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1. Introduction  

Composite materials are defined as polyphase ma-

terials that consist of multiple non-single component sub-

stances combined through composite processes. Compared 

to traditional materials, composite materials and structures 

are characterized by their designability, identity, and reli-

ance on composite technology [1]. Metal matrix composites 

that are reinforced with particles exhibit significantly supe-

rior stiffness and strength relative to the matrix alloys, re-

sulting in their prevalent use in the automotive industry, as 

well as in aircraft and aerospace constructions [2]. Recently, 

silicon-carbide-reinforced composites have attracted con-

siderable interest due to their exceptional properties, includ-

ing high strength, thermal conductivity, and electrical con-

ductivity [3]. 

Porosity, as a critical microstructural attribute of 

particle-reinforced composites, significantly impacts the 

mechanical, thermal, and electrical properties of these ma-

terials. As porosity is an unavoidable occurrence during the 

manufacturing of silicon-carbide-reinforced composites, it 

is vital to explore the influence of porosity on the properties 

of the material to enhance its overall performance [3]. 

Furthermore, various scholars have explored the 

mechanical properties of particle-reinforced composites. 

According to J.L. Christian et al. [4], the primary cause of 

porosity formation lies in the casting parameters, these pa-

rameters include the casting route employed, the stirring 

speed and position of the impeller, the volume fraction of 

the reinforcement material, and the process parameters, 

which consist of the holding time [5]. Dipti Kanta Das et al. 

[6], noted that the tensile and flexural strength improved up 

to a specific reinforcement fraction in the composites, after 

which these strengths diminished. The initiation and propa-

gation of fine microcracks ultimately result in macroscopic 

failure. Yiwu YAN et al. [2], employed the finite element 

method to explore how particle size influences the defor-

mation characteristics of SiCp/Al composites. It has been 

established that the flow stress and work hardening rate of 

the composite rise as the particle size diminishes, while 

maintaining a constant volume fraction of the reinforce-

ment. Parvez Alam [7] established a model for mixtures that 

accurately estimates the Young modulus of porous particle–

polymer composites. The model was assessed in relation to 

classical mixtures models and more recent porous compo-

site models by comparing it to computational simulations 

and experimental outcomes. Mengqin Chen [8] and col-

leagues conducted research on SiC/Al composites charac-

terized by a high volume fraction of SiC particles. They ex-

amined the impact of particle size on the porosity of the pre-

form. Furthermore, the preform was infiltrated with various 

Al alloys, and the correlation between porosity and thermal 

conductivity of SiC/Al was investigated. Xiaohong Xu et al. 

[9], established that a reduction in the size of SiC particles 

not only substantially increases the bending strength of po-

rous SiC membrane supports but also slightly decreases the 

firing temperature, attributed to the smaller SiC particles 

having a higher specific surface area and greater reactivity. 

K. Mansouri et al. [10], investigate the role of porosity in 

determining the mechanical properties of Aluminum matrix 

composites that are reinforced with ceramic particles, with 

a focus on optimizing volume fraction and porosity to en-

hance tensile strength, the results showed that as porosity 

increased, there was a corresponding increase in Von Mises 

stress, while higher volume fractions contributed to im-

proved stress distribution and enhanced mechanical proper-

ties. The research conducted by Yicheng Jin et al. [11], fo-

cused on the impact of preform pore size on the mechanical 

properties and thermal expansion coefficients of the compo-

sites. As a result, a further decrease in the size of the preform 

pores could lead to a decline in the mechanical and thermal 

properties of the composites. Tao Zeng [12] and his team 

investigated the fabrication of SiC reinforced Aluminum 

composite foams through laser melting deposition. They 

found that as the concentration of SiC nanoparticles in-

creased, both the porosity and the average pore size of the 

aluminum foams diminished. Jorge E. and Rivera-Salinas 

[13] investigates the influence of porosity on the Young’s 

modulus of SiC reinforced aluminum matrix composites, 

they determined that the elastic properties of the composite 

are particularly affected by pores located away from the re-

inforcement. It has been established that the reduction in the 

elastic modulus is attributable to the existence of pores. M. 

