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This study investigates the impact of porosity on the mechanical properties of aluminum matrix
composites reinforced with ceramic particles, focusing on the optimization of volume fraction and
porosity to enhance tensile strength. Using Finite Element Analysis (FEA) and Analysis of Variance
(ANOVA), the effects of varying volume fractions (5%, 10%, 15%, 20%, and 25%) and porosity
levels (1%, 2%, 3%, 4%, and 5%) on Von Mises stresses were systematically analyzed. The results
demonstrated that as porosity increased, Von Mises stress also increased, while higher volume
fractions contributed to better stress distribution and enhanced mechanical properties. Optimization
analysis identified the optimal parameters as a volume fraction of 25%, porosity level of 1.01%,
particle size of 30.083 um, and pore diameter of 9.020 um, achieving a desirability score of 0.895
and a Von Mises stress of 9.06E-08 N/um?. The ANOVA results confirmed the statistical significance
of these parameters, with a P-value threshold of <0.05. These insights are crucial for understanding
how to optimize porosity and reinforcement in composite materials, providing valuable guidance
for applications in the aerospace and automotive industries, where lightweight and high-strength

materials are vital.
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1. Introduction

The evolution of materials has progressed from non-
reinforced substances to advanced composite materials that
are widely used across various industries today, particularly
in automotive and aerospace applications, where lightweight
materials with enhanced resistance are essential' . Traditional
monolithic materials often fall short of these critical
requirements, spurring the growing interest in material
composites, which have become increasingly important due
to the rising demand for high-quality engineering materials.
Among these, metal matrix composites (MMCs) reinforced
with ceramic particles have gained significant attention®.

Ceramic particles used in these composites can be oxides,
carbides, or nitrides, and their successful application depends
on specific properties such as chemical and thermodynamic
stability, low diffusivity in the matrix, high interfacial energy,
and isotropic behavior*®. The inclusion of rigid reinforcing
particles in a metal matrix imparts additional mechanical
properties, such as high stiffness, wear resistance, low
density, and a reduced thermal expansion coefficient”®. These
properties are largely determined by the type and proportion
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of the reinforcing particles, the matrix material, and the
interface between them. Additionally, factors such as the
morphology, size, and distribution of particles significantly
influence the micro-stress distribution in the material®!°.

Mechanical properties of composites are typically studied
through experimental, analytical, and simulation approaches,
with experimental methods being the most direct way to
validate composite behavior!!. However, simulations, such
as finite element analysis (FEA), offer valuable insights by
constructing models that replicate real-world systems while
simplifying complexity. These models enable researchers
to explore hypothetical scenarios that would be difficult to
investigate experimentally'?.

One critical factor influencing the strength of composites is
porosity. The presence of pores not only reduces wettability but
also weakens the bond between the matrix and the reinforcing
particles, leading to diminished overall strength'>!*. Numerous
studies have investigated the impact of porosity in different
structures. For instance, Gao et al."" developed geometric
models to examine particle shapes and Representative
Volume Elements (RVE) sizes in SiC/Al composites,
highlighting the role of porosity in material performance.
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Christian et al.'” identified surface discontinuities, such as
porosity, as key factors in the initiation of fatigue cracks in
stressed areas, often leading to material failure.

Further studies, such as those by Wen et al.'® have
demonstrated that reducing particle size in porous ceramics
leads to a shift in pore size distribution and an enhancement
in strength. Similarly, Aqida et al.'” found that porosity
significantly reduces the mechanical properties of cast
MMCs by promoting void coalescence, particle fracture, and
interface failure between the matrix and the reinforcement.
These effects lead to decreased ductility and reduced cross-
sectional area in the material. The strength of the composite
is closely linked to the bond at the interfacial boundary, as
observed by Chawla'®, where direct contact between matrix
and reinforcement atoms is necessary for strong bonding.
Moreover, Zarubin and Sergeeva'® developed a mathematical
model to predict the thermoelastic properties of porous
composites, considering porosity, matrix characteristics, and
the volume fraction of reinforcing inclusions. These models
enable researchers to forecast composite performance based
on material parameters and porosity levels.

