D8 Discover, Karlsruhe,
Germany). Porosity measurement was carried out using image analysis techniques on
SEM micrographs, where image processing software like ImageJ (version 1.54d) converts
images into binary formats to distinguish pores from solid regions. The porosity percentage
was calculated by determining the total pore area relative to the observed area. Grain size
was measured using the linear intercept method (ASTM E112), where parallel lines are
drawn over SEM images, and grain boundaries intersected by these lines are counted [26].
The average grain size (d) was then calculated using d = L/N, where L was the total line
length and N was the number of interceptions. The compressive strength of the composite
and AZ31 alloy was analyzed using a compression test by a universal testing machine
(Instron 3366, Norwood, MA, USA). The specimen used for the compression test was
prepared using ASTM standard E9 [27]. The length-to-diameter ratio for the compression
test was taken as 0.8, as illustrated in ASTM standard E9, and the strain rate is given as
0.0005 s−1 [26]. Microhardness was accomplished by using a micro-Vickers hardness tester
as per ASTM Standard E384 [28]. However, the samples were required to be polished on
400–1500 grit papers along with polished via Al2O3 (alumina powder). Then, the samples
were dipped in a 100 mL solution (97% ethanol and 3% nitric acid) for around 10 s before
measuring the microhardness of the composite [29]. The seven trails were performed on
the polished surface, involving a 1 kgf load with a dwell time of 15 s, and the average value
of microhardness was recorded.

Optimization Technique: Taguchi Method

The Taguchi method was a robust experimental design tool used to systematically
collect data and analyze the effects of process variables on a specific response variable,
which was influenced by these parameters, while also facilitating the development of high-
quality systems [30]. In this study, three control factors were selected for the experimental
design (Table 4), i.e., compaction pressure (A), sintering temperature (B), and sintering time
(C), with each factor evaluated at three levels.



Appl. Sci. 2025, 15, 4181 6 of 19

Table 4. Control factors and their levels.

Symbol Notation Control Factor Unit Level 1 Level 2 Level 3

A Compaction
pressure MPa 250 300 350

B Sintering
temperature

◦C 500 550 600

C Sintering time min 45 60 75

An L9 orthogonal array was selected for experimental design. The experimental results
were converted into signal-to-noise (SN) ratios, where the signal represents the mean value
and the noise corresponds to the standard deviation. The Taguchi method employs the SN
ratio to evaluate quality characteristics based on various types of loss functions. SN ratios
can be categorized into three types of characteristics: smaller-is-better, larger-is-better, and
nominal-is-best [31]. For this study, the larger-is-better type characteristic was taken, and
the SN ratio was calculated by using Equation (1), as given below:

SN = −10 log10

(
1
n

n

∑
i = 1

1/yi
2

)
(1)

where y1, y2, . . ., yn are the experimental results and n is the number of experiments. The SN
ratio transformation was used to maximize microhardness and compressive strength.
Table 5 showed the experimental design using L9 orthogonal array indicating the symbolic
representation of the sample prepared. By analyzing the SN ratio, it was possible to
determine statistically significant parameters.

Table 5. Experimental design using L9 orthogonal array.

Sample A B C

S1 250 500 45
S2 250 550 60
S3 250 600 75
S4 300 500 60
S5 300 550 75
S6 300 600 45
S7 350 500 75
S8 350 550 45
S9 350 600 60

