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Abstract  

To enhance the performance and design of metal matrix composites, it is extremely important 

to gain a better understanding of how the microstructure influences the deformation and 

damage behaviour of metal matrix composites under different loading conditions. Finite 

element (FE) analysis can be used to collect certain micromechanical information of 

composites that is difficult to obtain from experiments. In this work, the effect of the distance 

between the SiC particles and the loading conditions on the deformation and damage 

behaviour of Al6092/SiC particle composites is investigated under different strain rates (i.e., 

1x10-4, 2x10-4, and 4x10-4 s-1). A program is developed to generate the 2D micromechanical FE 

model with 17.5Vol. % SiC particles. Based on the scanning electron microscopy (SEM) images, 

the FE model contains four SiC particle sizes (3.1, 4.46, 6.37, and 9.98 μm) with various 

percentages, which are randomly distributed in the micromechanical Al6092 alloy matrix. 

User-defined field (USDFLD) subroutine was developed and implemented through 

Abaqus/Standard based on maximum principal stress and Rice-Tracey triaxial damage 

indicator to evaluate the formability of the aluminium matrix composite (AMC) and to predict 

the brittle and ductile fracture of the SiC particles and the aluminium matrix, respectively, 

under tensile and shear loads. The results showed that the distribution of SiC particles in Al 

matrix has a significant effect on the mechanical properties of Al6092/SiC 17.5 particle 

composites. The formability and damage behaviour of composites improve as particle 

distance increases and strain rate decreases under tensile and shear loading. The fracture 

initiation toughness of fine SiC particles is higher than that of coarse SiC particles. 
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USDFLD User-defined field subroutine 
FE Finite element 

SEM Scanning electron microscopy 
AMC Aluminium matrix composite 

𝜎 True stress 
𝜎𝑦 Yield stress 

𝜎𝑚  Hydrostatic stress 
𝜎𝑀𝑖𝑠𝑒𝑠 Von Mises equivalent stress 

𝜎𝑓  Failure stress 

𝜎𝑚𝑎𝑥  Maximum stress 
ε True strain 
K strength coefficient 

n work hardening exponent 
ɳ Stress triaxiality 
d Triaxiality damage indicator 

𝑑𝑐𝑟  
Critical value of triaxiality 
damage indicator 

𝑑𝜀𝑝 
Incremental equivalent plastic 
strain 

𝜀𝑓 Failure plastic strain 
𝜀𝑒𝑞 Current equivalent strain 
𝜀𝑓 Failure equivalent strain 
f Exponential failure 

mf Material constant parameter 
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1. Introduction 

Compared to the monolithic alloys, aluminium matrix composites with SiC particles 

reinforcement are commonly used in industrial applications such as aerospace and 

automotive industries due to its superior thermal and mechanical properties. Understanding 

of the relationship between microstructure, deformation behaviour, initiation of damage, and 

damage growth in particle metal matrix composites is considered essential for material design 

and its industrial applications [1]. Finite element (FE) analysis is a powerful tool that could be 

utilized to model the formability behaviour and damage initiation in particle composite 

materials under different conditions. Furthermore, it can be used to obtain a micromechanical 

knowledge of composites in a systematic manner that cannot be obtained from experiments 

[2]. 

Over the last few years, several micromechanical FE models have been developed to predict 

the material’s behaviour of particle reinforced metal matrix composites. Elastic-plastic 

properties of Al/Al2O3 particle composite were analysed using the finite element method. The 

results showed that the mechanical properties of the composite are affected by the grain size 

of the aluminium matrix [3]. A finite element model of Al6061/20% Al2O3particles composite 

was developed based on viscoplastic behaviour and isotropic strain hardening law to 

investigate the effect of Al2O3 particles on the creeping behaviour of composite material. 

Reinforcement particles were found to have an effect on creep behaviour and fracture time 

was shorter for composite material than the Al6061 aluminium alloy matrix [4]. The effect of 

SiC particle morphology on the mechanical behaver of Al6061/15% SiCp composite was 

investigated utilizing the FE model with three shapes of SiC particles (circular, angular with 

sharp corners, and angular with smooth corners). The FE findings indicate that the SiC particle 

morphology affects the load carried by the particles and that the greatest stress value was 

correlated with angular SiC particles with sharp corners [2]. A micromechanical FE model was 

developed to capture the effect of residual stresses on mechanical properties and damage 

behaviour of Al/10%SiCp composite under compressive loading. The FE results showed that 

the effect of residual stresses on damage initiation of Al/SiCp composite is considered low 

compared to the strain from the externally applied load [5]. Fracture criterion was 

implemented in the micromechanical FE model to predict the fracture initiation of Al6061/10 

vol. % Al2O3 particle composite due to the residual thermal stresses. The results demonstrated 

the ability of the FE microstructural model to determine the effect of residual thermal stress 

on the damage initiation of particles composite material [6]. The influence of clustered and 

uniform random arrangement of SiC particles on the damage of Al/SiCp was evaluated utilizing 
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numerical and probabilistic analysis, however, only brittle fracture of SiCp was considered in 

this investigation. The investigation found that the probability of damage is increased by the 

clustered arrangement of the particles [7]. The effect of orientation anisotropy of SiC particles 

reinforced Al2080 aluminium alloy on tensile properties was evaluated based on modelling 

and experimental investigation of extruded Al2080/10, 20, 30 vol. % SiCp composites. It was 

found that higher values of elasticity and tensile strength of composite were exhibited in the 

extrusion direction as compared to transverse direction [8].  The transition phase of Al/10% 