Recent studies have explored various strategies to optimize
the mechanical properties and porosity of metal matrix
composites (MMCs). Mohamad et al.” utilized peanut shell
ash as reinforcement in MMCs, achieving low porosity levels
(0-4%) and identifying optimal reinforcement and matrix
compositions through mixture design modeling. Similarly,
Parveez et al.?! investigated porous aluminum composites,
employing powder metallurgy and space-holder methods to
enhance compressive properties by optimizing parameters
like sintering temperature, compaction pressure, and particle
content. Their results showed minor variations of 10.5% in
plateau stress and 6.6% in energy absorption, attributed to
processing and compositional differences.

Further work by Parveez et al.?? focused on composites
reinforced with titanium-coated diamond particles, employing
Taguchi experimental design to optimize processing conditions.
Wang et al.?* investigated porous tantalum structures,
demonstrating how microstructure optimization via 3D
printing improved mechanical properties and permeability, with
potential applications in biomedical implants. Additionally,
Wang et al.** developed a novel liquid-nitrogen cooling
approach in Wire Arc Additive Manufacturing (WAAM) to
refine solidification parameters, effectively reducing porosity
and enhancing the mechanical performance of Al-Cu alloys.

The goal of this study is to investigate how porosity
affects the mechanical properties of aluminum matrix
composites that are reinforced with ceramic particles.
Specifically, the researchers want to find the best way to
reduce the Von Mises stresses when the composites are
pulled apart. The investigation explores a range of volume
fractions (5%, 10%, 15%, 20%, and 25%) and porosity
levels (1%, 2%, 3%, 4%, and 5%). This study uses FEA and
ANOVA to determine the best particle size and porosity for
aluminum ceramic composites in order to achieve excellent
mechanical properties.

2. Materials Properties

The material properties used to simulate the performance
of Sic/Al particles composites have been summarized in
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the literature®. This paper considers the main properties of
the Sic/Al composite: Young modulus, Poisson ratio, and
density, which can affect the Von Mises stress distribution.

2.1. Matrix material

Metal matrix composites (MMCs) are widely utilized
in industrial contexts as the primary form of composite
material®®. Aluminum matrix composites (AMCs) employ
pure aluminum or an alloy as the matrix and are increasingly
favored in industrial applications due to their remarkable
mechanical and tribological properties. The properties
of aluminum alloys can be substantially customized by
introducing ceramic reinforcing particles through the process
of stir casting?’. The ensuing factors are utilized in every
calculation®®: the matrix with Young’s modulus £ =70GPa,
Poisson ratio v, =0.33, and density p =2.7 g/cc.

2.2. Reinforcement materials

The incorporation of Silicon carbide (SiC) as a
reinforcement in composite fabrication is widespread®,
with an average utilization rate of around 18%. It has been
widely reported that increasing the percentage of ceramic
particle reinforcement in specific ratios, while ensuring a
uniform distribution, can lead to enhancements in mechanical
properties. The mechanical properties of Sic particles are
defined by their: Young’s modulus E =485GPa, Poisson
ratio v =0.2, and density pp:3.2g/cc3°.

3. Numerical Modeling

Finite Element Analysis (FEA) has become a widely used
method to model the mechanical behavior of metal matrix
composites, especially those composed of aluminum and silicon
carbide (SiC) at varying SiC volume fractions. Computational
simulations of these composites provide valuable insights into
their mechanical properties and contribute to the development
of recommendations for improving structural performance.
By utilizing FEA in micromechanics, this study offers an
alternative to traditional analytical models, enabling more
accurate simulations of reinforcement particle morphology
and its effect on mechanical behavior?*3!.

This research focuses on the impact of circular SiC
particle morphologies and void distributions on the Von
Mises stress within aluminum matrix composites. The matrix
is assumed to have a square shape with a side length of
[ = 155.425um , and simulations were conducted using
CASTEM?™ finite element software. Composites consisting
ofnine SiC particles were modeled in three different packing
arrangements: square, hexagonal, and random, as illustrated
in Figure 1. These arrangements were selected to explore
how varying particle distributions influence the overall
mechanical behavior of the composite material. To better
understand the effects of voids and particle arrangement
on the composite’s mechanical properties, plane strain
elements were used for modeling. This approach simulates
two-dimensional behavior under tensile loading, assuming
deformation occurs in a single plane. It provides an efficient
and accurate analysis of the composite’s response while
maintaining simplicity. The model assumes that the SiC
particles are perfectly bonded to the matrix, ensuring no
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Figure 1. Composites with nine particles (circular form) in three different packing arrangements: a) Square, b) Hexagonal, and ¢) Random.

