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Abstract: In this paper, considering the strength and geometric discrete distribution characteristics
of composite reinforcement, by introducing the discrete distribution function of reinforcement, the
secondary development of ABAQUS is realized by using the Python language, the parametric
automatic generation method of representative volume elements of particle-reinforced composites
is established, and the tensile properties of silicon carbide particle-reinforced aluminum matrix
composites are analyzed. The effects of particle strength, particle volume fraction, and particle
random distribution on the mechanical properties of SiCp/Al composites are studied. The results
show that the random distribution of particles and the change in particle strength have no obvious
influence on the stress–strain relationship before the beginning of material damage, but have a
great influence on the damage stage, maximum strength, and corresponding failure strain. With the
increase in particle volume fraction, the damage intensity of the model increases, and the random
distribution of particles has a great influence on the model with a large particle volume fraction. The
results can provide a reference for the design, preparation, and characterization of particle-reinforced
metal matrix composites.

Keywords: SiCp/Al composites; mechanical properties; strength of particle; distribution of particle;
volume fraction of particle; damage model

1. Introduction

Silicon carbide particle-reinforced aluminum matrix (SiCp/Al) composites are favored
in the fields of microelectronic packaging, aircraft, high-speed trains, armor protection, and
so on because of their excellent properties, such as high specific strength, high modulus, ex-
cellent thermal conductivity, wear resistance, and low coefficient of thermal expansion [1–4].
Therefore, it is of great engineering value to study the mechanical properties of SiCp/Al
composites. The greatest characteristic of SiCp/Al composites is the designability of their
functions and properties. The mechanical and thermophysical properties of the composites
can be changed by selecting a different matrix, reinforcement, volume fraction of reinforce-
ment particles, particle shape, and particle size. One of the most common methods to
study the strengthening mechanism and theoretical prediction of SiCp/Al composites is
finite element numerical simulation. The finite element method can obtain the complete
stress and strain field at the meso scale to reflect the macro-response characteristics of the
composites, so as to quantitatively analyze the dependence of the macro-properties of the
composites on the mesostructure [5–7].
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Metal matrix composites are becoming increasingly widely used in engineering fields.
If the relationship between deformation and damage evolution of metal matrix compos-
ites and mesostructures are obtained, it is possible to optimize the design of advanced
metal matrix composites according to external loads [8–10]. Because of the high cost of
experimental research, finite element numerical simulation is widely used to study the
relationship between the macro-mechanical properties and the microstructure of metal
matrix composites. Shao et al. [11] established a finite element numerical model considering
the particle size parameters of reinforcement, and studied the effect of particle size on
the mechanical behavior of composites. Qing et al. [12–14] studied the effects of particle
arrangement and interface strength on the mechanical properties of particle-reinforced
metal matrix composites under different loading modes (uniaxial and biaxial tension), and
developed a program to automatically generate a two-dimensional model with random
distribution of particle size and position. In the usdfld subroutine of ABAQUS, the elastic
damage model based on the maximum principal stress criterion and the plastic damage
model based on the stress triaxial index are developed, respectively. Yan et al. [15] used the
two-dimensional multi-particle random distribution cell model to simulate the mechani-
cal behavior of composites in a thermal residual stress field and superimposed residual
stress field, and proposed a method to determine the yield strength of composites. Yan
et al. [15] studied the effect of particle size on the deformation behavior of metal matrix
composites by using the finite element method, and clearly evaluated the contribution of
various strengthening mechanisms to the overall composite strengthening and the effect
of particle size on various mechanisms. Zhang et al. [16,17] studied the effect of a ductile
interface on the strengthening behavior of particle-reinforced metal matrix composites
through numerical simulation, in which the stiffness, thickness, and debonding position of
the interface were considered. Geni and Kikuchi [18] numerically simulated the fracture
process of SiC particle-reinforced aluminum alloy by the damage mechanics method, and
studied the effects of the uneven distribution of the SiC particle volume fraction and aspect
ratio on the matrix. Zhou et al. derived a non-thick interface layer element by using the co-
hesion model, and directly reflected the properties of the interface layer in the relationship
between the bonding force of the interface layer and the relative displacement of the upper
and lower surfaces of the interface layer. Chawla et al. [19] studied the three-dimensional
(3D) microstructure and the mechanical behavior of SiC particle-reinforced aluminum com-
posites using finite element modeling. Sozhamannan et al. [20,21] used two-dimensional
finite element analysis to study and predict the strength of particle-reinforced metal matrix
composites from the model based on SEM images, and used the model to study the main
failure forms, such as matrix yield, interface debonding, and particle fracture. Although
the finite element method is widely used in the relevant literature, it is found that the effect
of particle strength on the damage evolution of metal matrix composites is not considered.

