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A B S T R A C T   

Particle reinforced metal matrix composite (PRMMCs) has a complex mesoscopic structure, and 
the addition of particles can strengthen the metal matrix, which makes the deformation and 
failure behavior of PRMMCs under load very complicated. The finite element method can 
quantitatively describe the effect of PRMMCs microstructure parameters on the macroscopic 
properties of materials, but the key is to establish a representative volume element(RVE) model 
that can reflect the real mechanical properties of materials. This paper reports and discusses on 
the construction methods of the RVE model of PRMMCs from three aspects: the geometric 
modeling of PRMMCs microstructure, the construction of the matrix constitutive equation based 
on PRMMCs reinforcement mechanism and the interface module. In the end, Abaqus and some of 
its secondary development functions are introduced.   

1. Introduction 

Particle reinforced metal matrix composites (PRMMCs) have high specific strength, modulus and thermal conductivity, low 
expansion properties, and excellent wear resistance and designability, showing great application potential in aerospace, trans-
portation, energy and the environment [1–3]. 

PRMMCs are materials formed by dispersing reinforcing particles (such as B4C, SiC, Al2O3, etc.) into the metal matrix [4]. The 
PRMMCs exhibits an intricate mesoscopic architecture, featuring a non-uniform and chaotic arrangement of particles. The incorpo-
ration of particles can further enhance the properties of metal matrix. These characteristics make the deformation and failure behavior 
of PRMMCs under load very complicated [4–6]. The finite element analysis enables a quantitative description of the influence of 
PRMMC microstructure parameters on the macroscopic properties of materials, thereby directly revealing the interplay between the 
reinforcement phase, interface phase, and macroscopic mechanical properties [7], which is an efficient method to study the me-
chanical properties of PRMMCs. 

By studying the relationship between mechanical properties and mesoscopic structure of PRMMCs with the finite element method, 
the design, preparation and processing technology of PRMMCs can be optimized to meet the requirements of industrial design and 
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application [4,7]. For instance, the application of materials is inseparable from mechanical processing, which typically involves 
precise cutting. The quality of the machined surface constitutes a crucial factor that impacts the actual properties of the material [8]. 
With the help of finite element simulation, the cutting model of PRMMCs can be established, and the stress-strain relationship, damage 
form and dynamic chip formation mechanism inside the material during cutting can be simulated from a microscopic perspective [9, 
10], so as to optimize the processing technology and improve the processing quality. 

To use finite element simulation, the finite element model must be established first. The finite element model of PRMMCs can be 
divided into macroscopic model and mesoscopic model from spatial scale. In the macroscopic model, PRMMCs is regarded as a ho-
mogeneous material, and the equivalent mechanical properties of the material are mainly considered, such as Young’s modulus, 
Poisson’s ratio, yield strength, ultimate tensile strength, etc [11]. The mesoscopic model starts with the mesoscopic structure of 
PRMMCs, comprehensively considers the volume fraction, shape, size and distribution of particles, and separately considers the 
mechanical properties of each component [11–15], and establishes the representative volume element(RVE) model of PRMMCs [11]. 

In this paper, the modeling method of RVE model of PRMMCs is studied. The modeling method of PRMMCs mesoscopic geometric 
model is summarized. The constitutive equation of metal matrix is introduced in detail, including a deep discussion on the 
strengthening mechanism of PRMMCs. The interface model and the method of obtaining performance parameters are summarized. In 
the end, Abaqus and some of its secondary development functions are introduced. 

2. Methods of geometric modeling 

PRMMCs has a complex microstructure, and the construction of its geometric model is a difficult problem in finite element method. 
This part mainly starts with the construction of PRMMCs mesoscopic structure model, and summarizes the previous modeling 
methods. 

2.1. Simplified model 

In order to quickly build the model, scholars simplified the mesostructure of PRMMCs, simplified the reinforcement particles into 
circles or spheres, and arranged them regularly to establish two-dimensional(2D) and three-dimensional(3D) geometric models of 
PRMMCs [16–18]. The current modeling method, however, fails to account for the influence of particle shape and distribution, 
resulting in significant deviations between simulation results and actual outcomes. In certain studies that overlook the shape and 
distribution of the reinforcement phase, such as investigating the impact of tool position changes on machining and interface phase 
destruction behavior, enhancing simulation efficiency can be achieved [18–20]. 