interfacial slip or debonding occurs between the particles
and the matrix material. This assumption is critical for
accurately modeling the ideal interaction between the
reinforcing particles and the matrix. Given the small scale
of the model, a refined mesh of triangular elements was
employed to ensure high accuracy and convergence in the
results®. This mesh refinement is essential for capturing the
detailed interactions between particles, voids, and the matrix
material, enabling precise prediction of stress distribution.
The composite material was subjected to a uniform tensile
stress (o) to simulate real-world loading conditions.

Each element in the model is assumed to have isotropic
properties, meaning its material properties are uniform in
all directions. For simplicity, it is assumed that all particles
have an identical diameter (d,), reducing computational
complexity while still providing meaningful insights into the
composite’s behavior. The specimen is modeled as a two-
dimensional elastic body, with axial symmetry assumed for
modeling purposes. This symmetry simplifies the analysis but
still captures the key mechanical responses of the composite
under loading. A periodic spatial distribution is assumed for
the particles and voids, meaning the arrangement of particles
and voids repeats regularly across the composite. Both the
Finite Element Method (FEM) and analytical approaches rely
on the assumption that voids are of identical size and shape,
which simplifies calculations and comparisons comparisons.
For the purposes of this study, the composite is modeled to
contain four circular voids (as shown in Figure 2), distributed
according to the three arrangements (square, hexagonal, and
random). These assumptions allow for a clearer understanding
of the combined effects of particle arrangement and void
distribution on the composite’s mechanical performance.

3.1. Boundary conditions

The boundary conditions that characterize the application
of tensile stresses to the particulate composite system,
ie, forx=0and x =/ , U= 0, there is no motion in the
y-direction for both the matrix and particles. In this case,
the x-axis aligns with the length direction, and the model
demonstrates axisymmetry relative to it. At the end faces
of the matrix*, we exerted a force of F =5.65x10*N/um’,
ie., forx=0andx =/ (Figure3).

Random Arrangement

Particles
Voids

Matrix

Figure 2. Meshed model with nine particles and four voids for
random distribution.

4. Experimental Design and Methodology
for Optimization

For this study, the experiments will use a full design
matrix approach within the Response Surface Methodology
(RSM) framework to find the best mechanical properties
of aluminum matrix composites that are strengthened with
ceramic particles. By employing a full design matrix, all
possible combinations of the independent variables—volume
fractions, porosity, particle size, and pore diameter—will be
systematically explored. This thorough approach ensures that
the study captures the complete interaction effects between
these variables, providing a robust dataset for analysis. After
the data is gathered, polynomial regression will be used to
make a model of the response surface. This model will show
how the input factors relate to Von Mises stresses®. To assess
the model’s significance and the influence of individual
factors, an Analysis of Variance (ANOVA) will be performed.
Von Mises stresses that ANOVA will play a critical role in
identifying which factors and interactions significantly impact
the response variable. This statistical analysis will allow for
a deeper understanding of the relationships within the model,
guiding the refinement of the polynomial regression to include
only the most impactful terms. This process will ensure that
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Figure 3. Boundary conditions for three packing: a) square, b) hexagonal and ¢) random
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Figure 4. Von Mises Stress distributions for V.= 20% for: a) square, b) hexagonal and ¢) random

the resulting model is both accurate and efficient, laying the
groundwork for effective optimization®. The desirability
function will be employed for the optimization phase, a
method commonly used in multi-response optimization.
The desirability function will transform each response into
a value between 0 (undesirable) and 1 (desirable), and the
overall desirability will be computed as the geometric mean
of these individual values. This approach will enable the
simultaneous optimization of multiple responses, allowing the
study to identify the optimal combination of input variables
that will achieve the desired mechanical properties.

5. Results and Discussions

5.1. Composite without porosity

This section discusses the results of the simulation.
Von Mises stress distributions on the composites with no

defects and no pores in the three packing are shown in Figure 4.
We can find the following: the stresses are concentrated
in the SiC reinforcements and in the areas between these
particles; the different deformations in different parts of
the matrix resulted in additional stress and generated non-
uniform stress distribution.

