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Abstract: This study examines the thermal stress behavior of metal matrix 

composites (MMCs), with a focus on the influence of voids on thermal strain 

and the coefficient of thermal expansion (CTE). A finite element model (FEM) 

was developed using the software ABAQUS to simulate the thermal behavior 

of MMCs with ceramic particle reinforcement and to compare the models with 

and without voids using a two-dimensional periodic unit cell approach. The 

results showed that voids significantly increased thermal strain. At 473 K, the 

presence of voids increased the thermal strain by 8.50% in Model 1 and 2.27% 

in Model 2 compared with their corresponding void-free configurations. 

Additionally, the composite with voids exhibited a higher CTE, confirming 

that microstructural flaws impact thermal behavior. The thermal stress 

response of the composite with voids was about 15% higher than that of the 

control samples, underlining how voids affect the composite's thermal 

behavior. These results show the need to model material imperfections, 

including voids, accurately when determining the thermal performance of 

composites. The findings provide valuable insights for optimizing the design 

and reliability of MMCs, particularly in applications where thermal behavior 

is critical, such as in aerospace, automotive, and energy industries. 

Keywords: metal matrix composites, thermal stress, finite element analysis, 

coefficient of thermal expansion  

1 Introduction 

Composite materials are renowned for being light, strong, and corrosion-resistant. Aerospace, 

automotive, electronics, and energy sectors rely on these materials to boost efficiency and enable 

complex designs. Notably, combining different materials for better performance is not a new concept: 

ancient artisans laminated wood into early plywood and reinforced clay bricks with straw [1]. The 

advent of synthetic polymer matrices and advanced reinforcements has revolutionized composites, 

driven by aerospace’s demand for weight reduction without sacrificing strength [2]. Among composite 

classes, metal matrix composites (MMCs) reinforced with ceramic particles have become vital in high-

temperature, high-stress environments for their high stiffness, wear resistance, and thermal resilience. 

Magnesium alloy-based MMCs like AZ91D offer an excellent stiffness-to-weight ratio along with 

corrosion resistance and effective heat dissipation, making them integral to aerospace and automotive 

applications [3]. 

However, the advantages of MMCs can be undermined by material imperfections like internal 

voids, uneven reinforcement dispersion, and thermal expansion mismatches between matrix and 
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particles. To address these challenges, researchers have increasingly turned to finite element modeling 

(FEM) to simulate thermal stress responses and guide composite design optimization, and extensive 

studies have examined the mechanical and thermal behavior of MMCs in recent decades. Aluminum- 

and magnesium-based MMCs with ceramic reinforcements can outperform conventional alloys. Chang 

et al. [4] laid the groundwork for systematic studies of thermal effects in composites, highlighting the 

crucial impact of matrix–reinforcement CTE mismatches on internal stresses (large mismatches can 

induce debonding or even catastrophic failure). Since then, researchers have used micromechanical 

modeling and FEA to probe these issues. For example, multiple studies [5-10] employed analytical and 

numerical approaches to examine how microstructural factors influence thermal stress development, 

modeling thermal expansion behavior remains an active focus: Lvov and Tănase [11] explored plastic 

deformation mechanisms under elevated temperatures; Bai et al. [12] performed meso-scale FEA of 

composite responses under complex loading; Bouchara et al. [13] analyzed crack propagation under 

combined thermal–mechanical loads; and Bahl and Bagha [14] simulated fiber–matrix debonding. 

Microstructural features can also affect composite performance. Precipitate-free zones around 

reinforcement particles can alter local stress distributions during thermal cycling [15], while multiscale 

modeling links nanoscale phenomena to macroscale behavior [16]. The thermal response of an MMC 

is further influenced by interfaces and porosity. Nam et al. [17] found that in densely packed SiC-Al 

composites, the effective CTE drops when voids are present. Similarly, interface thermal resistance and 

residual stresses can significantly affect overall thermal behavior [18, 19]. Different reinforcement types 

and heat treatments can also alter a composite’s thermal expansion and wear properties [20, 21]. 

Additive manufacturing processes introduce their own thermal effects: Mirkoohi et al. [22] modeled the 

thermal stresses induced by metal additive manufacturing, underscoring the importance of capturing 

realistic thermal gradients; Shen [23] similarly argued that both void content and phase continuity must 

be included for accurate thermal expansion modeling. To achieve higher fidelity, several studies [24-

27] have incorporated realistic particle shapes, size distributions, and microstructural images into FEA, 

significantly improving simulation fidelity. Collectively, this body of work shows that accurate 

modeling of composite thermal behavior requires not only proper material selection but also careful 

consideration of internal flaws, interface effects, and thermal loading conditions. 