3. Results and Discussion
The microstructural analysis of all samples, as illustrated in Figure 3, provides critical

insights into the influence of sintering parameters (sintering time, sintering temperature,
and compaction pressure) on material densification. The micrographs of specimens S1, S2,
and S3 reveal significant porosity, primarily attributed to the lower compaction pressure
applied during processing. This results in inadequate particle rearrangement and reduced
packing density, leading to an increased presence of micro-voids. A direct correlation
was observed between compaction pressure and porosity reduction. As compaction pres-
sure increases, the material exhibits improved particle cohesion, which minimizes void
formation. Additionally, sintering time and temperature play a crucial role in enhancing
densification. Prolonged sintering duration coupled with elevated sintering temperatures
facilitate enhanced atomic diffusion and grain boundary migration, promoting effective
pore elimination. The combined effect of these parameters accelerates mass transport,
reducing residual porosity and increasing overall density. The micrographs of the S9 speci-
men, subjected to the highest compaction pressure, extended sintering time, and elevated
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sintering temperature, exhibit a significant reduction in micro-voids. This improvement
is attributed to enhanced diffusion kinetics, which results in more efficient reinforcement
distribution within the matrix material. The uniform dispersion of reinforcement phases,
coupled with optimized sintering conditions, contributes to improved mechanical integrity
and superior densification. These findings highlight the interplay between processing pa-
rameters and microstructural evolution, emphasizing the necessity of optimizing sintering
conditions for superior composite performance.
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Figure 3. Surface characterization of AZ31/1.75wt.%GNP prepared at different compaction pressures,
sintering temperatures, and sintering times. The annotation for the symbol used in the microstructures
from S1 to S9 is depicted in Table 5.

The XRD pattern for AZ31/1.75wt.% GNP composites at different processing parame-
ters was mainly analyzed to reveal the presence of different phases and peaks present in
the composites. The formations of peaks and phases were directly linked to the processing
parameters. The peaks and phases obtained are the results of processing parameters of
powder metallurgy (mixing the powders, compaction pressure, and sintering time and
temperature). Therefore, the result mainly depicted the presence of the α-Mg phase in all
the composites formed. The absence of β-Mg17Al12 phase peaks in all the compositions was
detected in the XRD. Other than peaks and phases depiction, the results of XRD were also
crucial in analyzing whether AZ31 alloy reacts with GNP or not since the absence of peaks
related to interfacial products was consistent in all the compositions of AZ31/GNP com-
posites. This provides suitable evidence that there was no reaction taking place between
the matrix and reinforcement. Other than that, no literature has indicated the reaction of
Mg with GNP. The presence of the MgO peak provided evidence of strong covalent and
ionic interaction at the interface between Mg/MgO and MgO/graphene. This replaced the
weak van der Waals bonding between graphene and Mg alloy and provided a hindrance to
the dislocations. Hence, the existence of the MgO phase is assumed, finding a resemblance
with the strong interfacial bonding strength between the matrix and reinforcement. Since it
has been reported in the microstructure that the addition of graphene nanoparticles was
attributed to grain refinement, the evidence was concluded by XRD result data. As the
graphene nanoparticles served as the nucleation substrate for the α-Mg phase to provide a
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reduction in the grain growth. Therefore, most peak (α-Mg phase) depictions were acting
as a nucleation site for grain reduction. Other than that, the microstructure formed inferred
that GNP was distributed along the α-Mg phase that was accompanied by the presence of
MgO oxide.

The addition of graphene nanoparticles in the AZ31 matrix composite enhances grain
refinement compared to the base alloy AZ31. Figure 4b shows the variation in grain
refinement with compaction pressure, sintering temperature, and sintering time. The result
indicated that the effective densification of reinforcement in the matrix reduces the grain
size more effectively imparting the proper bonding between the matrix and reinforcement.
The proper infusion of reinforcement in the matrix further reduces the porosity (%) of the
composite as shown in Figure 4c. Therefore, the reduction in grain size and porosity (%)
ultimately enhances the mechanical properties of the composite compared to the base alloy.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 9 of 20 
 

 

Figure 4. The characterization of the synthesized samples: (a) X-ray diffraction (XRD) patterns of 
samples S1–S9, highlighting the presence of the α-Mg phase and MgO phase. The diffraction peaks 
confirm the phase composition of the developed materials, with consistent peak intensities across 
different samples. (b) Grain refinement of the samples compared to AZ31, demonstrating a progres-
sive reduction in grain size from S1 to S9. The decreasing trend in grain size indicates effective grain 
refinement through the applied processing parameters. (c) The porosity percentage of the synthe-
sized samples, showing a gradual reduction in porosity from S1 to S9. The lower porosity in later 
samples suggests improved densification and material integrity, which can positively influence me-
chanical properties. 