As shown in Figure 5, the Von Mises stresses decrease as
the volume fraction of the reinforcement material increases
across all three arrangement types, up to a volume fraction
(V/) of 30%. Beyond this point, the stresses stabilize and
then begin to increase in both the hexagonal and square
arrangements. These ideal packing arrangements are often
used in micromechanical models due to their simplicity;
however, they are rarely observed in real composites except
in localized regions. In contrast, the random arrangement,
which is more representative of real composites, shows a
sudden increase in Von Mises stresses. This is due to the
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closer proximity of particles in random arrangements, which
results in localized concentrations of additional stresses.

5.2. Composite with porosity

In the following section, we introduce voids into the
previously studied composite (Figure 6), distributing four
pores across the three packing arrangements. The porosity
ranged from 1% to 5%, as composites with porosity levels
above 5% were considered unsuitable.

The stresses are always concentrated in the SiC particles
and in the areas between these reinforcements, as shown in
Figure 7. Porosity has a significant impact on the distribution
of stress within a matrix material. When voids are present in
the matrix, the stress in these regions is relatively low along
the tensile direction, while higher stresses are observed on
either side of the voids. This uneven stress distribution is
due to the presence of pores within the composite material.
In the composite without voids, it is noted that when the
volume fraction of the particles increases, the Von Mises
stresses decrease, and this is true for the three types of
distribution up to 30%.

In the composite with porosity, it is noted that when
porosity increases, the stresses also increase (Figure 8).
In the random distribution (Figure 8c), we can see that
the stresses have large values compared to the square and
hexagonal; this is due to the presence of voids between the
particles, which in turn increases the stress concentrations.
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Figure 5. Evolution of Von Mises stresses in function of volume
fraction.

Figure 6. Composite model mesh with different packing.

5.3. Optimization of Von Mises stresses

Table 1 presents data generated to optimize the mechanical
properties of Aluminum matrix composites reinforced with
ceramic particles. The study investigates the effects of
varying volume fractions (0.05% to 0.25%) and porosity
levels (0.1% to 0.5%) on particle size, pore diameter, and
Von Mises stresses. As porosity increases within each volume
fraction, pore diameter also increases, which is consistent
across all simulations. The particle size remains constant
for each volume fraction but differs between them, ranging
from 13.46 um at 0.05% volume fraction to 30.09 um at
0.25%. Von Mises stresses, indicative of the material’s yield
strength under tensile load, generally increase with higher
volume fractions and porosity levels. The analysis indicates
that lower volume fractions and porosity levels tend to exhibit
lower Von Mises stresses, suggesting higher strength and
durability under tensile loading. Conversely, higher volume
fractions and porosity levels lead to increased pore diameters
and variations in Von Mises stresses, potentially affecting
composite performance. The data highlight the significant
impact of these parameters on the mechanical properties
of the composites, providing a foundation for optimizing
material performance through the Taguchi Method. This
structured approach systematically explores the effects of
multiple variables, aiding in identifying optimal conditions
for enhanced composite material properties.

5.3.1. ANOVA for quadratic model of Von Mises
stresses

Table 2 summarizes the Analysis of Variance (ANOVA)
results for the optimization model employed in this study.
It presents the sources of variation, sum of squares, degrees
of freedom (DF), mean square, F-value, P-value, and
significance remarks for each factor analyzed. The ANOVA
results reveal that the overall model is statistically significant,
with a P-value of less than 0.0001, indicating that the model
adequately explains the variation in the data. A P-value
threshold of <0.05 was applied to assess statistical significance
for individual factors and their interactions, confirming the
relevance of the factors considered in the model**#!. While
individual factors such as volume fraction (A), porosity
(B), particle diameter (C), and pore diameter (D) did not
have significant effects on the outcome (P-values >0.05),
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Figure 7. Von Mises stress distribution V= 20% of particles and for a porosity of 3% for: a) square, b) hexagonal and ¢) random.
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Table 1. Mechanical properties for aluminum matrix composites reinforced with ceramic particles.