The foundations of composite thermomechanical modeling were established in the 1980s and 

1990s with idealized micromechanical models [28, 29]; by the late 1990s periodic unit cell models and 

X-ray CT data [30] demonstrated the strong influence of matrix–particle CTE mismatch on internal 

stresses. In the 2000s, microstructure-informed FEM techniques gained traction: 2D cross-sectional 

FEM models captured anisotropic composite behavior [31], and 3D X-ray tomography enabled image-

based simulations with actual particle distributions and porosity [32, 33]. Interfacial debonding and 

damage in MMCs have been investigated through numerical modelling [34], including three-

dimensional simulations of void nucleation and coalescence [35]. Cohesive-zone [36] and 

micromechanical models [37] have further been used to study crack propagation and interfacial failure. 

More recently, X-ray CT-informed FEA has enabled realistic assessment of particle clustering and 

damage initiation [38], while numerical studies have also examined thermal damage in particulate 

MMCs [39]. Despite these advancements, magnesium-based systems like AZ91D received far less 

attention than aluminum-based composites. Recent years have seen progress in modeling Mg-based 

MMCs. Hou et al. [40] applied a crystal-plasticity model to investigate thermal-mismatch-induced 

dislocations and twins in metal matrix composites, and Chen et al. [41] developed a finite-element 

model to investigate the mechanical response and damage behavior of Ti₂AlC-reinforced magnesium 

composites. High-fidelity image-based FEA incorporating real SiC particle geometries and embedded 

porosity revealed major reductions in mechanical performance when pores are clustered [42, 43]. 

Advances in additive manufacturing as laser powder bed fusion, now allow tailoring of internal 

composite structures: for example, adding nano-scale ceramic reinforcements reduced porosity and 

improved ductility in AZ91D-TiC composites [44], and FEM simulations help optimize process 

parameters for additively manufactured MMC components [45]. Furthermore, AI and data-driven 

techniques are augmenting modeling: deep learning image analysis has improved failure prediction [46], 

and machine learning-assisted FEM can predict thermal properties and residual stresses in near real-

time [47, 48], enabling digital twins for predictive maintenance. 
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Despite these advances, a targeted FEM investigation into AZ91D-F/SiC composites incorporating 

voids and thermal loads across realistic service temperatures remains scarce. Most existing models 

overlook how even minor porosity influences thermal strain and CTE evolution. Furthermore, the 

combined effects of interface debonding and matrix expansion mismatch under cyclic heating are often 

excluded. In response, this work uses ABAQUS finite element simulations to examine how a small void 

content (0.25% vol) affects the thermomechanical behavior of AZ91D/SiC. Periodic unit cell models 

with and without voids are analyzed over 293-473 K to quantify changes in thermal strain, internal 

stress distribution, and effective CTE. By incorporating realistic microstructural features and applying 

coupled thermal-mechanical loads, this study bridges this modeling gap and informs the design of 

composites for demanding service conditions. 

Although the thermal behavior of metal matrix composites has been extensively studied, the 

quantitative influence of micro-voids on the thermal strain, effective coefficient of thermal expansion 

(CTE), and thermoelastic stress distribution of AZ91D-F/SiC composites remains insufficiently 

understood. This study addresses this gap by comparing void-free and void-containing unit-cell models 

under identical thermal loading conditions to evaluate the effect of micro-voids on the thermal response 

and stress distribution of the composite. 

2 Numerical Modeling 

In this study, a two-unit cell models were developed to investigate the deformation behavior of 

metal matrix composites (MMCs) under thermal loading. These models capture the evolution of thermal 

stresses as the temperature rises from 293 K (20°C) to 473 K (200°C). Both employ an idealized two-

dimensional unit-cell framework. The analysis is intended to compare the relative thermal response of 

void-containing and void-free configurations; therefore, the modeled void is interpreted as a through-

thickness cylindrical defect within the two-dimensional representation. These models, which are 

depicted in Fig. 1 and Fig. 2, were influenced from the model presented by Nam et al. [17]. Fig. 1 

shows the first unit cell model, which utilizes a square-shaped AZ91D-F matrix to simulate SiC 

contiguity. This setup ensures a realistic representation of the matrix-reinforcement interactions in the 

composite. Fig. 2 presents the second model, a SiC network model, where 28 vol.% of the material is 

matrix, and the remaining volume is SiC particles.  