SiCp composite was modelled using the FE method to evaluate its effect on the failure of 

composite material, both ductile and brittle fracture criteria were applied to predict the 

fracture in the interface region. The results showed that both material properties and 

dimensions of the transition phase had a substantial effect on the failure of Al/SiCp composite 

[9]. The relationships between the strength and microstructure of graded Al/SiCp composite 

was analysed through numerical analysis. It was shown that the degree of gradient of SiC 

particles has a significant effect on the damage strain, stiffness, and flow stress of Al/SiCp 

composite. The damage strain is increased with the stiffness and flow stress of composite 

material decreased by increasing the degree of gradient of SiC particles [10].  

The effect of ductile and hard interphases on the strengthening behaviour of the particle 

metal matrix was investigated numerically. The results of the numerical model pointed out 

that the hard interphase increases the strength whereas the strength was decreased with 

ductile interphase of particle composite [11]. Weibull distribution and Eshelby method were 

employed to develop a mechanical model to predict the tensile ductility and fracture 

toughness of Al6013/30vol% SiCp composite. The model was found to be ideal for predicting 

the mechanical response of the Al/SiCp composite, and it was also shown that the tensile 

strength and fracture strength could be enhanced by the size of the SiC particles [12]. A FE 

model was developed on the basis of the actual microstructure to test the behaviour of the 

Al/SiC composite at elevated temperatures. The FE stress-strain results were consistent with 

experimental results with a small error and the temperature and strain rate have an 

insignificant effect on the strengthening of Al/SiC composite [13]. The influence of volume 

fraction, size, random dispersion, and concentration of SiC particle was considered in the FE 

model to study the indentation behaviour of Al1080/SiC particle composite using spherical 

indenter. The experimental and FE results showed that higher indentation depth could be 

achieved with large SiC particles, while the indentation depth was decreased by increasing the 

volume fraction of particles [14]. Scanning electron microscope images of Al/SiCp composite 

were transferred to a CAD model subsequently imported into ANSYS to understand the failure 
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mechanism and predict the strength of composite materials of different microstructures. The 

findings showed that the clustering of SIC particles in the Al matrix accelerated the fracture of 

the composite material [15]. The micro stress-strain curve of 6064Al/Sicp composite was 

investigated using a unit cell model. The cohesive model was considered in order to predict 

the crack growth of the interface between the aluminium matrix and SiC particles. The stress-

strain curve showed that the highest value of stress and deformation occurred in the interface 

area at a certain angle from the tensile stress direction [16]. Thermo-elastoplastic 

micromechanics model was built up based on a variational asymptotic method to identify the 

behaviour of metal matrix composite under thermomechanical loading. The FE model showed 

that the change in temperature could play an important role in the response of 

aluminium/boron composite [17]. The effect of boundary conditions (symmetric and 

periodic), loading type (shear, tensile and combined shear and tensile loads) and interface 

strength on the mechanical characterization of Al/SiCp composite were investigated using 2D 

finite element micromechanical model. The results of the micromechanical model showed 

that the boundary conditions have an insignificant effect on elastic properties of Al/SiCp 

composite while it plays an important role on the strength properties, also it was found the 

tensile strength of the interface region could affect the tensile strength of Al/SiCp composite 

[18, 19]. The mechanical, physical, and fracture toughness behaviour of an A356/0-25wt% 

SiCp composite was investigated using an ANSYS FE model. The findings were compared with 

experimental work. It was found that the peak value of tensile strength, flexural strength, and 

modulus of elasticity of Al/SiCp composite was achieved when the volume fraction of SiCp is 

25wt% [20]. 

From literature, several micromechanical models have been developed to investigate the 

effect of the microstructure on the mechanical behaviour of the metal matrix composite. The 

microstructure of the composite material was described using two techniques: in the first 

method, the digital image techniques with special software are used to transform the actual 

microstructure (SEM image) to a CAD model and then to build a FE model. Second, the 

microstructure of composite material is produced automatically using an established program 

and the FE model can be directly created by this program. Furthermore, it is evident from the 

literature that the greatest attention has been paid to investigating the effect of the shape 

and distribution of the particles in the metal matrix, and more work is needed to investigate 

the effect of different particle sizes in the same micromechanical model, as well as the 

distance between the SiC particles, on the formability and fracture behaviour of Al6092/SiC 

particle composites. The objective of this study is to investigate the effect of the 
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microstructure on the formability and damage behaviour of the Al6092/17.5 percent SiCp 

composites under tensile and shear loads at different strain rates (i.e., 1x10-4, 2x10-4, and 

4x10-4 s1). Four particle sizes, with different percentages, were used in a micromechanical 

model identical to the actual microstructure. Different distances between the SiC particles 

were used in order to test the effect of distance on the formability and fracture of the 

composite. A new code has been created using MATLAB to generate four groups of particle 

sizes of the composite metal matrix microstructure. These particles were distributed 

randomly but with predetermined minimum distance between the particles. Maximum 

principal stress criterion and Rice-Tracey damage indicator were developed utilizing Abaqus/ 

Standard via user define fields (USDFLD) to assess the formability and predict the damage in 

SiC particles (brittle fracture) and aluminium matrix (ductile fracture). 