Fig. 1. Flowchart of RSA  
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2.2. Computer parametric modeling 

When the influence of the particle shape of the reinforcement is not considered, the particles are simplified into regular geometry, 
and a script is written to randomly insert the particles with the help of stochastic algorithm [21–23], or the geometric model of 
PRMMCs is generated with the help of Digimat software [24]. Non-interference and random distribution of particles is the key to 
stochastic algorithm [5]. The stochastic algorithm proposed earlier is called Random Sequential Adsorption(RSA), and its process is 
shown in Fig. 1[25]. 

However, the method of RSA is difficult to add new particles after the particles reach a certain volume fraction, so that the model 
with higher particle volume fraction cannot be generated by this algorithm [26]. Since then, some scholars have continuously 
improved the stochastic algorithm, proposing the nearest neighbor algorithm (NNA) [27,28], the random sequence extension (RSE) 
[29] and the discrete element method (DEM) [30]. Miao et al. [31] proposed a method to avoid particle overlap by using the collision 
mechanism of rigid particles. 

In order to generate reinforcement particles with irregular shape, different methods have been proposed by different scholars. Chen 
[32] generates random convex polyhedra by extension of regular polyhedra. Su [33] and Wu [34] generated convex polyhedra by 
stretching two-dimensional graphs and then cutting edges, as shown in Fig. 2. 

Wang [35] comprehensively considered the uneven structure of the particle surface and generated random polyhedra by writing 
scripts in Python language. First, a regular polyhedron is generated and each vertex of the polyhedron is numbered, as shown in Fig. 3 
(a); Then polar coordinates are established with the center of the regular polyhedron as the origin, and each vertex of the polyhedron 
can be represented by radius rn, azimuth θn and elevation φn. By transforming these three parameters according to Equation (1), a 
random polyhedron with uneven structure can be obtained, as shown in Fig. 3(b); The irregular particles obtained are depicted in Fig. 3 
(c). The random(− 1, 1) indicates that a random number is taken between − 1 and 1. 

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

rn = rn0 + dr ⋅ random(− 1, 1), dr ∈

(

−
D
2
,
D
2

)

θn = θn0 + dθ ⋅ random(− 1, 1), dθ ∈ (− 22.5◦, 22.5◦)

φn = φn0 + dφ ⋅ random(− 1, 1), dφ ∈ (− 22.5◦, 22.5◦)

(1) 

With the help of computer parametric modeling, meso-geometric models with different structures can be generated by adjusting the 
parameters of the model, such as Fig. 4 (a) and (b). For example, in Wang [35] ‘s method, by changing the radius of nodes at different 
positions, the aspect ratio of the generated particles can be controlled, and the morphology of the particles can be changed by adjusting 
the number of nodes and the transition factor. Therefore, this modeling method has strong universality. However, this modeling 
method uses a random way to generate the microstructure (particle distribution and morphology) of PRMMCs, which is still different 
from the actual situation. 

Fig. 2. Stretching a plane to form a polyhedron.  

J. Li et al.                                                                                                                                                                                                                



Heliyon 10 (2024) e26844

4

2.3. The real structure model 

Scanning electron microscope (SEM) or optical microscope was used to obtain the microscopic images of PRMMCs, and a series of 
image processing software was used to extract the microscopic features in the images to obtain the two-dimensional(2D) true structure 
model of PRMMCs, as shown in Fig. 5 [6,36]. 

Xiang [36] mapped the pixel dots of the picture into the finite element mesh in the simulation model by processing the real 
structure picture, and adjusted the size of the image pixels to achieve the density of the mesh, as shown in Fig. 6. This method can 
guarantee the quality of finite element mesh, thus improving the precision and efficiency of finite element calculation. 

The 2D real structure method can restore the mesoscopic characteristics of PRMMCs, and the mesoscopic structure model of 
materials can be generated with the help of corresponding equipment and software, which is a convenient finite element modeling 
method. However, this model is limited to the analysis of two-dimensional stress-strain behavior in PRMMCs, whereas practical 
problems often involve three-dimensional complexities. Therefore, it is imperative to construct a three-dimensional (3D) realistic 
structural model for particle-reinforced composites. 

X-ray tomography (X-CT) [37], based on the principle that different components of materials have different radiation-resistance 
rates to X-rays, can obtain the structure of the object through computer processing of the collected data, and stack the 2D images 
to form a 3D structure model. 