 

Figure 5. (a) Compressive strength and (b) microhardness of composite at different levels with var-
iable process parameters of powder metallurgy approach. 

Figure 4. The characterization of the synthesized samples: (a) X-ray diffraction (XRD) patterns
of samples S1–S9, highlighting the presence of the α-Mg phase and MgO phase. The diffraction
peaks confirm the phase composition of the developed materials, with consistent peak intensities
across different samples. (b) Grain refinement of the samples compared to AZ31, demonstrating a
progressive reduction in grain size from S1 to S9. The decreasing trend in grain size indicates effective
grain refinement through the applied processing parameters. (c) The porosity percentage of the
synthesized samples, showing a gradual reduction in porosity from S1 to S9. The lower porosity in
later samples suggests improved densification and material integrity, which can positively influence
mechanical properties.

The compressive strength of the composite was depicted to be increased with the
addition of graphene nanoparticles compared to the base alloy (AZ31). It is due to the
effective transfer of loads from the matrix to graphene nanoparticles that occurred owing
to the good wettability of graphene nanoparticles in the magnesium matrix. Thus, a good
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mechanical bonding was revealed between the reinforcement and matrix. The mechanical
bonding between the reinforcement and the matrix was enhanced during the sintering
process, allowing the effective diffusion of reinforcing material occurring in the matrix and
enabling the improvement in the compressive strength of the composite. Figure 5a shows
the compressive strength for all the samples prepared at different process parameters.
The compressive strength of the composite is obtained to be higher for the S9 sample than
the base AZ31 alloy (358 MPa). The effective infusion of nanoparticles in the composite at
the optimized parameter signifies the proper diffusion between reinforcement in the AZ31
alloy. Therefore, the bonding strength between the reinforcement and matrix material in-
creased which resulted in better compressive strength. The microhardness of the composite
was also observed to be increased with the addition of graphene nanoparticles and obtained
to be higher for the S9 sample (108.5 HV) as shown in Figure 5b. The proper diffusion of
reinforcement resists localized deformation in the matrix during the indentation. Thus, a
high value of microhardness was observed for the S9 sample compared to other samples
and the base alloy.
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3.1. Statistical Analysis

The results for microhardness and compressive strength, along with their correspond-
ing signal-to-noise (SN) ratios, are presented in Table 6. Regardless of the type of quality
loss function applied, the transformation of experimental results into SN ratios allows
for a consistent interpretation signifying that a higher SN ratio provides better perfor-
mance. These experimental outcomes were further analyzed using an analysis of variance
(ANOVA) to determine the effects of the control factors, i.e., compaction pressure, sinter-
ing temperature, and sintering time on the microhardness and compressive strength of
the material. Additionally, ANOVA assessed the interactions between these processing
parameters. The analysis was conducted at a significant level of 5%, equivalent to a 95%
confidence level. The results of the ANOVA are summarized in Tables 7 and 8. Table 7,
specifically, presents the response table for SN ratios, which ranks the control factors based
on their influence on microhardness and compressive strength. The ranking was deter-
mined using the delta value, which reflects the range of SN ratio variations caused by each
factor. The outcomes revealed that the compaction pressure exerts the greatest influence
on microhardness, followed by sintering temperature. However, sintering time had the
least influence on microhardness. A similar trend was observed for compressive strength,
where compaction pressure was the dominant factor, followed by sintering temperature
and sintering time.
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Table 6. Experimental results using L9 orthogonal array.