2. Material and mechanical properties  

In this study, 6092 aluminium reinforced with a 17.5% volume fraction of SiC particle sheet 

was used to investigate the effect of particle distance and loading conditions on the 

deformation and damage behaviour of particle composite sheets under different strain rates. 

Powder metallurgy was used to manufacture the 6092Al/SiC particle composite sheets. Table 

1 describes the chemical composition of the aluminium matrix. 

Table 1. Chemical composition of 6092 aluminium matrix. 

 

To determine the mechanical properties of Al6092-O alloy matrix sheets, a tensile test was 

performed in accordance with ASTM-E8. The true stress-strain curve of Al6092 alloy can be 

identified by Ludwik hardening law, as it provided the best fitting of the uniaxial tensile 

experiment data, as shown in Figure 1. The parameters of the Ludwik Model were as follows: 

𝜎𝑦 = 94.5 MPa, K=165.29 MPa, and n=0.38. 

Mg Si Cu Fe Zn Ti O others Al 

0.8-1.2 0.4-0.8 0.7-1.0 0.3 0.25 0.15 0.05-0.5 0.15 Bal. 
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Figure 1. True stress–true plastic strain data of uniaxial tensile test, and the 

corresponding best fitting curve using Ludwik model. 

 

3. Microstructure design of Al6092/SiC particle composite 

A code was written in Matlab to generate four groups of SiC particle size distributed randomly 

in a field of 100 µm × 100 µm of the 6092 aluminium matrix. The code can be used to calculate 

the total number of particles, based on their density, of each group of sizes. Then by using the 

Matlab random number generator function, the (x, y) location (within the field) is located for 

the bigger particles first. Before finding the (x, y) coordination of the next particle, the code 

will check the boundary of each particle to be at a minimum distance of a preselected value 

from other particles or from the edge of the field. After repeating the above for all the groups 

of particles size, a dxf file will be generated. 

4. Finite element model and boundary conditions 

The deformation and damage behaviour of Al6092/SiCp composites under tensile and shear 

loading was investigated using a non-linear FE model (Abaqus/standard). A square two-

dimensional (2D) microstructural model of Al6092/SiCp composites was developed with 

17.5Vol. % SiC particles. The Al/SiCp composite material was scanned under a scanning 

electron microscope (SEM), and the SEM images were analysed using ImageJ software to 

measure the size of the SiC particles, as shown in Figure 2. From the scanning electron 
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microscopy images, there are four sizes of SiC particles (3.1, 4.46, 6.37, and 9.98 µm) with 

different percentages as shown in Figure 3. Therefore, in the FE model, there are four particle 

sizes are scattered randomly in the micromechanical of the Al6092 alloy matrix.  The 

micromechanical model has meshed with 2D 8 node quadrilateral reduced integration 

element (CPS8R). The developed microstructure's FE model has dimensions of 100 × 100 µm 

and an element size of 0.4 × 0.4 µm. The total number of elements in the FE model is 66537. 

The interface between the metal matrix and the ceramic reinforcement is considered 

important in composite materials, and the properties of the interface region have a significant 

effect on the mechanical properties of composite materials. Many micromechanical models 

have been developed to predict fracture growth at the interface and to assess the impact of 

the interface on the overall properties of composite materials [9, 11, 16, 18, 19]. Some 

researchers, on the other hand, developed their micromechanical model under the 

assumption that the bonding between the matrix and reinforcement is perfect [3, 14, 15, 21].  

O-condition annealing is used to improve the formability of Al/SiC particle composite sheets 

and to strengthen the bonding between the hard particle and the metal matrix [1]. Therefore, 

O-condition annealing was used in this investigation to improve the formability of the 

composite sheet and the bonding between SiC particles and the Al matrix.  As a result, in this 

study, the bonding was assumed to be perfect in the developed model, and The prediction of 

the fracture in the Al matrix was given more attention. 

 

Figure 2. Determination of SiC particle size using ImageJ software to convert the actual 

microstracture (a) to the CAD microstracture (b). 
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Figure 3. The percentage of SiC particles sizes in Al6092 aluminium matrix. 

Six micromechanical models with different distances (minimum distance) between the SiC 

particles, i.e., 0.25, 0.5, 1, 2, 3, and 4 µm, and each model with different particle sizes (3.1, 

4.46, 6.37, and 9.98 µm), were developed to study the influence of the distance between the 

SiC particles on the formability and damage behaviour of Al composite, as shown in Figure 4. 