Peng et al. [14] generated a 3D model of B4Cp/Al through X-CT technology, as shown in Fig. 7. 
This method can effectively take into account the distribution of particles in PRMMCs, but limited by the resolution of X-CT, some 

of the micro-nano reinforcement particles with sharp angular structure may be lost. 
On the basis of the 2D real structure method, the material is continuously sliced and polished to obtain a series of microstructure 

photos. With the help of computer software, these two-dimensional pictures are sequentially superimposed to form a 3D model of the 
material, as shown in Fig. 8[38], which is called the serial sectioning method here. 

N. CHAWLA et al. [39] earlier applied this method to the finite element simulation of PRMMCs, and compared it with the simplified 
model (spherical and ellipsoidal reinforcement particles), as shown in Fig. 9 (a) to (c). The results show that the model established by 
the serial sectioning method has higher accuracy than the simplified model. 

Fig. 3. Generating irregular polyhedra with the help of node waves (a) regular polyhedron (b) random polyhedron (c) irregular particles.  

Fig. 4. Parameterized modeling generated PRMMCs RVE models (a) spherical particles (b) irregular polyhedral particles.  
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The 3D true mesoscopic structure model of PRMMCs can be obtained by serial sectioning method, but this method requires 
continuous grinding and image processing of the sample, which consumes a lot of time and cannot preserve the integrity of the sample. 

3. Research on the constitutive models of materials 

Under the action of load, the material is affected by large strain, strain rate and high temperature. Under the influence of strain 
hardening and heat softening, the stress and other parameters of the material in the deformation process change dynamically. In order 
to describe this dynamic behavior of the material, a mathematical equation linking the stress, strain rate, strain rate and time is needed, 
it is called the constitutive equation [40]. A constitutive equation that accurately describes the material’s mechanical properties is 
crucial for finite element simulation. 

For a long time, in order to describe the mechanical properties of materials more accurately, a large number of constitutive 
equations have been proposed. Currently, the constitutive equations that are widely used include the Johnson-Cook (J-C) model [41] 
and its improved versions [42–44], the Zerilli-Armstrong (Z-A) model [42], the Maewake model [45], the Nemat-Nasser model [46], 
and the Power-Law model [47]. Among them, J-C models are frequently used in the simulation of large deformation of metal materials. 

The particles of PRMMCs are generally brittle materials, and the JH series (JH1, JH2 [48], and JHB[49] proposed by Johnson and 

Fig. 5. The process of the 2D real structure method.  

Fig. 6. RVE models with different mesh sizes.  
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Holmquist are currently widely employed constitutive models for describing the dynamic mechanical behavior of brittle materials. 
Although there are some difficulties in obtaining parameters for the JH equation, it is still widely used [50–53]. 

3.1. Reinforcement mechanism of PRMMCs 

The reason why PRMMCs have higher strength and stiffness compared to pure metal materials is due to the introduction of 
reinforcing particles that generate different strengthening mechanisms. The deep comprehension of the strengthening mechanism is 
essential for enhancing the predictive accuracy of mechanical properties in PRMMCs [54]. 

Fig. 7. The 3D RVE model of PRMMCs generated by X-CT.  

Fig. 8. The process of serial sectioning.  
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The incorporation of high-strength and high-modulus reinforcement particles to directly bear the load transmitted by the matrix is 
referred to as particle-bearing strengthening [55]. The enhancement effect can be expressed as a function of the particle volume 
fraction f , this is shown in Equation [2,56]. 

Δσload = 0.5f σm (2) 

σm represents the strength of the un-reinforced metal matrix. A detailed introduction to this strengthening mechanism will not be 
provided here. 

Dislocation strengthening is caused by the intercrossing of dislocations in the metal matrix, which hinders the movement of slip 
dislocations. The strengthening formula is shown as Equation (3)[57], where ρ is the matrix dislocation density, αD is the dislocation 
strengthening coefficient, and Gm and bm are the matrix shear modulus and the Burgers vector. 

ΔσD = αDGmbmρ1
2 (3) 

When not subjected to external loads, the dislocation of the PRMMCs matrix is mainly composed of two parts. One part is the 
dislocations within the lattice that are unrelated to the reinforcing particles, with a lower dislocation density and thus causing little 
strengthening stress. The other part is the increase in dislocation density caused by the difference in thermal expansion coefficient 
between the reinforcing particles and the metal matrix (thermal mismatch) during the preparation of the composite material [58]. The 
calculation formula for the increase is shown in Equation (4), where Δα is the difference between the coefficient of thermal expansion 
of the matrix and the enhanced phase, ΔT is the difference between the preparation temperature and the experimental temperature of 
the material, and dp is the particle diameter [55]. 