Sample Microhardness
(Hv)

Compressive
Strength

(MPa)

S/N for
Microhard-
ness (dB)

S/N for
Compressive
Strength (dB)

Prediction for
Microhard-
ness (dB)

Prediction for
Compressive
Strength (dB)

S1 75.5 390 37.5589 51.8213 37.7800 51.9243
S2 80.5 405 38.1159 52.1491 37.9656 52.0835
S3 87.1 419 38.8004 52.4443 38.7296 52.4069
S4 88.9 425.2 38.9780 52.5719 38.9073 52.5344
S5 82.3 414.3 38.3080 52.3463 38.5290 52.4493
S6 95.4 435.7 39.5910 52.7838 39.4407 52.7181
S7 99.8 438.9 39.9826 52.8473 39.8323 52.7817
S8 96.3 430.5 39.6725 52.6795 39.6018 52.6420
S9 108.5 452.2 40.7086 53.1066 40.9296 53.2097

Table 7. Response table for signal-to-noise ratio (larger-is-better).

Microhardness Compressive Strength

Level A B C A B C

1 38.16 38.84 38.94 52.14 52.41 52.43
2 38.96 38.70 39.27 52.57 52.39 52.61
3 40.12 39.70 39.03 52.88 52.78 52.55

Delta 1.96 1.00 0.33 0.74 0.39 0.18
Rank 1 2 3 1 2 3

Table 8. Analysis of variance for signal-to-noise ratio (larger-is-better).

Microhardness

Source DF Seq SS Adj SS Adj MS F p %

A 2 5.8445 5.8445 2.92225 25.48 0.038 72.99
B 2 1.7620 1.7620 0.88101 7.68 0.115 22.01
C 2 0.1710 0.1710 0.08550 0.75 0.573 2.14

Residual Error 2 0.2293 0.2293 0.11467 2.86
Total 8 8.0069 100.00

R-Sq (97.14%), R-Sq(adj) (88.54%)

Compressive Strength

Source DF Seq SS Adj SS Adj MS F p %

A 2 0.82748 0.82748 0.41374 16.90 0.056 68.38
B 2 0.28296 0.28296 0.14148 5.78 0.148 23.38
C 2 0.05064 0.05064 0.02532 1.03 0.492 4.18

Residual Error 2 0.04897 0.04897 0.02448 4.05
Total 8 1.21005 100.00

R-Sq (95.95%), R-Sq(adj) 83.81%

The percentage contribution analysis highlights the influence of individual control
factors on both microhardness and compressive strength. For microhardness, compaction
pressure was identified as the most significant factor, contributing 72.99% to the observed
variations. This indicates that compaction pressure plays a dominant role in determining
the microhardness of the material as it directly affects the densification and bonding of
powder particles. Sintering temperature was the second most influential factor, contributing
22.01%, as it governs grain growth and diffusion, which were critical for enhancing material
hardness. Sintering time, however, had a relatively minor influence on microhardness,
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accounting for only 2.14% of the variation. A similar pattern of influence was observed
when analyzing compressive strength. Compaction pressure once again emerged as the
most significant factor, with a contribution of 68.38%. This underscores the importance
of adequate compaction in improving load-bearing capacity of the composite. Sintering
temperature contributed 23.38%, highlighting its role in reducing porosity and improving
the mechanical integrity of the material. Sintering time showed a modest contribution of
4.18%, indicating that while it plays a role in enhancing compressive strength, its impact
is less pronounced compared to the other two factors. These findings demonstrate the
critical role of compaction pressure and sintering temperature in optimizing mechanical
properties.