This configuration was designed to further understand the role of reinforcement in the thermal 

behavior of the MMC. Both models were developed with and without voids to analyze the impact of 

material imperfections, specifically voids, on the thermal properties of the composite. Given the  

 

  

(a) (b) 

Fig. 1. Two-dimensional phase arrangement with a microscopic void for model 1. (a) with void. (b) without 

void. 
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(a)                                      (b) 

Fig. 2. Two-dimensional phase arrangement with a microscopic void for model 2. (a) with a void. (b) without 

void. 

symmetry of the unit cell, only a single quadrant of each model was used for simulation to reduce 

computational costs. In both models, the volume fraction of voids was assumed to be 0.25 vol.%, 

representing a moderate level of porosity in the material. 

The material properties used in the models are summarized in Table 1, which lists the coefficient 

of thermal expansion (CTE), yield stress, Young’s modulus, and Poisson’s ratio for both the AZ91D-F 

matrix and SiC reinforcement. These values were taken from existing literature and reflect the 

temperature-dependent behavior of the materials. It is assumed that the AZ91D-F alloy and SiC 

particles are perfectly bonded, simplifying the interaction model between the two phases. The chemical 

composition of the AZ91D-F alloy is provided in Table 2, giving insight into the material’s composition, 

which influences its thermal and mechanical properties. 

Table 1. The Young’s Modulus E (GPa), Poisson Ratio ν, Yield Stress 𝜎0.2 (MPa), and CTE (µm/m.°C) of 

matrix and reinforcement for finite element modeling [49, 50] 

 AZ91D-F SiC 

T 

(°C) 

E 

(GPa) 
ν 

CTE 

(µm/m.°C) 

𝜎0.2 

(MPa) 

E 

(GPa) 
ν 

CTE 

(µm/m.°C) 

50 44.8 0.35 27.2 150 450 0.18 2.78 

100 44.8 0.35 27.2 150 450 0.18 3.09 

200 44.8 0.35 27.2 150 450 0.18 4.16 

Table 2. Component Elements of Magnesium AZ91D-F [51] 

Element Content (%) Element Content (%) 

Aluminum, AL 8.3 - 9.7 % Manganese, Mn >= 0.13 % 

Copper, Cu <= 0.030 % Nickel, Ni <= 0.0020 % 

Iron, Fe <= 0.0050 % Silicon, Si <= 0.10 % 

Magnesium, Mg 90 % Zinc, Zn 0.35 - 1.0 % 
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The numerical simulation was carried out under the assumption that all components start with zero 

stress at an initial temperature of 20°C. The entire model was then subjected to a uniform temperature 

increase of 200°C (from 293 K to 473 K), which was applied in ABAQUS through a temperature step. 

The thermal loading was chosen to represent typical operating conditions for MMCs in high-

temperature environments. To establish a consistent reference frame, displacement constraints were 

applied along the left and bottom boundaries of each unit-cell model during the thermo-mechanical 

analysis. The same boundary conditions were maintained for all numerical models to enable a direct 

comparison between the void-free and void-containing configurations under identical thermal loading 

conditions. Although periodic boundary conditions provide a more rigorous representation of an 

infinitely repeating composite microstructure, the adopted boundary conditions were considered 

adequate for the comparative objective of the present study. This simplification may influence the 

absolute values of the predicted stresses and strains but is not expected to alter the relative trends 

observed between the investigated models. The bottom and left edges of the unit cell were fixed in 

displacement, preventing any motion at these boundaries, while the top and right edges were free to 

deform in response to thermal stress. The boundary conditions were set up carefully to reflect realistic 

constraints and allow the model to behave as it would in a physical scenario. 

The CTE values listed in Table 1 represent mean coefficients of thermal expansion over the 

investigated temperature range and were adopted directly from the referenced experimental data. The 

material properties used in the finite element analysis are summarized in Table 1. The temperature-

dependent material properties of AZ91D-F were adopted from the ASM Handbook and the ASM 

Specialty Handbook: Magnesium and Magnesium Alloys [49,50]. The CTE values represent the mean 

coefficients of thermal expansion over the corresponding temperature ranges and were considered 

appropriate for the present comparative analysis. 