ρCTE
GNDs = 6

ΔαΔTf
bmdp(1 − f ) (4) 

The introduction of reinforcing particles will cause grain refinement of the matrix [59]. The smaller the grain size, the greater the 
volume fraction of grain boundaries, and the more obvious the hindrance to dislocation movement, known as grain boundary 
strengthening. During the thermal deformation process of the composite material, reinforcing particles with diameters greater than 1 
μm can promote the refinement of the matrix grain size. The relationship between the grain diameter D and the reinforcing particle 
diameter dp as well as the volume fraction f is shown in Equation (5) [60]. 

Fig. 9. (a) Real structure model (b) Ellipsoid model (c) Sphere model [34].  

Fig. 10. Schematic diagram of dislocation bypassing through reinforcement particles [62].  
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D = dp

[
(1 − f )

f

]1
3

(5) 

Hall-Petch is used to describe the strength increment produced by grain refinement, as shown in Equation (6)[61], where Ky is the 
Hall-Petch coefficient. 

ΔσH− P = KyD− 1
2 (6) 

In the deformation process of PRMMCs under load, slip dislocation occurs. When the slip dislocation is blocked by the particle, a 
bowing equilibrium is formed under external load. When the external load increases further, the slip dislocation passes through the 
particle in a detour manner, leaving dislocation loops around the particle to hinder dislocation movement [62], as shown in Fig. 10. 
This phenomenon mainly occurs when the particle diameter is below 1 μm [63], because, in the system of micrometer-sized re-
inforcements, larger particle spacing cannot form effective dislocation loops. This concept was proposed by Orowan in 1948 and is 
called Orowan strengthening [64]. 

The Orowan strengthening is shown as Equation (7)[65], where r0 is the dislocation core radius, v is Poisson’s ratio, η is a constant 
related to the distribution state of the particles, D and L are related to the shape of the reinforcing phase. M is the Taylor factor. 

ΔσOrowan =
ηM

2π
̅̅̅̅̅̅̅̅̅̅̅
1 − v

√
Gmbm

L
ln

((
D− 1 + L− 1

)− 1

r0

)

(7) 

The elastic modulus of PRMMCs matrix and particle is different(modulus mismatch), when the material is subjected to external 
loads, the metal matrix and the reinforcement particles undergo non-uniform deformation, resulting in deformation gradients in the 
metal matrix, which form geometrically necessary dislocations and cause flow strengthening of the matrix [66,67], as shown in Fig. 11. 

The strength increment of the matrix caused by the geometric necessary dislocations is shown in Equation (8)(55). 

ΔσEM =
̅̅̅
3

√
αGmbm

̅̅̅̅̅̅̅̅̅̅̅

ρEM
GNDs

√
(8) 

In the formula, α is a constant, usually taken as 0.5, and ρEM
GNDs is the dislocation density caused by modulus mismatch, as shown in 

Equation (9)(55). 

ρEM
GNDs =

6f
bmdp

εp (9) 

Zhang, Andrä et al. [54] comprehensively considered load transfer, thermal residual stress, plastic strain gradient and grain 
refinement, and established a micro-scale finite element model of PRMMCs to evaluate each strengthening mechanism. The conclusion 
is as follows.  

(1) The main strengthening mechanism of PRMMCs is that particles directly bear the load transmitted by the matrix.  
(2) Thermal residual stress affects the yield strength of PRMMCs, but has little effect on the hardening rate after yielding.  
(3) Grain refinement increases the yield strength of PRMMCs, and gradient strengthening mainly increases the hardening rate. 

3.2. Constitutive models based on strengthening mechanisms 

According to the research in Section 3.1, it can be found that the introduction of reinforcement particles with high modulus and 
high strength will directly or indirectly strengthen the metal matrix. Therefore, the traditional constitutive equation used to describe 
pure metals will cause large errors in PRMMCs finite element simulation, so it is necessary to develop a constitutive equation to 
describe the metal matrix based on the micro-strengthening mechanism of composite materials. 