Run Volume Fractions Porosity Particle Size Pore Diameter Von Mises stresses
(%) (%) (pm) (pm) (N/pm?)
1 0.05 0.1 13.46 9.02 1.08E-07
2 0.05 0.2 13.46 12.72 1.13E-07
3 0.05 0.3 13.46 15.63 1.14E-07
4 0.05 0.4 13.46 18.05 1.15E-07
5 0.05 0.5 13.46 20.19 1.19E-07
6 0.1 0.1 19.09 9.02 1.08E-07
7 0.1 0.2 19.09 12.72 1.11E-07
8 0.1 0.3 19.09 15.63 1.11E-07
9 0.1 0.4 19.09 18.05 1.14E-07
10 0.1 0.5 19.09 20.19 1.18E-07
11 0.15 0.1 23.31 9.02 1.05E-07
12 0.15 0.2 23.31 12.72 1.09E-07
13 0.15 0.3 23.31 15.63 1.1E-07
14 0.15 0.4 23.31 18.05 1.11E-07
15 0.15 0.5 23.31 20.19 1.18E-07
16 0.2 0.1 26.92 9.02 1.03E-07
17 0.2 0.2 26.92 12.72 1.03E-07
18 0.2 0.3 26.92 15.63 1.1E-07
19 0.2 0.4 26.92 18.05 1.11E-07
20 0.2 0.5 26.92 20.19 1.14E-07
21 0.25 0.1 30.09 9.02 9.09E-08
22 0.25 0.2 30.09 12.72 1.04E-07
23 0.25 0.3 30.09 15.63 1.08E-07
24 0.25 0.4 30.09 18.05 1.07E-07
25 0.25 0.5 30.09 20.19 1.12E-07
Table 2. ANOVA Results for Von Mises stresses.
Source Sum of Squares DF Mean Square F-value P-value Remark
Model 8.135E-16 12 6.779E-17 26.34 <0.0001 Significant
A-VOLUME 1.758E-19 1 1.758E-19 0.0683 0.7983 No-Significant
B-POROSITY 2.911E-18 1 2.911E-18 1.13 0.3085 No-Significant
C-D par 1.397E-19 1 1.397E-19 0.0543 0.8197 No-Significant
D-D por 3.005E-18 1 3.005E-18 1.17 0.3012 No-Significant
AB 2.096E-17 1 2.096E-17 8.14 0.0145 Significant
AC 1.108E-19 1 1.108E-19 0.0430 0.8391 No-Significant
AD 2.430E-17 1 2.430E-17 9.44 0.0097 Significant
BC 1.800E-17 1 1.800E-17 6.99 0.0214 Significant
BD 2.106E-18 1 2.106E-18 0.8182 0.3835 No-Significant
CD 2.052E-17 1 2.052E-17 7.97 0.0154 Significant
A? 1.953E-19 1 1.953E-19 0.0759 0.7876 No-Significant
B2 1.351E-18 1 1.351E-18 0.5250 0.4826 No-Significant
Residual 3.089E-17 12 2.574E-18
Cor Total 8.444E-16 24

interaction effects between factors (AB, AD, BC, and CD)
demonstrated a significant influence, with P-values below
0.05. Specifically, the interactions between volume fraction
and porosity (AB), volume fraction and pore diameter (AD),
porosity and particle diameter (BC), and particle diameter
and pore diameter (CD) were found to have a substantial
impact on the mechanical properties of the aluminum
matrix composites. These findings highlight the importance

of considering the combined effects of these variables in
optimizing composite material properties.

5.3.2. Fit statistics of Von Mises stresses

Table 3 presents the fit statistics for the quadratic model
used to predict Von Mises stresses in the optimization
of Aluminum matrix composites. The model’s standard
deviation, mean response, coefficient of variation (C.V.
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%), and various R? values (R%, R%-Adjusted, R?-Predicted)
are displayed along with the Adequate Precision metric.
A high R? value of 0.9634 suggests the model fits the data
well. The R?-Adjusted and R?-Predicted values are also high,
further confirming the model’s robustness and reliability.
Adequate Precision, which measures the signal-to-noise ratio,
is 23.0139, indicating a very strong signal, well above the
threshold value of 4, suggesting the model can effectively
explore the design space.