For meshing, unit cell model 1 was meshed with 11,578 elements for the configuration with voids 

and 11,540 elements for the configuration without voids, ensuring that the mesh density was sufficient 

to accurately capture the thermal stress distribution. Unit cell model 2 was meshed with 11,660 elements. 

The chosen element count strikes a balance between computational efficiency and the fidelity of the 

model. The mesh resolution remains sufficient to capture stress concentrations around voids and along 

matrix–reinforcement interfaces.  

2.1 Mesh Sensitivity Analysis and Accuracy Verification 

For the numerical analysis, a 3-node triangular element (CPS3) in Abaqus was used to mesh the 

matrix and SiC particles within the unit cell models. This element type captures thermal and mechanical 

responses efficiently. For Unit Cell Model 1, the mesh contained 11,578 elements with voids and 11,540 

without them. Unit Cell Model 2 had 11,660 elements. Our mesh sensitivity analysis guided us to make 

a choice of element numbers, balancing accuracy with computational time and cost. 

 
Fig. 3. Mesh sensitivity analysis showing the variation of strain for different numbers of elements. 
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Fig. 3 presents how strain at 473 K changes with different mesh densities. The strain shifts quickly 

when the element count rises from 1,000 to 7,000, reflecting a clear improvement in accuracy in this  

range. However, beyond 10,000 elements, further changes in strain become minor. At around 

11,578elements, results stabilize, showing negligible differences compared to simulations using 16,203 

elements. This means increasing the count past 11,578 offers little accuracy gain but raises 

computational demand. Thus, 11,578 elements were identified as optimal, providing accuracy while 

reducing computation time and memory load. The present analysis employed CPS3 linear triangular 

elements for all numerical models because they provide robust discretization of the representative unit-

cell geometries while maintaining numerical stability. The same element type and mesh strategy were 

adopted consistently for all simulations to enable a direct comparison of the influence of micro-voids 

under identical modeling conditions. The mesh convergence study demonstrated that the predicted 

thermal strain became essentially mesh-independent beyond approximately 11,500 elements, indicating 

that the adopted discretization is adequate for the comparative objectives of this study. Although higher-

order or quadrilateral elements may improve the prediction of localized stresses near geometric 

discontinuities, this aspect was beyond the scope of the present comparative investigation and will be 

considered in future work. 

To validate the accuracy of the simulation results, a comparison was made with previously 

published work by T.H. Nam [17]. The published data were extracted using Plot Digitizer for a direct 

check. Fig. 4 shows strain against temperature, comparing the current results with Nam’s data. The 

agreement between the two sets is clear, with only a small margin of error. This minimal discrepancy 

further supports the validity of the modeling approach used in this study, confirming that the numerical 

simulation method is both accurate and reliable for predicting the thermal stress behavior of metal 

matrix composites.  

 
Fig. 4. Comparative analysis of strain variation at different temperatures, including the Present work versus 

Nam’s study. 

Although good agreement is observed between the numerical and experimental results, minor 

discrepancies are expected because the finite element model employs several simplifying assumptions. 

The model considers idealized reinforcement geometry, perfect matrix–particle interfacial bonding, 

homogeneous material properties, and a linear thermoelastic constitutive response. In contrast, the 

experimental material contains unavoidable manufacturing-induced imperfections, local 

microstructural heterogeneity, residual stresses, and interfacial defects that are not explicitly 

represented in the simulation. These factors contribute to the observed differences while remaining 

within an acceptable range for validating the present comparative numerical model. 
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3 Results and Discussions 

The Finite Element Analysis (FEA) was conducted using Abaqus to investigate the thermal 

expansion behavior of SiC-reinforced AZ91D-F matrix composites under thermal loading. The unit cell 

models were subjected to a uniform temperature change, increasing from 293 K (20°C) to 473 K 

(200°C). As the temperature rose, displacement occurred within the model, with the displacement 

contours showing the largest shifts in specific regions. These displacement patterns are shown in    

Fig. 5, where the highest displacement is highlighted in red. It is clear from the figure that the corners 

of both the matrix and SiC reinforcement experienced the greatest displacements, which is consistent 

with the expected behavior of materials under thermal expansion, particularly where there are sharp 

geometric angles or interfaces. As expected, thermal strains developed as the temperature of the unit 

cell model increased. These strains are typically linear in nature, meaning the strain increases 

proportionally with temperature. The micro-voids were intentionally placed at the matrix–

reinforcement interface, where thermal stresses are expected to be highest because of the mismatch in 

elastic modulus and coefficient of thermal expansion between the matrix and reinforcement. Thus, the 

predicted stresses represent the combined effects of the void and the corner geometry. Future work will 

investigate the influence of different void locations. 