The influence of thermal mismatch and modulus mismatch was comprehensively considered by Xiang[36], who integrated mul-
tiple strengthening mechanisms and established the constitutive equation of aluminum matrix in SiCp/Al, as depicted in Equation 

Fig. 11. Non-coherent plastic deformation and strain gradient at the interface [31].  
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(10)–(12). 

σflow =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
σref f

(
εp
)
+ ΔσCTE

GNDs

]2
+ 6M2α2Gm

2f
bm

dp
εp

√

(10)  

σref f
(
εp
)
= (A + Bεn)

[

1 + C ln
(

ε̇
ε̇0

)][

1 −

(
T − T0

Tmelt − T0

)m]

(11)  

ΔσCTE
GNDs = MαGmbm

̅̅̅̅̅̅̅̅̅̅̅

ρCTE
GNDs

√
(12)  

Where M is the Taylor factor, α is the empirical constant, and εp is the plastic strain. Equation (11) is the J-C constitutive equation, 
which is used here to describe the stress of the unstrengthened aluminum matrix. 

Peng et al. [14], considering the influence of thermal mismatch and grain refinement, linearly add the yield strength σAl of the 
unstrengthened matrix, the strength increment ΔσCTE

GNDs of the dislocation strengthening and the strength increment ΔσH− P of the grain 
refinement, and then coupling with the flow strengthening to obtain the flow stress equation of the aluminum matrix in B4Cp/Al. As 
shown in Equation (13)–(15). 

σflow =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σm，y
2 + 27

̅̅̅̅̅
10

√
α2Gm

2bm

dp
f

1
3εp

√

(13)  

σm，y = σAl + ΔσCTE
GNDs + ΔσH− P (14)  

ΔσH− P = Kydp
− 1

2

[
(1 − f )

f

]− 1
6

(15) 

Equation (15) represents the strengthening contribution caused by grain refinement, where the Ky constant for the aluminum 
matrix is taken as 0.1 M/N2/3. 

Ma et al. [68] considered the effects of thermal mismatch and established the constitutive equation for the aluminum matrix in 
PRMMCs, as shown in Equation (16), and Equation (17) represents the strength of the unreinforced aluminum matrix. 

σflow =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[

σAl

(

1 +
Emεp

σAl

)N

+ ΔσCTE
GND

]2

+ 27
̅̅̅
5
2

√

β2Gm
bm

rp
f 1

3εp

√
√
√
√ (16)  

σref f
(
εp
)
= σAl

(

1 +
Emεp

σAl

)N

(17) 

Xiang [36] and Ma [68] both based their research on the dislocation punching mechanism proposed by Taya and Shoichi Shibata 
[69], considering the distance of the punching zone and calculating the increase in dislocation density in the punching zone to obtain 
the strength increment caused by the thermal mismatch. The dislocation punching mechanism is shown in Fig. 12 (a) and (b), and the 
calculation formula based on the punching distance R is given by Equations (18)–(20). 

Fig. 12. Schematic diagram of dislocation punching (a) before punching (b) after punching.  
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R = rp

⎛

⎜
⎜
⎜
⎜
⎝

B(1 − 2Pf ) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

B2(1 − 2Pf )2
+ 16

(
k

Gm

)

PB

√

4
(

k
Gm

)

⎞

⎟
⎟
⎟
⎟
⎠

1
3

(18)  

B =
(1 + vm)|α∗|

1 − vm
(19)  

P =
2(1 − 2vm)(3λ + 2G)

(1 − vm)

[

(1 − f )(3λ + 2G)

(
1 + vm

1 − vm

)

+ 3
{

f
(
3λp + 2Gp

)
+ (1 − f )(3λm + 2Gm)

}
]

(20) 

The subscript " m" and " p" represent the matrix and reinforcing particles. α∗ is the product of the difference between the coefficient 
of thermal expansion of the reinforcement and the matrix and the temperature difference of the material preparation, and λ = λp − λm; 
G = Gp − Gm. The calculation formula for the dislocation density based on the stamping distance R is shown in Equation (21)(31, 65). 

ρCTE
GNDs =

6
̅̅̅
2

√
ΔCTE • ΔT • rp

2

bm
(
R3 − rp

3
) (21) 

The Taylor non-local plastic theory (TNT) [70] connects the flow strengthening of PRMMCs metal matrix with the statistical storage 
strengthening to obtain the flow stress equation of the metal matrix, which takes into account the density increase of the geometric 
must dislocation caused by the modulus mismatch related to the particle size of the reinforced phase, as shown in Equation (22). 