Kupkova and L. Parilak [14], in their publication, provided 

calculations for the Young modulus of samples featuring pe-

riodically distributed spheroidal pores, along with the 
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relationship of this modulus to overall porosity, pore size, 

orientation, and anisotropy. Their findings indicate that the 

presence of pores that are flattened in the direction of load-

ing significantly diminishes the Young’s modulus value, 

even at low levels of porosity. In her analysis, Barbara Sil-

ver-Thorn [15] outlines the progression and formulation of 

relationships relevant to the effective Young’s modulus of 

porous materials, ultimately concluding that verifiable 

equations that yield consistently reproducible results associ-

ated with specific pore structures are not yet available. Zhi-

gao Chen et al. [16], show that the SiCp/Al composite ma-

terial has different material properties due to variations in 

the volume fraction of SiC particles. The specific perfor-

mance characteristics of aluminum matrix composite mate-

rials indicate that an increase in volume fraction results in a 

higher composite Young modulus. M. Montoya-Dávila et 

al. [17], examine the influence of the particle size distribu-

tion of SiC particulate reinforcements on the Young's mod-

ulus of composites produced through reactive infiltration. 

The findings indicate that as the particle size distribution in-

creases, the residual porosity diminishes, leading to en-

hancements in both the density and Young's modulus of the 

composites. The tensile strength and yield strength values 

reported by Venkata Surya Dinesh C. [18] reveal that the 

ultimate tensile strength rises with an increase in Al2O3 con-

tent, while the yield strength decreases as the reinforcement 

particle size increases. The ultimate tensile strength contin-

ues to rise.  

This research seeks to explore how porosity affects 

the performance of SiC reinforced aluminum matrix com-

posites that exhibit porosity. To accomplish this, we exam-

ine both constant pore diameters, presuming a circular con-

figuration while keeping the volume fraction constant. The 

secondary aim is to calculate the Young's modulus of the 

composite using finite element analysis and to compare the 

outcomes with other theoretical models.  

2. Homogenization Models  

The Young's modulus of a particle-reinforced com-

posite can be estimated using several empirical and theoret-

ical approaches. The porosity of the material is an important 

factor to consider, as it can reduce the stiffness and strength 

of the composite. 

2.1. Dewey model 

Dewey [19] derived expressions for the elastic con-

stants of materials with non-rigid fillers in the dilute limit 

by considering a single sphere (radius = R) within an iso-

tropic medium that is subjected to a displacement at a large 

distance (≫R) from the sphere. Thus, these expressions are 

applicable to 'very dilute suspensions' where surface effects 

can be ignored: 

( )0 1cE E aP=  − . (1) 

In this context, Ec represents Young's modulus of the porous 

composite, while E0 denotes the modulus of a non-porous 

variant of the same composite. The constant ‘a’ is influ-

enced by the Poisson's ratio of the matrix material, and ‘P’ 

indicates the porosity fraction (with values ranging from 0, 

indicating no pores, to 1, indicating complete porosity). 

2.2. Paul model 

According to Paul [20], the most basic relationship 

between material properties and porosity that adheres to the 

boundary conditions is the "rule of mixtures" for two-phase 

solids. This principle is founded on the assumption that both 

materials contribute to the composite's stiffness in propor-

tion to their individual moduli and fractional volumes (par-

ticular case of the Dewey equation): 

( )0 1cE E P= − . (2) 

2.3. Voigt model 

The Voigt model (stress approach) [21] is often 

used to estimate the mechanical properties of composites. 

For the Young's modulus Ec of a composite with particles, a 

classic approach is to use the rule of mixtures: 

c p p m mE V E V E= + . (3) 

Here: 

- Vm and Vp are the volume fractions of the matrix 

and the reinforcing particles, respectively; 

- Em and Ep are the Young's modulus of the matrix 

and the particles, respectively. 