The figure shows that there are many vacancies within the Al matrix without the SiC particles 

with a small distance between SiC particles (0.25 and 0.5 μm), and uniform distribution of SiC 

particles can be obtained by increasing the distance between the particles (4 μm). Due to the 

size of the micromechanical model 100 x 100 μm and the SiC particles percentage, 17.5%, 4 

μm is the maximum value of minimum distance between particles that can be used in this 

investigation. 

When the distance between SiC particles decreases for a given volume fraction of SiC particle, 

two regions in the Al matrix are observed: the first is a high particle density region, and the 

second is a particle-free region. The formability of high particle density regions is considered 

low in comparison to particle-free regions because the formability decreases with increasing 

particle percentage and fracture initiates in these regions [9, 22]. As a result, a uniform 

distribution of SiC particles in an Al matrix is required to achieve a balance between the 

composite's formability and strength. The goal of this research is to determine the best 

particle distance to achieve high formability in Al/SiC particle composites. 
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In this investigation, aluminium matrix composite sheets Al6092/17.5 Vol. % SiCp with a 

thickness of 1.04 mm were used. The Al6092/SiCp composite sheet was received at T6 heat-

treated condition. The metal matrix composites show poor formability at room temperature 

due to the brittle reinforcement particles. Therefore, the composite materials always 

manufacture at elevated temperatures [23, 24]. Besides, the T6 condition works to increase 

the strength of Al alloys. Therefore, O-condition annealing was carried out in our previous 

investigation [1], according to the recommendation of ASM [25] to improve the room ductility 

of Al6092/SiCp composite sheets. Likewise, O-condition annealing was applied to the Al6092 

alloy matrix to enhance its mechanical properties and to be comparable with Al6092/SiCp-O 

composites.  

The Al6092-O alloy matrix was modelled as elastic-plastic damageable material, with Poisson’s 

ratio 0.345 and modulus of elasticity 70 MPa. The particles of SiC behaved as isotropic elastic 

damageable material and its Poisson’s ratio 0.14 and modulus of elasticity 410 MPa. The 

strength of SiC particles follows the distribution of Weibull [19, 26] with an average value of 

550 MPa. 

In the FE of the developed micromechanical model, the same boundary conditions for real 

tensile and shear tests were applied. At the bottom edge of both models (tensile and shear 

model) the Ux=Uy=URz=0, and at the upper edge of the tensile model a 0.1 tensile strain along 

Y-axis is applied, while Ux=URz =0. At the upper edge of the shear model, a 0.1 shear strain 

along X-axis is applied and Uy=URz=0.  Figure 5 shows the boundary conditions of designed 

tensile and shear micromechanical models.  
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Figure 4. Al/SiCp composite micromechanical models with different distances between SiC 

particles, (a) 0.25 µm, (b) 0.5 µm, (c) 1 µm, (d) 2 µm, (e) 3 µm, and (f) 4 µm. 

(f) 

(a) (b) 

(c) (d) 

(e) 
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Figure 5. Micromechanical FE model geometry and boundary conditions: (a) tension and (b) 

simple shear. 

5. Damage modelling 

The prediction of damage initiation is considered a major challenge. The ductile fracture in 

metals is developed due to mechanisms such as nucleation, evolution, and coalescence of the 

micro-voids. In the metal matrix composites, there are three types of failure that can be 

observed: ductile failure in the matrix material, brittle failure in the ceramic reinforcement, 

and debonding and fracture at the matrix-reinforcement interface [27].  

The stress-strain curve of Al6092 can be characterized by Ludwik elastic-plastic law and is 

specified as 

𝜎 = 𝜎𝑦 + 𝐾𝜀𝑛 (1) 

where σ and ε are the true stress and strain respectively, 𝜎𝑦 is the initial yield stress, K is 

known as the strength coefficient and n is the work hardening exponent. 

Under external loading, the Al6092 alloy behaves as a ductile material and ductile fracture 

criterion can be utilized to describe its fracture mechanisms. In this investigation Rice-Tracey 

[28, 29] triaxiality damage indicator is implemented to predict the damage initiation in the 

aluminium matrix.  The Rice-Tracy function is written in terms of incremental of plastic strain 

and stress triaxiality ratio as follows:  

𝑑 = ∫ 𝑒1.5ɳ

𝜀𝑓

0

𝑑𝜀𝑝 = 𝑑𝑐𝑟  (2) 
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Where d is the triaxiality damage indicator, 𝑑𝜀𝑝 is the incremental equivalent plastic strain, 𝜀𝑓 

is failure plastic strain, ɳ denotes stress triaxiality, ɳ = 𝜎𝑚 𝜎𝑀𝑖𝑠𝑒𝑠⁄ , 𝜎𝑚 is hydrostatic stress, 

𝜎𝑀𝑖𝑠𝑒𝑠 is Von Mises equivalent stress and 𝑑𝑐𝑟  is the critical value of the triaxiality damage 

indicator. 