 
Fig. 5. Physical displacement contour at 473 K for (a) Model 1(A), (b) Model 1(B), (c) Model 2(A), and (d) 

Model 2(B)  

Fig. 6 illustrates the thermal strain distribution at 473 K for the four unit-cell models. The 

maximum thermal strain is concentrated near the matrix–reinforcement interfaces and geometric 

discontinuities, where the mismatch in thermal expansion behavior between the AZ91D-F matrix and 

SiC reinforcement generates localized deformation. The strain contours further indicate that the models 

containing micro-voids exhibit slightly higher thermal strain than their corresponding void-free 

counterparts. This increase is primarily attributed to the reduced local stiffness introduced by the voids, 

which allows greater thermal deformation under identical thermal loading conditions. Fig. 7 presents 

the variation of thermal strain with temperature for all four models. As expected, thermal strain 

increases continuously with increasing temperature due to the thermal expansion of the constituent 

materials. 
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Fig. 6. Thermal strain contour at 473 K using Model 1(A), Model 1(B), Model 2(A), and Model 2(B) (Left to 

Right). 

A comparison between the void-containing and void-free models shows that the presence of voids 

leads to a higher overall thermal strain response. This behavior can be attributed to the reduction in 

effective stiffness caused by the voids. The voids act as local compliance regions that allow the 

surrounding matrix material to deform more freely under thermal loading. Consequently, the composite 

exhibits greater thermal deformation than the corresponding void-free model. 

At 473 K, Model 1(A) exhibited a thermal strain of 1.532 × 10⁻³ compared to 1.412 × 10⁻³ for Model 

1(B), while Model 2(A) showed a thermal strain of 1.939 × 10⁻³ compared to 1.896 × 10⁻³ for Model 

2(B). These results confirm that the incorporation of micro-voids increases the global thermal strain of 

the composite. Furthermore, the thermal expansion mismatch between the AZ91D-F matrix and SiC 

reinforcement promotes localized stress redistribution around the void boundaries, reducing local  

 
Fig. 7. Comparison of thermal strain of four models with temperature change. 
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constraints on matrix expansion and contributing to the observed increase in thermal strain. Based on 

these values, the presence of the micro-void increased the thermal strain by approximately 8.50% in 

Model 1 and 2.27% in Model 2 relative to the corresponding void-free configurations. The influence of 

voids is more pronounced in Model 1 than in Model 2, indicating that the effect of porosity on thermal 

deformation also depends on the reinforcement topology and matrix continuity within the unit-cell 

structure. 

The Von Mises equivalent stress distribution, as illustrated in Figs. 8(a) and 8(b) indicate that the 

maximum thermal stress consistently develops at the corners of both the matrix and SiC reinforcement 

for Model 1(A) and Model 1(B). In Model 2(A) and Model 2(B), shown in Figs. 8(c) and 8(d), the 

maximum stress shifts to the corners of the SiC reinforcement, especially in areas where the contrast in 

material properties between the matrix and reinforcement is the most pronounced. This localized stress 

concentration is typical in composite materials, where differences in the thermal expansion properties 

of the matrix and reinforcement lead to stress build-up, particularly at sharp corners or interfaces.  

The presence of the micro-void reduces the effective stiffness of the composite, allowing greater 

overall thermal deformation under identical thermal loading. At the same time, the void alters the local 

load-transfer mechanism and redistributes the principal strain field around the defect and the matrix-

reinforcement interface. Consequently, the strain concentration is redistributed spatially rather than 

uniformly reduced, while the overall thermal strain of the composite increases. 