A common approach to account for porosity is to modify the 

volume fractions of the components by integrating porosity 

into the calculation: 

( )1c p p m mE V E V E P= +  − .  (4) 

2.4. Reuss model 

The Reuss model (strain approach) [22] can also be 

used to estimate Young's modulus: 

1 p m

c p m

V V

E E E

 
= + 
 
 

, (5) 

where Ec represents the modulus of the zero porosity mate-

rial and can be determined by extrapolation. By integrating 

porosity into the calculation, and use of the Reuss equation 

becomes the McAdam model [23]: 

( )
1

1
p m

c p m

V V
P

E E E

 
= +  − 
 
 

. (6) 

2.5. Halpin-Tsai model 

Shuiwen Zhu et al. [24], introduces an improved 

Halpin–Tsai model to predict the mechanical properties of 

SiC reinforced polypropylene composites. The model con-

siders the influence of porosity and corresponding silicon-

carbide volume fractions and derives relationships between 

material property shape factors and the aspect ratio: 

1

1

e p

c m

p

V
E E

V

 



+
=

−
, (7) 
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with ( ) ( )1p m p mE E E E = − +  and 

2e pa b P c V = +  +   , where ξe is the modified me-

chanical shape factor; a, b, and c are fitted constant values. 

2
l

R
 =  is the aspect ratio of the reinforcing phase and R 

and l are the radius and length of particles, respectively. The 

matrix porosity was assumed circular and random distribu-

tion of pores (α = 1). Through the improved Halpin–Tsai 

model, the relationship between the shape factor and poros-

ity is obtained: 

1 07042 21 2374 4 3682e p. . P . V = −  +  . (8) 

3. Numerical Simulation 

Finite Element Analysis (FEA) has established it-

self as a commonly adopted method for representing the me-

chanical behavior of metal matrix composites, especially 

those that consist of aluminum and silicon carbide (SiC). 

This study examines how the volume fraction of SiC parti-

cles and the distribution of pores affect the Young’s modu-

lus in aluminum matrix composites. Considering the mod-

el's limited scale, a refined mesh consisting of triangular el-

ements was implemented (Fig. 1) [25].  

 

Fig. 1 Composite mesh with triangular elements for compo-

site without and with voids 

The model operates under the assumption that the 

SiC particles are completely bonded to the matrix, thus pre-

venting any interfacial slip or debonding from happening 

between the particles and the matrix material. This assump-

tion is crucial for effectively modeling the perfect interac-

tion between the reinforcing particles and the matrix [26]. 

Each component of the composite is presumed to exhibit 

isotropic characteristics: All particles possess the same di-

ameter (dp), the specimen is represented as a two-dimen-

sional elastic entity, the configuration of particles and pores 

is regularly repeated throughout the composite and pores are 

of circular shape, which facilitates calculations and compar-

isons. 

3.1. Composite properties 

The matrix is presumed to possess a square config-

uration with a side length of lm = 155.425 µm, and simula-

tions were performed utilizing CASTEM finite element 

software [27]. Composites comprising nine SiC particles 

(Np = 9) were represented in three distinct packing configu-

rations: square, hexagonal, and random. For the objectives 

of this research, the composite is designed to include four 

circular pores (Nv = 4) (illustrated in Fig. 2 and Fig. 3). 

The following parameters are applied in all computational 

processes: 

1. SiC particles: Young's modulus Ep = 485 GPa, Poisson ra-

tio p = 0.2, and density p = 3.2 g/cc [28]. 

 

Fig. 2 Composites with four pores of same diameter 

 

Fig. 3 Composites with four pores of different diameter 

2. Aluminium matrix: Young’s modulus Em = 70 GPa, Pois-

son ratio vm = 0.33, and density p = 2.7 g/cc [29]. 

3.2. Geometric parameters 

Composite volume can be expressed by Eqs. (9), 

(10) where Vp is the particle volume fraction, Vm is the ma-

trix volume fraction and Vv is the void volume fraction. 