The particles of SiC are considered as a brittle isotropic elastic material. The maximum stress 

failure criterion (Coulomb or Rankine criterion) is normally used to describe the failure in the 

brittle materials. In this work, this model was implemented to predict the failure of SiC 

particles. In the maximum stress criterion, the failure occurs when the value of maximum 

stress (σmax.) has reached or exceed the value of failure stress (σf). 

|𝜎|𝑚𝑎𝑥. ≥ 𝜎𝑓 (3) 

To describe the post-failure in the brittle particles (SiC particles), the exponential failure 

equation [19] was employed. Exponential failure (f) is a function of current equivalent strain 

(𝜀𝑒𝑞), failure equivalent strain (𝜀𝑓), and material constant parameter (mf) and is specified as: 

𝑓 = min (1,
1 − 𝑒

(−𝑚𝑓
𝜀𝑒𝑞−𝜀𝑓

𝜀𝑓
)

1 − 𝑒(−𝑚𝑓)
) (4) 

FE approach was used to simulate the damage initiation, evolution, and crack in both the 

aluminium matrix and SiC particles reinforcement utilizing the approach of element 

weakening. The user defined field (USEDFLD) subroutine was developed and implemented in 

Abaqus/Standard to realize the ductile and brittle failure mechanisms of aluminium matrix 

and SiC particle reinforcement, respectively. In the user Subroutine, the phase of the 

composite material is defined via the field variable. Based on the field variable, the USDFLD 

calculates either ductile damage (Rice-Tracey criterion) in the aluminium matrix or brittle 

failure (maximum principal stress) in SiC particles. If the value of the ductile damage 

parameter (d) exceeds the corresponding critical value (dc) of aluminium alloy matrix or the 

exponential failure (f) of SiC particle is equal to 1, the stiffness of the element is reduced, and 

the modulus of elasticity is set a lower value about 0.01% of the initial value.  

The critical value of the triaxiality damage parameter of Al6092 alloy was determined using a 

tensile test. The value of dc was changed in the FE model (0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 

0.45) of a single element to get the best correlation with the experimental curve of stress-

strain. The comparison between the experimental curve of the stress-strain and FE model with 

different values of dc is shown in Figure 5. It is clear from the figure there is a good correlation 

between the FE model and the experimental curve when the dc value is 0.4. Therefore, the 
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triaxiality damage parameter with a value of 0.4 was used in this study to predict the damage 

initiation in the Al6092 aluminium alloy matrix. Figure 7 depicts the tensile fracture surface 

morphology of O-condition annealed Al/SiCp composite sheets. It is observed that the fracture 

surface has a limited number of SiC particles with a high percentage of dimples. This is because 

the forming ability of composite sheets is enhanced under O-condition, and the Al matrix is 

elongated to cover the SiC particles. 

 

Figure 6. Stress-strain curves of Al6092 alloy with different values of damage parameter in 
comparison with experimental data.   

 

Figure 7. Tensile fracture surface of annealed Al/SiCp composite sheets. 



15 
 

6. Results and discussion  
6.1. Influence of particle size 

The SEM images of the Al/SiCp composite show four sizes of SiC particles distributed in the 

aluminium matrix, approximately 3.1, 4.46, 6.37, and 9.98 μm. The maximum value of 

equivalent plastic stress and damage indicator were evaluated from various particle sizes and 

under different loading conditions (tensile and shear loading) to investigate the impact of 

particle size on the formability and damage of Al/SiCp composite. Figure 8 depicts the 

equivalent plastic stress around varying sizes of SiC particles in the same model with a spacing 

between SiC particles of 0.25 µm. The figure shows that the equivalent stress around the 

particles increases with particle size, with higher stress induced around large particles under 

different loading conditions (tensile and shear load). Figure 7 depicts the damage parameter 

indicator (Rice-Tracey triaxial damage) around different sizes of SiC particles in the same 

model under tensile and shear load. The damage accumulation is accelerated around the large 

particle, as seen in the figure, and tensile loading has a greater impact on the damage values 

than shear loading. Figure 9 (a) shows that the damage occurs earlier, around the big particles, 

at 9.98 µm (see Figure 10). The high stress concentration and strain hardening around the SiC 

particles as well as the large contact area between the SiC particles and the Al matrix can be 

attributed to the easy fracture around the large size of SiC particles. 

According to the equivalent stress and damage parameter distributions under tensile and 

shear loading, high formability can be accomplished around small particle sizes, whereas 

fracturing occurs earlier under tensile loading around large particle sizes. The overall nominal 

stress values (entire stress of composite model) with a spacing between SiC particles of 0.25 

µm were determined within the SiC particles and are shown in Table 2. According to the table, 

as particle size decreases, the maximum value of nominal stress changes and the minimum 

value of nominal stress is generated within the small SiC particle under tensile and shear 

loading. Under tensile and shear loading conditions, the maximum nominal stress within the 

Al/SiC particles increases by 24% and 45%, respectively, when the particle size is changed from 

3.1 to 9.98 µm. 