σflow =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
σref f

(
εp
)]2

+ 27
̅̅̅
5
2

√

β2Gm
2bm

rp
f 1

3εp

√

(22) 

In the equation, σref f(εp) represents the statistical storage strength. Taylor non-local plasticity theory has been applied in the above 
studies [14,36,68]. 

4. The interface of PRMMCs 

As an important component of composite materials, in physical terms, interface refers to the bonding part between the matrix and 
the particles. Due to the complex shape of the reinforcement phase, the interface is not an ideal flat or curved surface. The components 
of the matrix phase and the reinforcement phase are combined to form a small transition region with complex mechanical behavior. 
Based on previous research [54,55], particles are responsible for directly bearing the load transmitted by the matrix and play a primary 
role in strengthening PRMMCs. The interface of the PRMMCs is responsible for transferring stress [71,72]. The interface failure is 
manifested as interface debonding, which will lose the load transfer ability. Therefore, the interface strength directly affects the overall 
strength of the composite [73,74]. 

4.1. Models of interface 

The mechanical model of the interfacial phase is developed based on the mechanics of interfacial fracture. It is divided into two 
parts: linear elastic fracture mechanics and elastic-plastic fracture mechanics, mainly studying the stress field and strain field at the 
crack tip, as well as the conditions and laws of crack propagation [75]. According to the stress state near the crack tip, the fracture types 
are divided into three types: opening, sliding, and tearing, as shown in Fig. 13 (a) to (c). Any form of fracture is a superposition of these 

Fig. 13. Three basic fracture modes: (a) opening mode, (b) sliding mode, and (c) tearing mode [75].  
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three fracture types. Using this method to simulate the generation of interface cracks will produce strong stress singularities, which 
makes the calculation difficult to converge and has a large error [7,75]. 

Afterward, G.I. Barenblatt [76] proposed a “cohesive model” based on elastoplastic fracture mechanics, which assumes a small 
cohesion region at the crack tip, as shown in Fig. 14, where part of the crack surface is not subjected to any force, while the part of the 
cohesive zone is subject to cohesive forces [77]. Therefore, the mechanical behavior of the complex deformation area near the crack tip 
can be described by the opening stress and displacement of the crack surface using the cohesive model, which effectively avoids the 
problems of traditional fracture models. The cohesive model can be used to simulate crack propagation behavior and interface 
problems in composite materials. 

4.1.1. Cohesive model 
The cohesive model describes the relationship between tension and opening displacement, distinguishing it according to its curve 

shape and cohesive parameters. Currently, the widely used cohesive models mainly include exponential, bilinear, polynomial, and 
trapezoidal models [75], as shown in Fig. 15. 

Taking the bilinear cohesive model as an example, the cohesive model mainly includes the interface stiffness K, interface strength σ, 
and interface separation δ, as shown in Fig. 16. When δ= δ0, the interface begins to yield; when δ = δmax, the interface is completely 
debonded; when δ0 < δ < δmax, there is a relationship as shown in Equation (23) [7]. 
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σn、 σs and σt are the normal stress and two orthogonal shear stresses, respectively. δn、 δs and δt are the strains in each direction. D 
（0≤ D ≤1） is the interfacial debonding damage coefficient, and Knn、 Kss and Ktt are the stiffness coefficients in each direction. When 
D is equal to 0, the interface has not been damaged and can bear the load. When D is equal to 1, the interface is completely debonded 
and cannot bear the load. 

4.2. Methods of obtaining interface performance parameters 

Although the cohesive model can describe the interface behavior of composite materials well, the cohesive model has a strong 
dependence on the accuracy of the interface performance parameters. Since the size of PRMMCs is in the micron range and below, it is 
difficult to obtain accurate interface performance parameters through conventional experimental methods due to the limitations of 
experimental methods and conditions [75,78]. 

4.2.1. Microscopic mechanical property testing 
In recent years, with the development of micro/nano-scale mechanical testing technologies such as nanoindentation, atomic force 

microscopy, etc., it has become possible to accurately measure the microscopic mechanical properties of materials. Nanoindentation 
techniques [78], nano scratch techniques [78], micro-pillar compression techniques [79], and in-situ TEM tensile techniques [80], etc. 
Have achieved certain achievements in the interfacial mechanical property testing of PRMMCs. However, these microscopic me-
chanical experiments are limited by the loading conditions of experimental equipment and the complex interface shape of PRMMCs, 
and cannot reproduce the complex stress state of the reinforcing particles in the metal matrix, making it difficult to measure the 
accurate interfacial mechanical properties of PRMMCs. 