The ANOVA analysis for microhardness and compressive strength provides a detailed
analysis of the contributions of individual control factors are compaction pressure (A),
sintering temperature (B), and sintering time (C) subtending towards the variation in
mechanical properties (Table 8). For microhardness, compaction pressure emerges as
the most dominant factor, contributing 72.99% to the total variation, as reflected in its
sequential sum of squares (Seq SS) value of 5.8445. This indicates that compaction pressure
has the strongest influence on densification and particle bonding, which directly enhances
the hardness of the material. The sintering temperature was the second most significant
factor, contributing 22.01% (Seq SS = 1.7620), as it controls grain growth and diffusion
processes that further improve hardness. Sintering time, with a minimal contribution of
2.14% (Seq SS = 0.1710), has a negligible impact on microhardness compared to the other
factors. The residual error accounts for only 2.86% of the variation, demonstrating the
robustness of the model. The model’s fit was supported by high R-squared (R2 = 97.14%)
and adjusted R-squared values (R2(adj) = 88.54%), indicating that the selected factors
explain most of the observed variation. For compressive strength, a similar trend was
observed, with compaction pressure being the most influential factor, contributing 68.38%
(Seq SS = 0.82748). This highlights its critical role in enhancing the load-bearing capacity of
the material. Sintering temperature follows with a contribution of 23.38% (Seq SS = 0.28296),
as it reduces porosity and strengthens the composite. Sintering time contributes only 4.18%
(Seq SS = 0.05064), indicating its relatively minor influence. The residual error accounts
for 4.05% of the variation, reflecting the reliability of the model. The R-squared value
(R2 = 95.95%) and adjusted R-squared value (R2(adj) = 83.81%) further confirm the model’s
accuracy in capturing the relationship between the factors and compressive strength.
In both cases, the F-values indicate the significance of the factors. Compaction pressure
had the highest F-values (25.48 for microhardness and 16.90 for compressive strength),
confirming its dominant influence. However, the p-values suggest statistical significance
only for compaction pressure in microhardness (p = 0.038), while the contributions of
sintering temperature and time were not statistically significant (p > 0.05). Similarly, for
compressive strength, none of the factors are statistically significant at the 5% level (p > 0.05),
though compaction pressure approaches significance (p = 0.056). These results emphasize
the critical role of compaction pressure while highlighting opportunities to further refine
sintering conditions for enhanced material performance.

The graphical interpretation of the results from Table 6 was illustrated in Figures 6
and 7, which presents the main effect plots for the signal-to-noise (SN) ratios of microhard-
ness and compressive strength. The graphs depict the influence of each control factor, i.e.,
compaction pressure (A), sintering temperature (B), and sintering time (C) on the response
variables. In the plots, if the line corresponding to a controlling factor was nearly horizontal,
it indicates that the factor had a negligible effect on the response variable. Conversely,
a steeply sloping line signifies a significant influence, as the response variable changes
considerably with variations in that control factor. Therefore, the steepness of the slopes
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in the plots enables the identification of the most influential factors. From the analysis,
the optimal combination of control factor levels was determined to be A3:B3:C2, corre-
sponding to the highest compaction pressure (350 MPa), the highest sintering temperature
(600 ◦C), and a medium sintering time (60 min). This combination yields the maximum
values for both microhardness and compressive strength. The high compaction pressure
ensures superior particle bonding and densification, the elevated sintering temperature
promotes efficient grain growth and porosity reduction, and the medium sintering time
allows sufficient diffusion without causing excessive grain coarsening.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 12 of 20 
 

values (25.48 for microhardness and 16.90 for compressive strength), confirming its dom-
inant influence. However, the p-values suggest statistical significance only for compaction 
pressure in microhardness (p = 0.038), while the contributions of sintering temperature 
and time were not statistically significant (p > 0.05). Similarly, for compressive strength, 
none of the factors are statistically significant at the 5% level (p > 0.05), though compaction 
pressure approaches significance (p = 0.056). These results emphasize the critical role of 
compaction pressure while highlighting opportunities to further refine sintering condi-
tions for enhanced material performance. 

The graphical interpretation of the results from Table 6 was illustrated in Figures 6 
and 7, which presents the main effect plots for the signal-to-noise (SN) ratios of micro-
hardness and compressive strength. The graphs depict the influence of each control factor, 
i.e., compaction pressure (A), sintering temperature (B), and sintering time (C) on the re-
sponse variables. In the plots, if the line corresponding to a controlling factor was nearly 
horizontal, it indicates that the factor had a negligible effect on the response variable. Con-
versely, a steeply sloping line signifies a significant influence, as the response variable 
changes considerably with variations in that control factor. Therefore, the steepness of the 
slopes in the plots enables the identification of the most influential factors. From the anal-
ysis, the optimal combination of control factor levels was determined to be A3:B3:C2, cor-
responding to the highest compaction pressure (350 MPa), the highest sintering tempera-
ture (600 °C), and a medium sintering time (60 min). This combination yields the maxi-
mum values for both microhardness and compressive strength. The high compaction 
pressure ensures superior particle bonding and densification, the elevated sintering tem-
perature promotes efficient grain growth and porosity reduction, and the medium sinter-
ing time allows sufficient diffusion without causing excessive grain coarsening. 