 Table 2. Maximum nominal stress in SiC particles under tensile and shear load.    

Particle size (µm) Nominal tensile stress (MPa) Nominal shear stress (MPa) 

3.1 156.819 59.881 

4.46 165.633 67.103 

6.37 178.027 82.119 

9.98 194.635 86.908 
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Figure 8. Equivalent plastic stress around SiC particles under tensile condition (a) and shear 

condition (b). 

 

Figure 9. Triaxiality damage indicator around SiC particles under tensile (a) and shear (b) 

conditions. 
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Figure 10. Simulated results of damage around SiC particle from Rice-Tracey triaxial damage 
model. 

6.2. Influence of particle distance and strain rate under tensile loading 

To investigate the influence of particle distance and strain rate on the formability and damage 

behaviour of Al/SiCp composites, a micromechanical model of pure tensile and shear loads 

was performed under various distances between SiC particles (0.25, 0.5, 1, 2, 3, and 4 µm) and 

strain rates (1x10-4, 2x10-4, and 4x10-4 s-1). Both tensile and shear models were subjected to a 

0.1 strain in the plane stress condition during the study. Figure 11 depicts the influence of SiC 

particle distance on the overall tensile nominal stress-strain curves at various strain rates. It is 

clear from the figure that when the distance between particles is small (0.25, 0.5, and 1 µm), 

the fracture of the composite material is accelerated, and the formability is improved when 

the distance between particles is increased (2, 3, and 4 µm) with all strain rates.  For a distance 

of 0.25 μm between SiC particles, the nominal fracture strain is decreased by 17 percent as 

the strain rate varies from 1x10-4 to 4x10-4 s-1, and this percentage is reduced to 7 when the 

distance between particles increases (e.g., 0.5 and 1 μm). Although no cracking occurs with 

large displacement (2, 3, and 4 μm), this indicates that composite materials with small 

distances between particles are more sensitive to strain rate than large distance, and the 

formability is enhanced when the distance between particles becomes large and uniform. The 

distance between particles has a greater influence on the nominal fracture strain than the 

strain rate. As the distance increased from 0.25 to 1 μm, the fracture strain increased by 50%, 
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53%, and 68%, with strain rates of 1x10-4, 2x10-4, and 4x10-4 s-1, respectively. Under all strain 

rates, no fracture occurs with large displacement (2, 3, and 4 μm) as shown in Figure 12. 

 

Figure 11. Overall uniaxial tensile nominal stress–strain curves of composites at various SIC 

particle distances, (a) strain rate 1x10-4 s-1, (b) strain rate 2x10-4 s-1, and (c) strain rate 4x10-4 

s-1. 
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Figure 12. Overall uniaxial tensile nominal stress–strain curves of composites under different 

strain rates, (a) distance between particles 0.25 µm, (b) distance between particles 0.5 µm, 

(c) distance between particles 1 µm, (d) distance between particles 2 µm, (e) distance 

between particles 3 µm, and (f) distance between particles 4 µm 
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Figure 13 depicts the predicted growth of damage under tensile load in the Al matrix using the 

Rice-Tracey triaxial damage indicator at various distances and strain rates. The figure clearly 

shows that under constant strain rate, the small distance between particles causes the 

damage to grow faster, and larger distance causes the damage to grow slower. The strain rate 

has a significant effect on the growth of the damage; the cumulative damage increases with 

the strain rate and fracture occurs earlier in composites when the strain rate is high. For small 

distance models (0.25, 0.5, and 1 μm), the accumulated value of the damage reaches the 

critical value (0.4) under all strain rates, while the tensile test of composite is performed 

without fracture as the distance is increased (2, 3, and 4 μm). Both distance between SiC 

particles and strain rate have a direct impact on the formability and damage growth of 

composite materials, but the distance between particles is considered to be more significant 

than strain rate. The micromechanical tensile model fails before reaching the applied strain 

(0.1) at all strain rates when the distance between particles is small (0.25, 0.5, and 1 µm), but 

it performs without failure when the distance between particles is high (2, 3, and 4 µm). 

However, as the strain rate varies from 1x10-4 to 4x10-4 s-1 in the model of 2 μm distance 

between particles, the damage value increases by 29 %, and this amount decreases to 14 % 

as the distance between particles increases to 4 μm. As the distance between particles is 

changed from 0.25 to 4 μm, the maximum value of damage decreases by 51 % under a 

constant strain rate (1x10-4 s-1) and by 43 percent under a 4x10-4 s-1 strain rate (see Figure 14).  
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Figure 13. Triaxiality damage indicator of composites at various SIC particle distances under 

tensile loading, (a) strain rate 1x10-4 s-1, (b) strain rate 2x10-4 s-1, and (c) strain rate 4x10-4 s-1 
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Figure 14. Triaxiality damage indicator of tensile test under different strain rates, (a) distance 

between particles 0.25 µm, (b) distance between particles 0. 5 µm, (c) distance between 

particles 1 µm, (d) distance between particles 2 µm, (e) distance between particles 3 µm, 

and (f) distance between particles 4 µm 
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6.3. Influence of particle distance and strain rate under shear loading 