Therefore, in this paper, considering the strength and geometric discrete distribution
characteristics of composite reinforcement, by introducing the discrete distribution function
of reinforcement, the secondary development of ABAQUS is realized by using the Python
language, the parametric automatic generation method of representative volume elements
of particle-reinforced composites is established, and the tensile properties of silicon carbide
particle-reinforced aluminum matrix composites are analyzed. The effects of particle
strength, particle volume fraction, and particle random distribution on the mechanical
properties of SiCp/Al composites are studied.

2. Computational Micromechanics Model

In order to study the influence of the mesostructure on the deformation and dam-
age evolution of metal matrix composites, the mesostructure should be able to reflect
the randomness of the meso-characteristics and can be changed according to needs. At
present, the random sequential adsorption (RSA) algorithm is widely used to generate the
microstructure of composites. This method is also used to generate the meso-model of SiC
particle-reinforced aluminum matrix composites.
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Figure 1 shows the process of geometric model modeling of a SiCp/Al composite with
random particle distribution based on the RSA method. First, we write a code to generate a
two-dimensional matrix part with a square shape, draw a sketch on the matrix, and then
import the random function, and use the while loop. In the loop, we first use the random
function to generate particle center coordinates at random positions in the square area of
the matrix part, and then divide the particle circle area based on the center coordinates.
After the number of particles reaches the predetermined value of the while cycle, the cycle
ends, the program ends, and ABAQUS generates the CAE model.
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Figure 1. Geometric model modeling process based on RSA method.

In order to avoid the possible intersection of particles in the generated model if the
number of particles is large, the distance between each newly generated particle and the
existing particle must be greater than a specified value. At the same time, in order to control
the quality of mesh generation, the boundary of the new particle distance model must also
meet certain conditions. If the above conditions are not met, the position coordinates of the
particle will be randomly generated by the random function again until all the conditions
are met. The basic idea of the particle intersection judgment algorithm is as follows:

1. Create two lists, List1 = {} and List2 = {}, to store the abscissa and ordinate of the center
of each particle circle, respectively.
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2. The center = (List1 [i], List2 [i]) of the ith particle circle, and the values of List1 [i] and
List2 [i] are randomly generated by the random function.

3. After generating the ith particle circle, compare the distance between the center of
the particle circle and the center of all (i − 1) particle circles generated before. If
all distances are greater than the sum of the two circle radii, ABAQUS continues
to generate the (i + 1) particle. Otherwise, ABAQUS will delete and regenerate the
ith particle.

In this study, we first generated a meso-model containing 10 equal-sized particles with
a volume fraction of 10% and a matrix size of 200 µm × 200 µm. The radius of the particles
was r = 11.28 µm. Then, keeping the matrix size and particle radius unchanged, we modified
the Python script to generate a meso-model containing 15 equal-sized particles with a
volume fraction of 15%. In order to eliminate the randomness in the model, we generated
five groups of models with uniform random distribution of particles corresponding to two
volume fractions, as shown in Figure 2. We applied a uniform tensile load along the y-axis.
In the model, the interface between the particles and the matrix is not considered, and it is
assumed that the particles and the matrix are perfectly bonded together. The global mesh
size of the model is 0.01 and the local mesh size on the particle circle is 0.004. The advanced
free mesh algorithm based on quadrilateral was adopted for mesh element division, and
the element type was plane strain.

Materials 2022, 15, x FOR PEER REVIEW 4 of 14 
 

of the particle will be randomly generated by the random function again until all the con-

ditions are met. The basic idea of the particle intersection judgment algorithm is as fol-

lows: 

1. Create two lists, List1 = {} and List2 = {}, to store the abscissa and ordinate of the center 

of each particle circle, respectively. 

2. The center = (List1 [i], List2 [i]) of the ith particle circle, and the values of List1 [i] and 

List2 [i] are randomly generated by the random function. 

3. After generating the ith particle circle, compare the distance between the center of 

the particle circle and the center of all (i-1) particle circles generated before. If all dis-

tances are greater than the sum of the two circle radii, ABAQUS continues to generate 

the (i+ 1) particle. Otherwise, ABAQUS will delete and regenerate the ith particle. 