 

Figure 6. Main effects plot for the signal-to-noise ratio for microhardness of composite at various 
process parameters of powder metallurgy. The annotation for A, B, and C is depicted in Table 4. 

Figure 6. Main effects plot for the signal-to-noise ratio for microhardness of composite at various
process parameters of powder metallurgy. The annotation for A, B, and C is depicted in Table 4.

Appl. Sci. 2025, 15, x FOR PEER REVIEW 13 of 20 
 

 

Figure 7. Main effects plot for the signal-to-noise ratio for compressive strength of composite at 
various process parameters of powder metallurgy. The annotation for A, B, and C is depicted in 
Table 4. 

Further analysis of the factors reveals the following: Factor A (compaction pressure) 
shows that higher levels of this factor contribute to more stable and improved values for 
both microhardness and compressive strength. This factor plays a significant role in re-
ducing variation and noise in the process, leading to more stable and precise results in 
both parameters. Factor B (sintering temperature) had a nonlinear impact: the middle 
level causes variations in both parameters, leading to fluctuations in S/N ratios. However, 
higher levels of factor B improve the stability of the process, making it more controlled 
and resulting in better values for both microhardness and compressive strength. This ex-
plains the trend observed in the plots—the middle level introduces instability, while 
higher levels stabilize the results. Factor C (sintering time) shows that the second level 
was optimal for achieving stable and precise values of both microhardness and compres-
sive strength. At this level, the process was optimized for minimal variation and noise. 
However, the third level increases noise, which reduces the precision of controlling both 
parameters, explaining the decrease in the S/N ratio at this level. These insights, derived 
from the analysis of the main effect plots, confirm that the combination of A3:B3:C2 is 
indeed the optimal setting, ensuring the highest levels of both microhardness and com-
pressive strength while maintaining process stability and precision. 

The experimental testing results for microhardness can be effectively illustrated 
through the color-coded maps of microhardness (Figure 8a–c). The distinct shades in 
color-coded maps represent the relationship between microhardness and process param-
eters of powder metallurgy. Figure 8a highlights the dependence of microhardness on 
compaction pressure and sintering temperature. From the figure, it was evident that an 
increase in both compaction pressure and sintering temperature leads to an increase in 
microhardness values. This is because higher compaction pressure results in denser ma-
terial, while higher sintering temperature encourages better bonding and grain growth, 
which in turn, improves the overall hardness of the material. The color-coded maps show 
the distribution of microhardness values: light blue indicates values from 85 HV, while 
dark blue corresponds to values below 80 HV. The green color shades range from 90 HV 
(lightest green) to over 105 HV (darkest green). These color gradients allow clear identifi-
cation of areas where microhardness was higher or lower, providing useful insights into 
how varying process parameters affect the material’s hardness. Figure 8b shows the cor-
relation between compaction pressure and sintering time, and Figure 8c focuses on the 

Figure 7. Main effects plot for the signal-to-noise ratio for compressive strength of composite at
various process parameters of powder metallurgy. The annotation for A, B, and C is depicted in
Table 4.