Fig. 14. The cohesive zone at the crack tip.  
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4.2.2. The method of combining experiment and finite element 
This method first prepares the samples of the composite material, performs tensile testing to obtain the stress-strain curve of the 

material, and then establishes a finite element model for simulation. Combined with the experimental data, the input parameters of the 
finite element model were modified to obtain the performance parameters of the composite interface. Feng et al. [81] measured the 
interfacial performance parameters of composite solid propellant particles/matrix by inversion method. The principle is to calculate 
the error between the simulation results and the experimental results through the overlap degree target function, and continuously 
modify the initial values of the input interface parameters of the simulation until the error is less than the selected tolerance to obtain 
the optimal solution of the interface mechanical properties. Fig. 17 shows the flowchart of the inversion method. Guo et al. [82] 
prepared PDMS-based composite samples filled with single ZrO2 spherical particles and performed uniaxial tension tests. In the initial 
stage of tension, as shown in Fig. 18, debonding occurred at the top and bottom vertices of the particles, can first determine the normal 
strength of the interface. Then build a finite element model for tensile simulation, and the interfacial stiffness K, normal strength σmax, 
and shear strength τmax were obtained by combining experimental and finite element results. 

4.2.3. Molecular dynamics simulation of interface 
The molecular dynamics simulation method can reveal the damage mechanism of the interface from a microscopic perspective and 

obtain the dynamic statistical information of the system. It simulates the interactions and movements between microscopic particles in 
a multi-body system at the molecular or atomic scale. The key to the accuracy of molecular dynamics results lies in the selection of the 
interatomic potential function [7,36,73]. The stress-strain relationship of the interface was obtained by molecular dynamics simu-
lation, and the mechanical properties of the interface were obtained. The main steps of molecular dynamics simulation for studying the 
mechanical behavior of interface are.  

(1) Establish a finite element model of the composite material and calculate the stress-strain at the interface;  
(2) Select an appropriate potential function to establish an atomic model at the interface;  
(3) Apply the stress-strain calculated by the finite element model to the boundary atoms and repeat this step until the interface fails 

to bear the load. 

Fig. 19 (a) to (d) shows the four stages of interface debonding in molecular dynamics simulations. 

Fig. 15. Different forms of cohesive curves.  

Fig. 16. Bilinear cohesive model.  
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Molecular dynamics simulations are influenced by the size of the model, as the more atoms included in the simulation, the more 
accurate the results. However, this reduces the efficiency of the calculations. Therefore, when using molecular dynamics simulations to 
study interface debonding, a trade-off between accuracy and efficiency is necessary. The use of periodic boundary conditions can 
improve this issue, but for PRMMCs with complex interface shapes, implementing periodic boundary conditions can be challenging. 

5. Secondary development of Anaqus 

The finite element research of PRMMCs extensively utilizes Abaqus, which offers a wide range of interfaces and supports the 

Fig. 17. Flowchart of the inversion method.  

Fig. 18. Interface debonding.  
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importation of models in various formats. Users have the capability to generate models using third-party software, import them into 
Abaqus, and conduct analysis after processing. For instance, Peng et al. [14] established a B4Cp/Al model using X-CT technology and 
imported it into Abaqus for simulation to study the influence of B4C particle size on the mechanical properties of B4Cp/Al. Similarly, 
Fan et al. [24] used Digimat software to establish a random distribution model of SiCp/Al, and imported the model into Abaqus for 
cutting simulation to analyze the dynamic removal mechanism of materials and the formation process of cutting surface during 
cutting. Furthermore, parameterized modeling can be achieved through Python scripts via the secondary development interface 
provided by Abaqus. As an example, Lu et al. [83] used Python script to establish a 2D model of SiCp/Al in Abaqus, and carried out 
cutting simulation to study the influence of tool front Angle and relative position of tool grains on SiCp/Al precision cutting. Miao et al. 
[29], on the other hand, developed a three-dimensional model of ZTAp/Fe45 in Abaqus using Python script for impact simulations and 
examined how varying ZTA particle volume fraction affects the impact toughness characteristics of ZTAp/Fe45. The rich extensibility of 
Abaqus makes it a powerful tool for studying PRMMCs. 