Under the same conditions as the tensile test, the effect of strain rate and distance between 

SiC particles on the formability and damage behaviour of Al/SiCp composites under shear load 

was investigated. Figure 15 depicts the effect of strain rate and particle distances on the 

overall nominal shear stress. The figure shows that all of the models reach the applied shear 

strain (0.1) without fracture; additionally, The spacing between SiC particles has little 

influence on the nominal stress, whereas strain rate affects the values of the overall nominal 

shear stress, as shown in Figure 16. Under all distances between SiC particles, the maximum 

value of overall nominal shear stress increases by 4% when the strain rate changes from 1x10-

4 to 4x10-4 s-1. 

 

Figure 15. Overall nominal shear stress–strain curves of composites at various SIC particle 

distances, (a) strain rate 1x10-4 s-1, (b) strain rate 2x10-4 s-1, and (c) strain rate 4x10-4 s-1. 
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Figure 16. Overall nominal shear stress–strain curves of composites under different strain 

rates, (a) distance between particles 0.25 µm, (b) distance between particles 0.5 µm, (c) 

distance between particles 1 µm, (d) distance between particles 2 µm, (e) distance between 

particles 3 µm, and (f) distance between particles 4 µm 
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 Figure 17 illustrates the effect of strain rate on the damage behaviour of Al/Sic particle 

composites under shear load with varying distances between SiC particles. The figure clearly 

shows that both strain rate and particle distance have an effect on the formability and fracture 

of Al/SiCp composites under shear loading. The damage indicator values decrease as the 

distance between particles increases and the strain rate value decreases. This means that 

under shear loading, the formability of Al/SiCp composites is improved by a low strain rate 

and a large distance between particles. Under shear loading, the damage indicator values are 

small in comparison to the Al matrix's critical value of damage (d=0.4) under all conditions. 

This means that the shear test is completed without fracture at the applied shear strain (0.1). 

When the distance between particles is 0.25 µm, the triaxiality damage indicator increases by 

10% when the strain rate changes from 1×10-4 to 4×10-4 s-1, and this percentage decreases to 

5.4% when the distance between particles is 4 µm. Under a constant strain rate (1×10-4 s-1) 

the damage value decreases by 38% when the distance between particles changes from 0.25 

to 4 µm, and this percentage increases to 40% under a strain rate of 4×10-4 s-1 (see Figure 18). 

 

Figure 17. Triaxiality damage indicator of composites at various SiC particle distances under 

shear loading, (a) strain rate 1x10-4 s-1, (b) strain rate 2x10-4 s-1, and (c) strain rate 4x10-4 s-1 
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Figure 18. Triaxiality damage indicator of shear test under different strain rates, (a) distance 

between particles 0.25 µm, (b) distance between particles 0. 5 µm, (c) distance between 

particles 1 µm, (d) distance between particles 2 µm, (e) distance between particles 3 µm, 

and (f) distance between particles 4 µm 
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It can be concluded that decreasing the spacing between SiC particles results in vacancies in 

the Al matrix without SiC particles, and SiC particles are concentrated in some regions, 

resulting in weak regions between particles that contribute to reduced formability and 

accelerate damage initiation under tensile and shear loading. The Al/SiC particle composite's 

strength rises with strain rate, and the greatest strength is achieved with 4×10-4 s-1 under 

tensile and shear loading. 

Figure 19 depicts the influence of strain rate and spacing between SiC particles on the highest 

values of the damage indicator of an Al/SiC particle composite under tensile and shear loading. 

It is evident from the figure that the tensile test has a greater influence on the damage 

behaviour of the Al/SiCp composite than the shear test. The greatest value of damage 

triaxiality reaches the critical value (0.4) in tensile tests with small distances between particle 

models (0.25, 0.5, and 1 µm) for all strain rates, whereas in shear tests with 0.25 µm distance 

between particles and 1x10-4S-1 strain rate, the value of the damage is 0.062. When the 

distance between particles under tensile loading increases from 0.25 µm to 4 µm under strain 

rates of 1x10-4 s-1, 2x10-4 s-1, and 4x10-4 s-1, the maximum values of the damage triaxiality 

indicator decrease by 51%, 46%, and 43%, respectively, whereas this reduction is decreased 

to 37.7%, 37.5%, and 40% under shear loading. 

 

Figure 19. Predicated values of maximum triaxiality damage indicator under different strain 

rates and distances between particles under (a) tensile loading, and (b) shear loading. 