Eq. (9) describes the ideal composite volume fraction and 

Eq. (10) describes the true volume fraction. 

1p mV V+ = , (9) 

1p m vV V V+ + = . (10) 

In theory, the theoretical density should consist ex-

clusively of particles and resin, without any void inclusions. 

Voids increase the volume but do not contribute to mass, 

leading to a decrease in density. Therefore, the variation be-

tween the theoretical density and the measured density of 

the composite represents the porosity in terms of volume 

fraction. In the theoretical analysis, particles are modeled to 

be uniformly packed in regular arrangements.  

 

Fig. 4 Composite data 

The particle volume fraction (Vp) of these ideal arrange-

ments can be computed as: 

( )2 24 4p pparticle f m

f p

total m m p

N dV V l
V d

V l l N




= =  = , (11) 

where 2R is the center to center spacing of nearest neighbor 

particles.  

Eq. (12) gives the expression for the separation of 

particles (s) into ideal arrangements (Fig. 4): 

( )( )3

3

m pl d
s

− 
= . (12) 
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These ideal packing arrays are generally used to 

develop micromechanical models due to their simplicity. 

However, they are not observed in real composites except in 

a few localized regions. The diameters dp and distance s cal-

culate using Eqs. (11) and (12) are summarized in Table.1. 

 

Table 1 

Particles diameter as a function of volume fraction 

Vf 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

 dP, µm 16.82 23.79 29.14 33.65 37.62 41.21 44.41 

s, µm 49.87 42.87 37.52 33.01 29.04 25.45 22.15 

3.3. Voids diameter 

From Eq. (11), we can deduce the diameter of the 

voids dVoid using the same reasoning as for the particles. 

24 fVoid m

Void

Void

V l
d

N 
= , (13) 

where: VfVoid is voids volume fraction; NVoid is a number of 

voids. Table 2 summarizes the results of the diameter 

calculations. 

 

Table 2 

Voids diameter as a function of porosity 

Vf 0.01 0.02 0.03 0.04 0.05 

 dVoid, µm  11.28 15.96 19.54 22.57 25.23 

 

In the case of voids with diameter not constant (Fig.4), we 

have supposed that the relation between voids diameters is: 

1 2 3 4
12

2Voids Voids Voids Voids Voidsd d d d d== = = , (14) 

3.4. Boundary conditions   

The preferred method is the application of periodic 

boundary conditions, the use of periodicity is crucial be-

cause uniform boundary conditions artificially "lock" the 

material (edge effect). Block UY on the right side and leave 

UX free. At the other side, we applied a tensile stress of 

x = 5.65×10–8 N/μm2, that is, for x = 0 and x = lm [30].  

 

Fig. 5 Boundary conditions for square package 

4. Results and Discussion of the Numerical Simulation 

The numerical data were contrasted with the predic-

tions generated by multiple theoretical models, including 

the Voigt and Reuss models, the improved Halpin–Tsai rule, 

and the FEA (SiC/Al composite). 

4.1. Von Mises stresses distribution  

Fig. 6 depicts the distribution of Von Mises 

stresses in a composite material characterized by a particle 

volume fraction. The simulation performed indicates that 

high concentrations of stresses are present in the SiC parti-

cles and in the matrix area situated between these particles. 

The presence of voids leads to discontinuities in the stress 

distribution; this is attributed to the formation of a plastic 

zone in this region, which may result in fractures occurring 

in the matrix area between the reinforcements. Furthermore, 

it is noteworthy to mention the zones of stress concentration 

that appear around the voids. 