The Abaqus software features a relatively straightforward built-in modeling function, complemented by a Python scripting 
interface that allows for script writing using the Python language, as illustrated in Fig. 20 [84,85]. To interact with the Abaqus kernel, 
users can utilize either the Command Line Interface (CLI) or select the “Run Script” option within the Abaqus/CAE window. In 
addition, several researchers have developed Python scripts that are integrated into the Abaqus main interface or offered as plug-ins [5, 
86]. This allows users to directly interact with Abaqus through the user interface and facilitates the construction of geometric models. 

To apply the constitutive equation of metal matrix based on PRMMCs strengthening mechanism to finite element analysis, the user 
material subroutine interface provided by Abaqus can be used. Mathematical equations can be written as code using Fortran language, 
namely the user material subroutine [87]. The user material subroutine includes UMAT and VUMAT, which are applied to 

Fig. 19. Molecular dynamics simulation of interface debonding process.  

Fig. 20. The interaction mechanism of Abaqus.  
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Abaqus/Standard and Abaqus/Explicit, respectively. The user material subroutine communicates with Abaqus’ main solver program 
through an interface, using the keyword "*USER MATERIAL” to define user material properties. By using the user material subroutine, 
materials that are not in the Abaqus material library can be defined and can be used for almost any mechanical analysis process and can 
be assigned to any element in Abaqus with user material properties [88,89]. 

There are many secondary development interfaces for Abaqus, and this section mainly introduces the construction of PRMMCs 
geometric models mentioned in this article and the application of constitutive equations in Abaqus. 

6. Conclusion 

At present, the research on the finite element modeling of PRMMCs is constantly deepening, and the accuracy and universality of 
the model are constantly improving. In this paper, the finite element modeling research based on the mesoscopic structure of PRMMCs 
is summarized, and the main conclusions are as follows：  

(1) By utilizing computer parametric modeling, the input parameters can be adjusted to control the volume fraction and particle 
shape of the model, which exhibits a high level of universality, but this model still has certain differences from the real structure 
of the material. On the other hand, employing a real structure model allows for an accurate representation of the material’s 
microstructure; nevertheless, this approach is laborious, inefficient, and the integrity of the sample cannot be preserved.  

(2) PRMMCs have multiple reinforcement mechanisms, mainly aimed at strengthening the metal matrix. Among them, thermal 
mismatch, modulus mismatch and grain refinement play a leading role in the strengthening of the matrix, and the strengthening 
mechanism of PRMMCs should be considered when establishing the constitutive equation of the matrix.  

(3) The behavior of the interface can be described by the cohesive model, but it has a strong dependence on interface performance 
parameters. Micro-mechanical performance tests, experiments combined with finite element methods, and molecular dynamics 
methods can obtain interface performance parameters of PRMMCs, but these methods still have shortcomings.  

(4) The finite element research of PRMMCs extensively utilizes Abaqus, which provides users with many secondary development 
interfaces. With the help of Python script for secondary development of Abaqus, parametric modeling can be achieved in 
Abaqus, and material properties that are not available in the Abaqus material library can be defined through the user material 
subprogram interface, allowing users to apply their own constitutive equations to finite element analysis. 

6.1. Scope for future work 

Through research, it is found that the finite element modeling based on mesoscopic structure of PRMMCs has been relatively 
mature, but there are some limitations in the current method. It is difficult to consider the aggregation behavior of particles in PRMMCs 
by using random particle distribution in parametric modeling. The modeling process based on material slice image is complicated, and 
the complete sample cannot be retained. Limited by the experimental methods and conditions, it is difficult to obtain accurate material 
performance parameters. 

Currently, with the widespread adoption of big data and the continuous enhancement of computer performance, artificial intel-
ligence technologies such as deep learning and reinforcement learning have experienced rapid advancements and found applications 
across diverse research domains [7,90]. Use the actual microstructure of PRMMCs to train the neural network to construct an accurate 
meso-3D model of the material. The correlation between microstructure and material properties of PRMMCs is extracted through big 
data analysis, enabling precise prediction of the mechanical properties of materials. The utilization of artificial intelligence technology 
in modeling is the prevailing trend for PRMMCs meso-finite element research. 
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