The equation for predicting “Von Mises” is as follows:

Von Mises stresses = ——2.9190-x-1077 -+--2.5019- x-107% . x- 4--4.0186-
X107 x B-+-2.3428-x-107% . x. C-+.7.5741.
X107 x-D-+7.1326-x-1070 . x- AB-+-2.0430-x-1078-
x-AC-+-2.7583-x-107 - x- AD-+.
7.9902-x-1078 - x- BC-+1.1594-x-107 - x- BD--3.0640-
x-10 . x-CD-=-1.2159-x-1070 . x-
A2 1.1429-x-1070 . x- B2

This equation captures the influence of individual
factors and their interactions on Von Mises stresses within
the Aluminum matrix composites. The coefficients reflect
how changes in these factors affect the stress outcomes, with
interactions between variables and squared terms included to
address their combined effects. The Normal Plot of Residuals
in Figure 9a assesses the normality of the residuals, which
are the differences between the observed and predicted Von
Mises stresses. In this plot, the residuals are color-coded
based on their corresponding Von Mises stress values, ranging
from lower stresses (blue) to higher stresses (red). The data
points closely follow the reference diagonal line, suggesting

Table 3. Fit statistics for Quadratic Model of Von Mises Stresses.

Materials Research

that the residuals are approximately normally distributed.
This is an important diagnostic tool, as it indicates that the
regression model’s assumptions, particularly the error terms’
normality, are likely satisfied. Any significant deviation from
this line would suggest potential issues with the model, such
as non-normality of errors or the presence of outliers, but the
observed alignment here supports the validity of the model.

Figure 9b show the Predicted vs. Actual Plot compares
the predicted Von Mises stresses generated by the model
with the actual observed stresses. Each point on the plot
represents a pair of actual and predicted values, and the closer
these points are to the diagonal line, the more accurate the
model’s predictions. The plot shows a strong alignment of
the points along this line, indicating that the model has high
predictive accuracy. The color gradient, which transitions
from blue (representing lower Von Mises stresses) to red
(higher stresses), helps visualize how well the model predicts
across the spectrum of stress values.

The uniform distribution of points along the diagonal
across all stress levels suggests that the model consistently
predicts well without significant bias toward overestimating
or underestimating the stresses. This reinforces the model’s
reliability for use in optimizing the mechanical properties
of the composite material.

Figure 10 effectively illustrates the key interaction effects
that influence the Von Mises stresses in aluminum matrix
composites, which are critical for understanding the material’s
mechanical performance. The 3D surface plots (a) through
(d) show the combined effects of different pairs of factors:
Volume Fractions and Porosity, Volume Fractions and Pore
Diameter, Porosity and Particle Size, and Particle Size and
Pore Diameter, respectively. Each plot uses a gradient color

Response Std. dev. Mean CV.% R? R>-Adjusted ~ R2-Predicted Adpg
Precision
VON mis 1.604E-09 1.099E-07 1.46 0.9634 0.9268 0.8138 23.0139

Normal Plot of Residuals

a)

Von Mises stresses

99| Color points byvalue of
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Figure 9. (¢) Normal Plot of Residuals, (b) Predicted vs. Actual Plot for Von Mises Stresses in Aluminum Matrix Composites.
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Figure 10. 3D Surface Plots of Von Mises Stresses for Aluminium Matrix Composites, Showing the Interaction Effects of («) Volume
Fractions and Porosity, (5) Volume Fractions and Pore Diameter, (c) Porosity and Particle Size, and (d) Particle Size and Pore Diameter.

scheme to represent the stress levels, where red indicates
higher stresses and blue indicates lower stresses.

These visualizations reveal that the interactions between
these factors are not only significant but are also the primary
drivers in determining the material’s yield strength under
tensile load. For instance, the interaction between Volume
Fractions and Porosity in the plot (a) demonstrates that as both
parameters increase, the Von Mises stresses rise, suggesting
a synergistic effect that reduces material strength. Similarly,
the interaction between Particle Size and Pore Diameter in
the plot (d) shows a similar trend; where smaller particles
combined with larger pore diameters result in higher stresses.
These results underscore the importance of understanding
and optimizing these interactions to improve the composite
material’s performance. By carefully controlling these variables,
engineers can better design composites that withstand higher
stresses, thereby enhancing their applicability in demanding
environments.

