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Abstract: In the present work, the ZrC/AA4015 alloy metal matrix composites were subjected to mechanical and thermal loads. The re-

sults obtained from the finite element analysis and experimental procedure of  ZrC/AA4015 alloy composites reveals the interphase separa-

tion from the particle and the matrix. Also, the particle fracture has been noticed in 30% ZrC/AA4015 composites above 250
o
C. 
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1. INTRODUCTION  

The performance of particle reinforced composites is influenced by not only the component properties and component concen-

trations, but also the interfacial interaction between the particles and the matrix. In particular, the inclusion of stiff particles to a 

soft matrix can lead to an increase in composite stiffness, strength, impact resistance, and abrasion resistance. At large defor-

mations, particles tend to debond from the matrix, influencing both the ductility and fracture toughness of the composite. To 

enhance or control these properties, the particles themselves can be tailored through surface treatments. The chemical between 

the particle and the matrix may result in the formation of an interphase between them during manufacturing and processing. 

Even though these interphases are typically microscopic, they can greatly influence the macroscopic behavior of composite 

materials. The extent and composition of this interphase depends on a number of factors, including the surface area and surface 

treatment of the particles, as well as the level of mixing and age of the composite. The numerical investigation of interfacial 

debonding using the cohesive element method was pioneered by Needleman [1].  There have been many traction–separation 

relations which have seen widespread use; including linear, bilinear, trapezoidal, polynomial, and exponential softening rela-

tions [2-15]. 

 

There are four primary factors which influence the macroscopic constitutive response of particle reinforced composites: com-

ponent properties, component concentrations, type of loading, and interfacial debonding. This paper presents a computational 

framework capable of capturing the influence of volume fraction of zirconium carbide (ZrC) particles and thermo-mechanical 

loading on interphase separation and particle fracture. The shape zirconium carbide nanoparticle considered in this work is 

spherical. The periodic particle distribution was a square array and corresponding representative volume element (RVE) is 

showed in figure 1. 

 
Figure 1: Square array of particles (a); Representative Volume Element (b); and Discretization of RVE (c). 
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2. MATERIALS METHODS 

The matrix material was AA4015 alloy. The reinforcement material was zirconium carbide (ZrC) nanoparticles of average size 

100nm. The mechanical properties of materials used in the present work are given in table 1. In the current work, a cubical 

representative volume element (RVE) was implemented to analyze the tensile behavior ZrC/AA4015 alloy composites at two 

(10% and 30%) volume fractions of ZrC and at different temperatures. The large strain PLANE183 element was used in the 

matrix in all the models. In order to model the adhesion between the matrix and the particle, a CONTACT 172 element was 

used.  
Table 1: Mechanical properties of AA4015 matrix and ZrC nanoparticles 

 

Property AA4015 ZrC 

Density, g/cc 2.71 6.73 

Elastic modulus, GPa 68.9 430.0 

Coefficient of thermal expansion, 10
-6 

1/
o
C 18.0 6.8 

Specific heat capacity, J/kg/
o
C 850 368 

Thermal conductivity, W/m/
o
C 138 25 

Poisson’s ratio 0.33 0.25 

 

3. RESULTS AND DISCUSSION 

Figure 2 shows the variation of effective material properties such as Young’s modulus, shear modulus and Poisson’s ratio with 

the change in temperature of the composites. Figure 2a shows the variation of modulus in the loading direction, Ex, and in the 

transverse direction of loading, Ey, with the variation of the temperature. It is observed that when the temperature is increased 

from 30
o
C to 300

o
C, the normalized elastic modulus, Ex/Em, is decrease; wherein Em is the elastic modulus of the matrix. The 

similar trend is also observed for Ey/Em. The normalized shear modulus increases with increase of temperature (figure 2b). The 

values of the major Poisson’s ratio, vxy, are decreased with the increasing of temperature except at 100
o
C of temperature (figure 

2c). The uneven distribution of Poisson’s ratio for vxy is not clear. 

 

 
Figure 2: Effect of temperature on micromechanical properties of ZrC/AA4015 composites. 

 

If the particle deforms in an elastic manner (according to Hooke’s law) then, 

 τ =
�

�
σ�            (1) 

where σp is the particle stress. For the interfacial debonding/yielding to occur, the interfacial shear stress reaches its shear 

strength: 

 τ = τmax            (2) 

For particle/matrix interfacial debonding can occur if the following condition is satisfied: 

 τ��� <
�σ	

�
			           (3) 

It is observed from figure 3a that the interphase separation occurs between ZrC nanoparticle and AA4015 alloy matrix as the 

condition in Eq.(3) is satisfied in 10% ZrC/AA4015 composites below 250
o
C while the interphase separation occurs below 

100
o
C in 30% ZrC/AA4015 composites. The normal displacement field (figure 4) across the interphase increases with increase 

of temperature. This might be due to the fact of interphase separation between the particle and the matrix. Further, the normal 

and tangential tractions (figure 5) along the interphase increase with increase of temperature to take place the interphase sepa-

ration from ZrC particle and AA4015 alloy matrix. Because of the mismatch in Poison’s ratio and Young’s modulus, the ma-

trix above and below the particle is confined and a state of expansion is developed above and below the particle. Due to flow of 
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matrix around the particle splitting force pulls the matrix away from the particle. Due to this splitting force, tensile zone is de-

veloped where maximum failure stress reaches the tensile strength of the matrix. 

 

If particle fracture occurs when the stress in the particle reaches its ultimate tensile strength, σp,uts, then setting the boundary 

condition at 

 σp= σp, uts           (4) 

The relationship between the strength of the particle and the interfacial shear stress is such that if 

 σ�,�� <
�τ

�
                 (5) 

Then the particle will fracture. From the figure 3b, it is observed that the ZrC nanoparticle was fractured above 200
o
C in 10% 

ZrC/AA4015 composites and above 100
o
C in 30% ZrC/AA4015 composites as the condition in Eq. (5) is satisfied. The von 

Mises stress as a function of temperature is illustrated in figure 6. Red zone in Figure 6 indicates the tensile zone where stress 

is higher and this tends to separate the interface from the particle and the matrix. The particle fracture was occurred due to 

thermal shock.  

 

 
Figure 3: Criterion for interfacial debonding (a) and for particle fracture (b). 

 

 
Figure 4: Normal displacement across the interphase between ZrC particle and AA4015 alloy matrix. 
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Figure 5: Normal and tangential tractions along the interphase. 

 

 
Figure 6: Images of von Mises stresses obtained from FEA: (a) 10% ZrC/AA4015 alloy and (b) 30% ZrC/AA4015 alloy composites. 

 

4. CONCLUSION 

The analysis could predict the decreasing trend of elastic moduli of the specimen and increasing trend of the shear modulus of 

the material with respect to increase of temperature. The interphase separation has occurred between the particle and the ma-

trix. The particle fracture has also occurred in ZrC/AA4015 composites. 
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