In this study, we first generated a meso-model containing 10 equal-sized particles 

with a volume fraction of 10% and a matrix size of 200 μm × 200 μm. The radius of the 

particles was r = 11.28 μm. Then, keeping the matrix size and particle radius unchanged, 

we modified the Python script to generate a meso-model containing 15 equal-sized parti-

cles with a volume fraction of 15%. In order to eliminate the randomness in the model, we 

generated five groups of models with uniform random distribution of particles corre-

sponding to two volume fractions, as shown in Figure 2. We applied a uniform tensile 

load along the y-axis. In the model, the interface between the particles and the matrix is 

not considered, and it is assumed that the particles and the matrix are perfectly bonded 

together. The global mesh size of the model is 0.01 and the local mesh size on the particle 

circle is 0.004. The advanced free mesh algorithm based on quadrilateral was adopted for 

mesh element division, and the element type was plane strain. 

  

(a) (b) 

Figure 2. Random distribution model of particles: (a) 10-particle models, (b) 15-particle models. 

In this study, the elastic modulus, Poisson’s ratio, and yield strength of the matrix 

were 105 GPa, 0.34, and 270 MPa, respectively. The SiC particles were isotropic elastic 

brittle materials, and the elastic modulus and Poisson’s ratio were 400 GPa and 0.17, re-

spectively. The damage initiation of SiC particles is described by the maximum nominal 

stress criterion. We developed an ABAQUS/standard subroutine, USRFLD, to realize the 

failure mechanism of the SiC particles. For brittle failure, the linear damage evolution law 

is used to describe the behavior after failure. Damage initiation strain ε0 and damage end 

strain εT have the following relationship: 

A =
�� − ��
��

 

If the strain of the SiC particle element is greater than the damage end strain, the 

Young’s modulus of the element is reduced to 0.1% of the initial value. Figure 3 shows the 

damage evolution of SiC particles under a tensile load under different critical damage 

parameters a. Here, we assume A = 0.2. 

Figure 2. Random distribution model of particles: (a) 10-particle models, (b) 15-particle models.

In this study, the elastic modulus, Poisson’s ratio, and yield strength of the matrix were
105 GPa, 0.34, and 270 MPa, respectively. The SiC particles were isotropic elastic brittle
materials, and the elastic modulus and Poisson’s ratio were 400 GPa and 0.17, respectively.
The damage initiation of SiC particles is described by the maximum nominal stress criterion.
We developed an ABAQUS/standard subroutine, USRFLD, to realize the failure mechanism
of the SiC particles. For brittle failure, the linear damage evolution law is used to describe
the behavior after failure. Damage initiation strain ε0 and damage end strain εT have the
following relationship:

A =
εt − ε0

ε0

If the strain of the SiC particle element is greater than the damage end strain, the
Young’s modulus of the element is reduced to 0.1% of the initial value. Figure 3 shows
the damage evolution of SiC particles under a tensile load under different critical damage
parameters a. Here, we assume A = 0.2.
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Figure 3. Damage evolution of particles.

3. Results and Discussion

In order to study the effect of particle strength on the mechanical properties of particle-
reinforced metal matrix composites under a uniaxial tensile load, we analyzed the stress–
strain curves obtained by changing the particle strength to 200 MPa, 275 MPa, and 550 MPa
when the volume fraction of the above finite element model was 10%, as shown in Figure 4.
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Figure 4. Stress–strain curves of SiCp/Al composites with different particle strengths.

It can be seen from Figure 4 that the change in particle strength has no obvious effect
on the stress–strain relationship before the beginning of material damage, but when the
material enters the damage and failure stage, the maximum strength and failure strain of
the material gradually increase with the continuous increase in particle strength.

In order to eliminate the randomness in the model, we simulated five groups of models
with uniform random distribution of particles corresponding to different particle strengths,
and obtained the stress–strain curve under uniaxial tension.

Figure 5 shows the effect of random distribution of particles on the strength and
damage evolution process of metal matrix composites when the particle volume fraction is
10% and the particle strength is 200 MPa. It can be seen that the random distribution of
particles has no obvious influence on the stress–strain relationship before the beginning of
material damage, but has a great influence on the damage stage, maximum strength, and
corresponding failure strain.
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Figure 5. Stress–strain curves of SiCp/Al composites with different models (particle volume fraction
is 10% and particle strength is 200 MPa).