Further analysis of the factors reveals the following: Factor A (compaction pressure)
shows that higher levels of this factor contribute to more stable and improved values
for both microhardness and compressive strength. This factor plays a significant role in
reducing variation and noise in the process, leading to more stable and precise results in
both parameters. Factor B (sintering temperature) had a nonlinear impact: the middle
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level causes variations in both parameters, leading to fluctuations in S/N ratios. However,
higher levels of factor B improve the stability of the process, making it more controlled and
resulting in better values for both microhardness and compressive strength. This explains
the trend observed in the plots—the middle level introduces instability, while higher levels
stabilize the results. Factor C (sintering time) shows that the second level was optimal
for achieving stable and precise values of both microhardness and compressive strength.
At this level, the process was optimized for minimal variation and noise. However, the third
level increases noise, which reduces the precision of controlling both parameters, explaining
the decrease in the S/N ratio at this level. These insights, derived from the analysis of
the main effect plots, confirm that the combination of A3:B3:C2 is indeed the optimal
setting, ensuring the highest levels of both microhardness and compressive strength while
maintaining process stability and precision.

The experimental testing results for microhardness can be effectively illustrated
through the color-coded maps of microhardness (Figure 8a–c). The distinct shades in
color-coded maps represent the relationship between microhardness and process param-
eters of powder metallurgy. Figure 8a highlights the dependence of microhardness on
compaction pressure and sintering temperature. From the figure, it was evident that an
increase in both compaction pressure and sintering temperature leads to an increase in mi-
crohardness values. This is because higher compaction pressure results in denser material,
while higher sintering temperature encourages better bonding and grain growth, which
in turn, improves the overall hardness of the material. The color-coded maps show the
distribution of microhardness values: light blue indicates values from 85 HV, while dark
blue corresponds to values below 80 HV. The green color shades range from 90 HV (lightest
green) to over 105 HV (darkest green). These color gradients allow clear identification of
areas where microhardness was higher or lower, providing useful insights into how varying
process parameters affect the material’s hardness. Figure 8b shows the correlation between
compaction pressure and sintering time, and Figure 8c focuses on the influence of sintering
temperature and sintering time. The data demonstrate that increasing both compaction
pressure and sintering temperature leads to a rise in microhardness values, which suggests
that these factors contribute positively to the material’s overall hardness. Furthermore, the
analysis of compaction pressure and sintering time (Figure 8b) indicates that microhard-
ness peaks when sintering time was extended from approximately 55 to 70 min, at higher
compaction pressures. This was due to the fact that extending sintering time allows more
time for diffusion and bonding between particles, which enhances microhardness, but
excessive time may result in grain coarsening, thus reducing the hardness. The color coding
in Figure 8 helps to identify regions with varying levels of microhardness. The lowest
values were marked in dark blue, providing a clear visual indication of areas that exhibit
reduced hardness. This was particularly useful for visualizing the areas where the process
parameters were not optimized, and where adjustments were necessary to achieve the
desired performance characteristics. These insights were critical for understanding how
process variables influence the material’s mechanical properties, guiding the optimization
of sintering parameters to achieve desired performance characteristics. Similarly, the ex-
perimental testing results for compressive strength can be effectively illustrated through
the color-coded maps of microhardness (Figure 9a–c). The distinct shades in color-coded
maps represent the relationship between microhardness and process parameters of powder
metallurgy. As with microhardness, the color-coded maps for compressive strength clearly
display the influence of the process parameters on the material’s strength. The lowest
compressive strength values were marked in shades of dark blue, ranging from 410 MPa
(lightest blue) to values below 390 MPa (darkest blue), while the highest compressive
strength values were indicated in green, with the lightest green shade representing 420 MPa
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and the darkest green representing up to 450 MPa. Figure 9a highlights the dependence of
compressive strength on compaction pressure and sintering temperature. Figure 9b shows
the correlation between compaction pressure and sintering time, and Figure 9c focuses on
the influence of sintering temperature and sintering time on the compressive strength of
the composite. From these figures, it was apparent that compressive strength increases
significantly with higher sintering temperatures (around 600 ◦C) and sintering times be-
tween 55 min and 65 min. This suggests a strong interplay between these parameters
improving both microhardness and compressive strength. In addition, these maps were a
valuable tool for the further optimization of the sintering process. By identifying the exact
ranges where maximum compressive strength was achieved, process parameters can be
fine-tuned for the most efficient production of high-performance materials. The figures
also illustrate how varying sintering time and temperature impact the material’s structure,
with longer sintering times enhancing densification and the strength of the material, but
also potentially leading to undesirable grain growth if overextended. To further improve
the credibility of the regression models, future work will focus on validating these models
through cross-validation techniques and/or additional experimental data. This validation
step was critical to ensure that the models’ predictions were reliable and generalizable to
other processing conditions.