 

Fig. 6 Von Mises stresses distribution for Vp = 20% and 

VfVoids = 1% (random package) 

4.2. Porosity effect 

We investigate in this section the composite material 

with circular pores of the same radius. The stress distribu-

tions of Von Mises in the composites, which lack defects 

and pores across the three packing, are depicted in Fig. 7. It 

can be noted that the Von Mises stresses decrease with an 

increase in the volume fraction of the SiC reinforcement 

across all three packing, stabilizing at a volume fraction of 

20%. In contrast, the random arrangement, which is a more 

accurate representation of real composites, shows the high-

est stress value. This is attributed to the closer proximity of 

particles in random arrangements, which leads to localized 

concentrations of additional stresses.  

Within the composite characterized by porosity, it is  

 

Fig. 7 Evolution of Von Mises stresses in function of vol-

ume fraction (no pores) 

 

Fig. 8 Evolution of Von Mises stresses in function of poro-

sity (Vp = 20%) 
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Fig. 9 Evolution of Von Mises stresses in function of vol-

ume fraction (Vvoids = 4%) for dvoids constant 

 

Fig. 10 Evolution of Von Mises stresses in function of vol-

ume fraction (Vvoids = 4%) for dvoids variable 

noted that an increase in porosity leads to a corresponding 

increase in stresses (Fig. 8). The random distribution indi-

cates that the stress values are markedly greater in compar-

ison to the square and hexagonal arrangements; this can be 

explained by the presence of pores among the particles, 

which in turn intensifies the stress concentrations. 

Fig. 9 and Fig. 10 represent the evolution of Von 

Mises stresses on particles volume fraction where the poros-

ity is taken VVoids = 4%. As volume fraction increase from 

0.05 to 0.25%, the particles become relatively smaller com-

pared to the voids due to the fixed voids volume fraction. As 

a result, the Von Mises stress decreases for the three ar-

rangements. Note that in Fig. 10 and for the random pack-

age, the stresses increase because voids get closer to the par-

ticles, consequently the matrix is less present in interparti-

cles which facilitates the propagation of cracks between 

these particles. 

4.3. Young’s modulus  

The modeling of the interaction between particles 

and the matrix, or the interaction between pores and the ma-

trix at the microscale, is beneficial for accurately predicting 

effective properties such as Young’s modulus. 

In Fig. 11, the bounds on Young’s modulus for the 

Al/SiC composite are compared, drawing from numerical 

data generated in this study. The results demonstrate that 

Young's modulus tends to evolve in a nearly linear fashion 

with respect to the volume fraction; it is observed that the 

Young's modulus values in the random arrangement are 

much greater than those found in the square arrangement. 

Fig. 12 shows the development of Young's modulus 

as a function of porosity for the square layout, with reinfor- 

 

Fig. 11 Effect of reinforcement content on the elastic mo-

dulus of Al/SiC composite without pores 

 

Fig. 12 Effect of porosity on the elastic modulus of Al/SiC 

composite for square arrangement 

 

Fig. 13 Evolution of porosity on the elastic modulus of 

Al/SiC composite 

cement volume fractions between 5% and 30%. It is evident 

that Young's modulus declines with increasing porosity and 

conversely rises with an increase in volume fraction. 

The effective Young’s modulus comparisons pre-

dicted by finite element and analytical micromechanics 

models are shown in Fig. 13. In the analyzed cases that con-

sider the coexistence of pores within the matrix, the most 

significant impairment of the Young’s modulus of the com-

posite was found in the scenario of a fully dense particle and 

a porous matrix. Among these models, those proposed by 

Voigt and Reuss have proven to be effective approaches for 

establishing upper and lower bounds for the elastic modulus 

of the composite based on the known properties of its con-

stituents. We also note in the figure that the results obtained 

by FEM are in good agreement with those of Halpin-Tsai. 

An augmentation of the reinforcement volume frac-

tion indicates a corresponding increase in the content of sil-

icon carbide, which is associated with a higher elastic mod-

ulus. The incorporation of silicon carbide particles can sig-

nificantly enhance the stiffness and strength of composite 

materials, thereby increasing the elastic modulus. 

Therefore, within a particular range, an increase in 

the SiC volume fraction enhances the rigidity characteristics 

of the material, leading to an increase in the elastic modulus. 
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At this point, any further increase in the volume fraction 

may lead to a decline in other performance characteristics.  