It can be seen from Figure 5 that model 2 was first destroyed, and the failure strain was
approximately 0.78%. The Von Mises stress nephogram of each model under 0.78% strain
(as shown in Figure 6a) was extracted for comparative analysis: the maximum Mises stress
of model 2 appeared in the particle aggregation area inside the model, and the particle
aggregation caused the early failure of model 2.
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Figure 6. Von Mises stress and strain distribution of model 2 (particle volume fraction is 10% and
particle strength is 200 MPa). (a) Von Mises stress distribution, (b) strain distribution; (平均—Average).

We extracted the elastic strain nephogram of model 2 under 0.78% strain, as shown
in Figure 6b. It can also be observed that the maximum elastic strain of model 2 appears
in the particle aggregation area inside the model, and the particle aggregation causes the
early failure of model 2.

In order to better demonstrate the stress distribution of the model, Figure 7a–e list
the Von Mises stress nephogram and local enlarged diagram of models 1–5 under their
respective failure strain when the particle volume fraction is 10% and the particle strength
is 200 MPa. The failure strain of model 1 was approximately 1.86%. The Von Mises stress
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nephogram of the model under 1.86% strain was extracted for observation and analysis:
the maximum Von Mises stress of model 1 appeared at the particles close to the boundary
of the model, and the particle edge was the cause of the failure of model 1. The failure
strain of model 2 was approximately 0.78%. The Von Mises stress nephogram of the model
under 0.78% strain was extracted for observation and analysis: the maximum Von Mises
stress of model 2 appeared in the particle aggregation area inside the model, and particle
aggregation was the cause of the failure of model 2. Model 3 failed at the latest, and the
failure strain was approximately 3.01%. The Von Mises stress nephogram of the model
under 3.01% strain was extracted for observation and analysis: the maximum Von Mises
stress of model 3 appeared in the particle area inside the model, the particle distribution
inside model 3 was more uniform than that of other models, and model 3 failed later than
other models. The failure strain of model 4 was approximately 4.22%. The Von Mises stress
nephogram of the model under 4.22% strain was extracted for observation and analysis:
the maximum Von Mises stress of model 4 appeared at the particles close to the boundary
of the model, and the particle edge was the cause of the failure of model 4. The failure
strain of model 5 was approximately 1.16%. The Von Mises stress nephogram of the model
under 1.16% strain was extracted for observation and analysis: the maximum Von Mises
stress of model 5 appeared at the particles close to the boundary of the model, and the
particle edge was the cause of the failure of model 5.
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Figure 8 shows the effect of the random distribution of particles on the strength and
damage evolution process of metal matrix composites when the particle volume fraction is
10% and the particle strength is 275 MPa. It can be seen that the influence of particle random
distribution on the stress–strain relationship before the beginning of material damage is
not obvious, but the influence on material damage and failure is gradually increasing, i.e.,
with the continuous increase in strain, the influence of the particle random distribution
on the mechanical properties of the materials is increasing, which is shown in the figure,
where the curve is increasingly dispersed.
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It can be seen from Figure 8 that model 1 and model 5 were damaged in advance, and
the failure strain was approximately 3.90%. The Von Mises stress nephogram of each model
under 3.90% strain (as shown in Figure 9a,b) was extracted for comparative analysis: the
maximum Von Mises stress of model 1 and model 5 appeared at the particles close to the
boundary of the model, and the edge of particles caused the early failure of the model.
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We extracted the elastic strain nephogram of each model under 3.90% strain, as shown
in Figure 9c,d. It can also be observed that the maximum elastic strain of model 1 and
model 5 appeared at the particles close to the boundary of the model, and the particle edge
caused the early failure of the model.

Figure 10 shows the effect of the random distribution of particles on the strength and
damage evolution process of metal matrix composites when the particle volume fraction is
10% and the particle strength is 550 MPa. It can be seen that the influence of the particle
random distribution on the stress–strain relationship before the beginning of material
damage was not obvious, but the influence on material damage and failure was gradually
increasing, i.e., with the continuous increase in strain, the influence of the particle random
distribution on the mechanical properties of materials increased, which is shown in the
figure, were the curve is more and more dispersed. When the value of the fixed x-axis
is 6%, the stresses of model 1-5 in Figure 10 are 344.621 MPa, 291.881 MPa, 325.408 MPa,
318.054 MPa, and 318.362 MPa, respectively.
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Figure 10. Stress–strain curves of SiCp/Al composites with different models (particle volume fraction
is 10% and particle strength is 550 MPa).