5.3.3. Desirability function

The optimization study identified three optimal solutions
using the desirability function, which transforms multiple

response variables into a unified desirability score ranging
from 0 (undesirable) to 1 (ideal)*®. The overall desirability
score is calculated as the geometric mean of individual
desirability values, enabling the simultaneous optimization
of multiple responses. This method provides a systematic
approach to balance conflicting objectives, such as minimizing
porosity while maximizing mechanical performance. The best
solution achieved a desirability score 0f 0.895, corresponding
to a volume fraction of 25%, porosity of 1.01%, particle
size of 30.083 pm, and pore diameter of 9.020 pm. These
parameters resulted in a Von Mises stress of 9.06E-08 N/
pum?, reflecting an optimal balance between mechanical
properties and composite structure (Table 4).

Additional solutions with slightly lower desirability scores
(0.890 and 0.863) were also identified, offering alternative
parameter combinations that may suit different application
requirements. While the desirability function effectively
optimized the composite’s mechanical properties, it has certain
limitations. The method’s reliance on weighting factors for
individual responses may introduce bias, especially if the
weights are not accurately determined based on experimental
or practical priorities. Furthermore, the geometric mean used
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Table 4. Best 3 solutions found using desirability function.

Number Volume Fractions Porosity Particle Size Pore Diameter Von Mises Desirability
(%) (%) (um) (um) stresses (N/um?)
1 0.250 0.101 30.083 9.020 9.06E-08 0.895
0.250 0.105 30.085 9.216 9.07E-08 0.890
3 0.250 0.500 13.460 9.020 9.10E-08 0.863
1.0 1.04

— T4

0.05 0.25 0.1 05
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Figure 11. The best combinations of parameters/ found using desirability function.

in the calculation may overly penalize individual responses
with lower desirability values, potentially skewing the
optimization results.

Figure 11 further illustrates the optimization process,
showing how the desirability function varies with changes
in each parameter. The steep curves in the desirability plots
indicate the sensitivity of the material properties to these
factors, with slight adjustments leading to significant changes
in the overall desirability score. This highlights the critical
role that precise tuning of Volume Fractions, Porosity,
Particle Size, and Pore Diameter plays in optimizing the
material’s performance. The visual representation of the best
solution in the first figure underscores the effectiveness of
this approach, providing a clear roadmap for achieving the
desired mechanical properties in aluminum matrix composites.

6. Conclusions

In this study, aluminum matrix composites reinforced
with SiC particles were evaluated at varying volume fractions
(5% to 30%) and porosity levels (0.01 to 0.05). Mechanical
properties were calculated using random packing arrangements,
and the key findings of the study are as follows:

*  Impact of Pores on Stress Distribution: The
presence of pores significantly affects the stress
distribution within the composite matrix. Stress
concentrations were observed around the voids,
leading to lower stress in the matrix and resulting
in substantial plastic deformation and potential
failure under tensile loading. Understanding these

stress patterns is essential for designing composites
with enhanced mechanical properties and better
resistance to deformation.

Strong Predictive Reliability: The regression model
developed in this study accurately captured the
relationship between input parameters—volume
fractions, porosity, particle size, and pore diameter—
and Von Mises stresses. With a high R? value of
0.9634, the model demonstrated strong predictive
reliability, providing a valuable tool for optimizing
composite material performance.

Significant Interactions Identified by ANOVA:
ANOVA results revealed significant interactions
between key factors, such as volume fraction and
porosity (P-value = 0.0145) and particle size and
pore diameter (P-value =0.0154). These interactions
play a critical role in determining the mechanical
performance of the composites, highlighting the
importance of considering combined effects in
material design.

Optimization of Mechanical Properties: The
desirability function identified the optimal parameter
combinations for the composite material, achieving
a desirability score of 0.895. This balanced approach
led to a significant enhancement in mechanical
properties, confirming the effectiveness of the
optimization process.

These findings have important implications for
industries like aerospace and automotive, where
lightweight and high-strength materials are
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critical. The optimization of porosity and particle
reinforcement offers the potential for developing
advanced composite materials with superior
mechanical properties, providing solutions for
more efficient, durable, and sustainable materials
in demanding engineering applications.
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