6.4. Validation of designed microstructure model 

The actual microstructure of an Al6092/SiC particle composite obtained by scanning electron 

microscopy is converted to a CAD model, as illustrated in Figure 20. The CAD model is 

imported into Abaqus/ Standard to validate the designed microstructure (MATLAB model) of 



28 
 

varied SiC particle sizes. The FE models of designed and actual microstructure have 

dimensions of 47.5 × 31 µm, with an element size of 0.1× 0.1 µm. To validate the designed 

model with varied particle sizes, the same boundary conditions as in Figure 5 were applied to 

the real and designed models. The total number of elements for each model (designed and 

real microstructures) is 147250 elements. Under tensile and shear loading at varied strain 

rates, the overall stress-strain curves and triaxiality damage indicator of the designed Al/SiC 

particle composite microstructure were compared to the real microstructure. Figure 21 

depicts the overall stress-strain curves of both the designed and real microstructures at 

different strain rates. The figure clearly shows that when the strain rate changes from 1 × 10-

4 s-1 to 4 × 10-4 s-1, tensile stress increases and tensile strain drops for both microstructures 

which is consistent with previous research by Gatea et al. [1]. The simulated tensile stress-

strain curves of the designed microstructure correlate with one of the real microstructures. 

Figure 22 demonstrates the triaxiality damage indicator for both microstructures under tensile 

loading. According to the figure, damage accumulation accelerates with strain rate, and failure 

occurs earlier with a higher strain rate. It is also evident from the figure that there is a strong 

link between the damage of the designed and real microstructure with small error due to the 

shape of the SiC particles. 

 

Figure 20. Stages of conversion of real microstructure of Al/Sic particle composite into FEA 

model. 
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Figure 21. Comparison of overall tensile stress-strain curves of the designed (DM) and real 

(RM) microstructures at different strain rates.

 

 

Figure 22. Comparison of the damage indicator of the designed microstructure (DM) and the 

real microstructure (RM) due to tensile stress at various strain rates. 
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Figures 23 and 24 demonstrate the influence of shear loading on the formability and damage 

behaviour of designed and real microstructures of Al/SiC particle composites at different 

strain rates. It is evident from the figures that the highest values of shear stress and damage 

indicator are considered minor when compared to the tensile loading, and a similar pattern 

to the tensile loading is seen, the overall shear stress and the damage indicator rise as the 

strain rates increase. The designed and real microstructures under shear loading with varied 

strain rates show a good correlation in the overall shear stress-strain curves and triaxiality 

damage indicator with a degree of difference due to the shape of the SiC particles. 

It can be concluded that the designed microstructure of Al/SiC particle composite may be 

utilized to predict the formability and damage behaviour of the composite under varied 

loading (tensile and shear loading) and strain rates, as shown in Figures 21 to24. 

 

 

Figure 23. Comparison of overall shear stress-strain curves of the designed (DM) and real 

(RM) microstructures at different strain rates. 
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Figure 24. Comparison of the damage indicator of the designed microstructure (DM) and the 

real microstructure (RM) due to shear stress at various strain rates. 

7. Conclusions  

Understanding the relationship between the microstructure and mechanical properties 

(formability and damage behaviour) under various loading and strain rate conditions is 

considered essential for composite materials and their applications. Certain information 

about the microstructure of composite materials that is difficult to anticipate through 

experimental tests might be predicted using finite element analysis. The influence of 

microstructure (size of particle and spacing between SiC particles) on the formability and 

damage behaviour of Al6092/17.5% SiCp composites under tensile and shear stresses at 

different strain rates (i.e., 1x10-4, 2x10-4, and 4x10-4 s-1) was investigated in this study. A 

MATLAB code was developed to describe the microstructure of composite materials with 

varying particle sizes and spacing between particles. To evaluate the formability and damage 

of Al/SiC particle composites, a user-defined field (USDFLD) was developed and implemented 

in Abaqus/Standard based on the maximum principal stress criterion and the Rice-Tracey 

damage indicator. The following is a summary of the findings: 

1. The distribution of SiC particles in the Al matrix influences the characteristics of Al/SiC 

particle composites, and superior characteristics may be obtained with uniform 

distribution. Under tensile and shearing loading, a large distance between particles 

improves formability and damage behaviour of Al/SiC particle composite. 
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2. The particle size has a significant impact on the formability and damage behaviour of 

Al/SiC particle composites; fracture in composite materials occurs around large 

particles. As a result, uniform and small SiC particle sizes are recommended. 

3. The fracture initiation toughness of fine SiC particles is higher than that of coarse SiC 

particles. 

4. When the spacing between SiC particles is reduced, there are more vacancies in the 

Al matrix, and SIC particles are concentrated in some regions, resulting in weak 

regions between particles that contribute to lower formability and accelerate damage 

initiation under tensile and shear loading. 

5. The pure tensile condition is more sensitive to strain rate and particle distance than 

shear loading. 

6. Under tensile and shear loading, the strength of the Al/SiC particle composite rises 

while fracture strain reduces as the strain rate increases, with the greatest strength 

achieved at 4×10-4S-1. 

7. The designed microstructure of Al/SiC particle composite could be used to accurately 

predict the formability and damage behaviour of the Al/SiC particle composite 

materials. 

8. The interface bonding between the Al matrix and the SiC particles was assumed to be 

perfect. Further research will be carried out to investigate matrix and interface failure 

under various conditions. 
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