3.2. Validation of Results

In order to evaluate the reliability of the predictions obtained by the Taguchi analysis,
the relative error between the experimental and predicted values was calculated. The results
show that the deviations remain within acceptable limits, with the maximum relative error
for microhardness and compressive strength being 2.51% and 6.01%, while the average
relative error was 1.69% and 3.73%, respectively. These findings indicate a high degree of
accuracy and reliability of the model, which provides a basic validation of the proposed
approach within a limited dataset. Additionally, in order to illustrate and visualize the
predicted and experimental values, Figure 10a,b shows a comparative analysis between the
experimental and predicted results for both output quantities. The outcomes show that
the predicted values were very close to the experimental results, with minimal deviations.
This strong correlation between experimental and predicted values confirms the validity
of the applied model. Moreover, considering that the analysis and experiments were
conducted with a minimal set of only nine experiments, it can be further concluded that
the prediction accuracy was remarkably high despite the limited dataset.
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4. Conclusions
The study successfully optimized the processing parameters for AZ31/1.75 wt.%

GNP composites using the Taguchi method, identifying compaction pressure as the most
influential factor on both microhardness and compressive strength, followed by sinter-
ing temperature and sintering time. The optimal combination (350 MPa, 600 ◦C, 60 min)
significantly improved mechanical properties, yielding a microhardness of 108.5 Hv and
compressive strength of 452.2 MPa. Low porosity (%) and reduced grain size are account-
able for an improvement in the mechanical properties of the composite compared to the
base alloy. Regression models demonstrated strong predictive accuracy, reinforcing the reli-
ability of the optimization process. The findings of this study have important implications
for the development of lightweight, high-strength magnesium-based composites, particu-
larly for aerospace and automotive applications. By optimizing processing parameters, this
research provides a cost-effective approach to enhancing material performance. However,
one limitation of this study was the lack of experimental validation for the regression mod-
els beyond the training dataset. Future work will focus on cross-validation techniques and
additional experiments to confirm model accuracy across different processing conditions.
Further investigations into the long-term mechanical stability and wear resistance of these
composites will also be valuable for practical applications. By addressing these limitations
and expanding the scope of analysis, future studies can further refine the optimization
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process and broaden the applicability of AZ31/GNP composites in advanced engineering
applications.

5. Summary
The study identified 350 MPa compaction pressure, 600 ◦C sintering temperature, and

60 min sintering time as the optimal processing parameters for AZ31/1.75 wt.% GNP com-
posites. These conditions led to significant mechanical improvements, with microhardness
reaching 108.5 Hv (compared to 49 Hv for the base AZ31 alloy) and compressive strength
increasing to 452.2 MPa (from 358 MPa). Among the parameters, compaction pressure
had the highest impact, contributing 72.99% to microhardness variation and 68.38% to
compressive strength variation, followed by sintering temperature and sintering time.
The microstructural analysis confirmed enhanced densification, reduced porosity, and
uniform graphene nanoplatelet dispersion, which contributed to improved mechanical
properties. XRD analysis further validated the presence of α-Mg phases and MgO, indi-
cating strong interfacial bonding without adverse reactions. The reliability of the findings
was reinforced through statistical validation, with regression models exhibiting R2 val-
ues greater than 85%. Additionally, experimental validation showed minimal deviations,
with a maximum relative error of ≤2.51% for microhardness and ≤6.01% for compressive
strength, confirming the high predictive accuracy of the optimization approach. These
findings highlight the effectiveness of parameter optimization in enhancing material perfor-
mance, making AZ31/GNP composites suitable for lightweight, high-strength applications
in the aerospace and automotive industries.
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