The porosity in MMCp arises from various origins, 

which makes it important to analyze the inhomogeneous 

stress field around pores that interact with hard particles, as 

well as the negative effect that the discontinuity caused by 

these pores has on the load-bearing capacity of the MMCp. 

Despite the presence of pores in the composite, the transfer 

of stress from the soft matrix to the hard particle is effective 

in all cases, the rationale behind this is that an increase in 

porosity introduces more voids and holes within the mate-

rial, which disrupts its continuity and integrity, leading to a 

reduction in load transfer efficiency and an increase in ma-

terial deformation. Pores and holes hinder the uniform dis-

tribution of stress in the material, which results in greater 

material deformation and a subsequent decrease in the elas-

tic modulus. 

5. Conclusions 

The FEM analysis facilitates the forecasting of the 

properties of aluminum matrix composites reinforced with 

SiC particles, while also addressing the impact of porosity 

by incorporating additional variables such as the size of the 

particles, their distribution, and the effects of their interac-

tions. The data demonstrates that the composite's properties 

are particularly responsive to the porosity within the matrix, 

due to the greater stiffness of the particles relative to the ma-

trix. It has been observed that the stress levels are higher in 

the model characterized by pores of different sizes com-

pared to those with a uniform diameter. This phenomenon 

can be explained by the increase in void size, which ampli-

fies the matrix's discontinuity, resulting in a significant con-

centration of stress.  

The research findings indicate that an increase in 

porosity correlates with a decrease in Young's modulus. 

Conversely, a higher volume fraction of particle reinforce-

ment is associated with an increase in the elastic modulus of 

the composite material. This suggests that materials with 

greater porosity are more flexible and less resistant to defor-

mation than those with lower porosity. Pores serve as de-

fects, which reduce the contact area between the phases of 

the composite, thereby decreasing its ability to withstand 

stress. The presence of pores can lead to a reduction in the 

stiffness of the composite, making it more flexible and less 

capable of resisting deformation. Additionally, porosity can 

create channels for crack propagation and facilitate the deg-

radation of the composite due to moisture, chemicals, or 

loading cycles. 

In the analysis of finite-element simulated values 

against the predictions made by the improved Halpin–Tsai 

model, it becomes clear that the finite-element method 

(FEM) shows remarkable precision in assessing the perfor-

mance of aluminum composites that are reinforced with sil-

icon-carbide particles. Thus, FEM is a trustworthy tech-

nique for predicting the performance of such composite ma-

terials, concurrently facilitating the simplification of perfor-

mance parameter calculations.  
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K. Mansouri, H. Djebaili, F.  Khadraoui, M. Chitour,  

A. Berkia, S. Touati, F. Lekmine, D. Bourmada 

SIMULATION ON THE IMPACT OF POROSITY ON 

THE PROPERTIES OF CERAMIC PARTICLES 

REINFORCED METAL MATRIX COMPOSITES 

S u m m a r y 

Although the porosity in Al/SiC metal matrix com-

posites can be reduced, its presence is inevitable. This study 

aims to investigate the influence of porosity and pore size 

on the performance of SiC reinforced aluminum matrix 

composites that contain porosity. To achieve this, we con-

sider both constant and variable diameters of pores, assum-

ing a circular shape while maintaining the same volume 

fraction. Finite element analysis is conducted on a square 

matrix reinforced with nine particles subjected to a tensile 

test. The simulation employs a two-dimensional plane stress 

model along with square, hexagonal, and random distribu-

tions of multiple particles. The results indicate that, despite 

the presence of pores, the stress transfer from the softer ma-

trix to the reinforcement remains effective. Moreover, the 

properties of the composite are found to be increasingly sen-

sitive to porosity and pore size, particularly when the pore 

diameter increases and the distance to the particles de-

creases.  

Keywords: simulation Al/SiC composite, porosity, pore 

size, finite element analysis. 
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