In order to view the stress distribution of the model conveniently, the stress nephogram
of the model needs to be analyzed. The stress nephogram after 6% strain was applied to
the model as follows.

Figure 11a–e, respectively, show the stress nephograms of five groups of different
particle distribution models. It can be seen from the figure that the maximum Von Mises
stress of models 1, 4, and 5 appears at the particles close to the boundary of the model, and
the maximum Von Mises stress of model 2 appears in the particle aggregation area inside
the model. Both particle aggregation and particle edge will affect the damage evolution of
the model.

In order to better explain the process of particle damage evolution, the effects of
particle volume fraction on the strength and damage evolution of metal matrix composites
were further studied in this research. Two cases with a particle volume fraction of 10% and
15% were analyzed. Since the particle volume fraction of 10% has been analyzed above,
the particle volume fraction was increased to 15% by modifying the Python script, i.e., the
number of particles was increased to 15, and the radius of particles was kept constant at
r = 11.28 µm. Five groups of models with uniform random distribution of particles were
simulated to eliminate the randomness, and the stress–strain curve under uniaxial tension
was obtained.
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Figure 11. Von Mises stress of SiCp/Al composites with different models (particle volume fraction is
10% and particle strength is 550 MPa): (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4, (e) Model 5;
(平均—Average).

Figure 12 shows the effect of the random distribution of particles on the strength and
damage evolution process of metal matrix composites when the particle volume fraction is
15% and the particle strength is 550 MPa. Comparing Figure 12 with Figure 10, the effect of
the particle random distribution on the stress–strain relationship before material damage
is not obvious, but the effect on material damage and failure is gradually increasing, i.e.,
with the continuous increase in strain, the effect of the particle random distribution on
the mechanical properties of materials increased, which is shown in the figure, where the
curve is more and more dispersed. The model with a large particle volume fraction has a
great influence on the random distribution of particles. When the value of the fixed x-axis
is 6%, the stresses of model 1–5 in Figure 12 are 293.531 MPa, 315.691 MPa, 335.468 MPa,
312.846 MPa, and 367.065 MPa, respectively.
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Figure 12. Stress–strain curves of SiCp/Al composites with different models (particle volume fraction
is 15% and particle strength is 550 MPa).

Table 1 summarizes the stress and its standard deviation under different particle
distribution models when the particle volume fraction is 10% and 15%, the particle strength
is 550 MPa, and the strain is 6%. It can be seen from Table 1 that the mean stress of the
10% particle volume fraction is 319.665 MPa and that of the 15% particle volume fraction
is 324.920 MPa, indicating that the strength of model damage increases with the increase
in the particle volume fraction. However, the standard deviation of stress is very large,
indicating that the random distribution of particles has a great influence on the damage
strength of the model. With the increase in particle volume fraction, the standard deviation
also increases, which indicates that the composites with a higher particle volume fraction
are more sensitive to the macro-response strength.
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Table 1. Von Mises stresses of SiCp/Al composites with different particle distributions and particle
volume fractions (MPa).

Particle Volume Fraction Model 1 Model 2 Model 3 Model 4 Model 5 Average Value Standard Deviation

10% 344.62 291.88 325.41 318.05 318.36 319.67 16.92

15% 293.53 315.69 335.47 312.85 367.07 324.92 24.91

4. Conclusions

This paper proposes an algorithm and writes a script to implement the algorithm
in Python. After the script is opened and run through the script interface of ABAQUS,
the modeling of multiple particles randomly placed in the matrix and disjoint between
particles is successfully realized. Based on the two-dimensional finite element analysis of
different mesostructures and a series of numerical simulations, the following conclusions
are drawn:

1. The change in particle strength has no obvious effect on the stress–strain relationship
before the beginning of material damage. After entering the damage stage, the
maximum strength and failure strain of the material increase gradually with the
increase in particle strength.

2. The effect of particle random distribution on the stress–strain relationship before
the beginning of material damage is not obvious, but it has a great influence on the
damage stage, maximum strength, and corresponding failure strain.

3. With the increase in particle volume fraction, the damage strength of the model
increases. The model with a large particle volume fraction has a great influence on
the random distribution of particles.
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