 

Fig. 8. Mises equivalent stress distribution at 473 K using (a) model 1(A), (b) model 1(B), (c) model 2(A), and 

(d) model 2(B) 

The highest stresses are observed near the corners of the SiC reinforcement. This behavior results 

from the combined effects of the mismatch in elastic modulus and coefficient of thermal expansion 

between the AZ91D-F matrix and the SiC particles. During heating, the matrix attempts to expand more 

than the relatively stiff reinforcement, producing localized thermal stresses at the bonded interface. The 

sharp corners of the square SiC particles further amplify these stresses because of geometric stress 

concentration, resulting in the maximum stress occurring at these locations. 

Moving to the Coefficient of Thermal Expansion (CTE), Fig. 9 compares the CTE of the four-unit 

cell models as the temperature increases. The analysis shows a general rise in CTE across all models,  
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Fig. 9. Comparison of CTE versus temperature for 4 different models 

with a slight dip at lower temperatures, which is typical for many composite materials. However, the 

CTE for Model 2(A) was slightly higher compared to Model 2(B), and similarly, Model 1(A) showed 

a higher CTE than Model 1(B) at corresponding temperatures. These differences in CTE can be 

attributed to slight variations in material distribution and possibly the reinforcement volume in the 

models, particularly in Model 2, where the distribution of SiC particles or the presence of voids can 

allow for more expansion. 

The results show that micro-voids influence both the global and local thermal response of the 

composite. Compared with the void-free models, the void-containing models exhibited higher thermal 

strain and effective CTE. High stress concentrations were observed near the corners of the SiC 

reinforcement because of the mismatch in thermal expansion and elastic properties between the matrix 

and reinforcement. The voids also redistributed the local stress field, producing localized stress 

concentrations around the void boundaries. These results highlight the importance of controlling 

porosity to improve the thermomechanical performance of AZ91D-F/SiC composites. 

The present analysis employs a linear thermoelastic constitutive model; therefore, plastic 

deformation and equivalent plastic strain (PEEQ) were not considered. Accordingly, the predicted von 

Mises stresses represent thermoelastic stress distributions and are used to compare the relative influence 

of micro-voids under identical modeling conditions. A temperature-dependent elasto-plastic 

constitutive model would provide a more realistic description of post-yield behavior and residual 

stresses and will be considered in future work. 

3.1 Limitations of the Two-Dimensional Unit-Cell Representation 

The present model uses a two-dimensional unit-cell representation to enable an efficient 

comparative assessment of the thermal response of void-containing and void-free AZ91D-F/SiC 

composites. Under this assumption, the modeled void represents a through-thickness cylindrical defect 

rather than an isolated spherical pore. Consequently, the predicted local stress and strain fields should 

be interpreted as two-dimensional approximations and may differ in magnitude from those associated 

with real three-dimensional pores. 

In practical metal matrix composites, pores may be spherical, elongated, irregular, or 

interconnected, while the SiC reinforcement may exhibit three-dimensional connectivity and non-

uniform spatial distribution. These features can influence local stiffness, stress redistribution, and 

thermal deformation. Therefore, the present results are most appropriate for identifying the relative 

influence of voids and reinforcement topology under consistent modeling conditions, rather than 
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providing an exact representation of all real microstructural defects. Future work should employ three-

dimensional representative volume element models incorporating spherical or experimentally measured 

pore geometries, realistic particle distributions, and interface behavior to quantify these effects more 

accurately. 

4 Conclusions 

We employed Abaqus FEA to investigate the thermal expansion behavior of SiC-reinforced 

AZ91D-F matrix composites. Our findings show that thermal strain rises as temperature increases. We 

observed that voids in the composite lead to notably higher strain and thermal stress. At 473 K, the 

thermal strain increased by 8.50% in Model 1 and 2.27% in Model 2 when the void-containing 

configurations were compared with their corresponding void-free models. Thermal stress was also 

higher in the void-containing models. These results highlight how even small imperfections can greatly 

impact thermal performance. We also found that displacement within the unit cell is not uniform. The 

highest displacement occurs at the unbounded corners. This observation confirms that voids affect how 

stress and strain spread across the composite. Thermal stress distribution maps provided further clarity. 

Stress rises sharply with temperature, especially in composites with voids. This behavior could affect 

performance when the material is exposed to real-world thermal conditions. These insights reveal the 

critical role of microstructural defects in shaping the thermal behavior of MMCs. Understanding these 

effects helps us design more reliable composites for aerospace, automotive, and energy applications 

where thermal stability is essential. This study underlines the need to model imperfections carefully so 

we can predict material behavior accurately and ensure dependable performance in practice. 
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