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Abstract: A square array unit cell/spherical particle RVE models were employed to evaluate interfacial debonding using 

cohesive zone analysis. The particulate metal matrix composites are graphite/AA1100 alloy at volume fractions of 10%, 20% 

and 30% graphite. Interface debonding was observed in all the composites. In addition to interfacial debonding, the graphite 

nanoparticle experiences high stress due to load transfer from the matrix. 
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1. INTRODUCTION  

Interfaces between ceramic and metallic phases are prominent features in many technologically important composite materials, 

and understanding their structure and properties is therefore of considerable interest. The continuum models based on the 

classical plasticity theories could explain the load transfer effect from the composite matrix to the reinforcing particle and 

successfully predict the plastic work hardening behavior of the particulate metal matrix composites depending on the particle 

volume fraction [1]. Cohesive interactions are generally a function of displacement jump (or separation). If the displacement 

jump is greater than a characteristic length (δn), complete failure occurs (i.e., no load bearing capacity). Non-potential based 

cohesive interaction models are relatively simple to develop, because a symmetric system is not required [2]. However, these 

models do not guarantee consistency of the constitutive relationship for arbitrary mixed-mode conditions, because they do not 

account for all possible separation paths. For potential-based models, the traction-separation relationships across fracture 

surfaces are obtained from a potential function, which characterizes the fracture behavior [3]. The cohesive zone model with 

the finite element method (FEM) was implemented for the analysis of several combinations of reinforcement particles and 

matrix alloys [4-17]. 

 

In the present work, an axisymmetric unit cell model containing three zones with a perfect particle/matrix interface (through 

cohesive zone model) is employed to represent the representative cell of the graphite nanoparticle reinforced AA1100 alloy 

matrix composite with a diamond array of spherical particles as shown in figure 1. 

 
Figure 1: The RVE model. 
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2. MATERIALS AND METHODS 

The computational domains consist of various volume fractions (10%, 20%, and 30%) of graphite nanoparticles reinforced in 

AA1100 alloy matrix.  Initially, both AA1100 alloy matrix  and graphite nanoparticle were kept in contact with zero separation 

distance. PLANE183 element was used to model the matrix and the nanoparticles. The cohesive zone can be incorporated in 

the continuum formulation by applying the cohesive tractions as boundary conditions. The cohesive element is implemented as 

a linear element with four nodes. The finite element analysis was carried out for the single inclusion model undergoing a 

tensile load. The elastic material properties are given by Em = 68.90 GPa, Ep = 445 GPa, νm = 0.33 and νp = 0.19. 

 

The stress distribution in the particulate is determined by relating shear strains in the matrix around the particulate to the 

macroscopic strain of the composite as follows: 

 �� = �����1 − 
��ℎ��� �⁄ ���
ℎ�����         (1) 

where εc is the composite strain, s is the particulate aspect ratio (length/diameter) and n is a dimensionless constant given by: 

 � = � ������������� ����!"�/�           (2) 

in which vm is the Poisson ratio of the matrix. The variation of interfacial shear stress along the particulate length is derived as 

follows: 

 $% = �&'� ���(�ℎ )�*+ , ��
ℎ����          (3) 

The equation for the stress in the particulate, together with the assumption of a average tensile strain in the matrix equal to that 

imposed on the composite, can be used to evaluate the composite stiffness. This leads to: 

 �� = �� -.��� )1 − /0�1��2��2 , +  1 − .�!�45        (4) 

The expression in square brackets is the composite stiffness. The stiffness is a function of particulate aspect ratio, 

particulate/matrix stiffness ratio and particulate volume fraction.  

 

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

 τ = 7� σ9             (5) 

If interfacial debonding/yielding is considered to occur when the interfacial shear stress reaches its shear strength 

 τ = τmax             (6) 

For particle/matrix interfacial fracture can be established whereby, 

 τ:;< < 7>?�             (7) 

This approach suggests that the outcome of a matrix crack impinging on an embedded particle depends on the balance between 

the particle strength and the shear strength of the interface. For plane strain conditions, the macro stress- macro strain relation 

is as follows: 

 @ �*AAA�BAAA$*BAAAAC = DE��AAAA E��AAAA 0E��AAAA E��AAAA 00 0 EGGAAAAH × @ �*J�BJK*BAAAAC         (8) 

The interfacial tractions can be obtained by transforming the micro stresses at the interface as given in Eq. (3): 

 L = MLNL�L/ O = P�            (9) 

 where, P = Q 0 0 0
���R �(��R 2�(�R
��R−�(�R
��R �(�R
��R 
���R − �(��RT 
 

 

1. RESULTS AND DISCUSSION 

The tensile modulus increases with volume fraction of graphite nanoparticles as shown figure 2a.  The shear modulus decreases 

with increase in the volume fraction of graphite nanoparticles in the composites (figure 2b).  The major Poisson’s ratio 

increases with volume fraction of graphite nanoparticles. The stiffness mismatch between graphite nanoparticles and AA1100 

alloy matrix is 376.10 GPa. The condition τ:;< < nσ9 2⁄  is satisfied for the incidence of debonding in the composites 

including 10%, 20% and 30% graphite nanoparticles (figure 3).  The strain energy density developed at the interface is higher 

than that developed in graphite nanoparticle and AA1100 alloy matrix (figure 4). The strain energy density decreases with 

increase in the volume fraction of graphite nanoparticles (figures 4 and 5).  
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Figure 2: Effect of volume fraction on effective material properties. 

 

 
Figure 3: Fracture criteria of interface debonding.  

 

 
Figure 4: Effect of volume fraction on strain energy density. 

 

The normal and tangential tractions are plotted in figure 6. Because of symmetry considerations, the variations of the interface 

stresses with circumferential location are plotted only for the range 0
o
 ≤ θ ≤ 90

o
. The tractions stresses were calculated locally 

near the interface.  The normal traction in the region of interface between graphite nanoparticle and AA1100 alloy matrix 

decreases with increase of volume fraction of graphite. When the normal and tangential tractions are tensile the separation 

takes place between graphite nanoparticle and AA1100 alloy matrix. When these are compressive in nature, the AA1100 alloy 

matrix adheres to the graphite nanoparticle. The interfacial debonding continues along the graphite nanoparticle periphery till 
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the normal traction becomes zero. The separation was high in the composites having 20% graphite and it is least in the 

composites comprising 30%graphite nanoparticles. The normal displacement becomes zero between 45
o
 - 55

o
 along the 

interface.  The plots shown in figure 6 represent the normal traction dominated failure because of tensile loading. The raster 

images of interfacial debonding are shown in figure 7. Apart from the interfacial debonding, the graphite nanoparticle 

experiences high stress due to load transfer from the matrix to it. The stress induced was high in the composites having 

30%graphite nanoparticles. The scanning electron microscopy image indicates clearly the interfacial debonding in the 

composites having 30%grpahite. 

 

 
 

Figure 5: FEA results of strain energy densities. 

 

 
Figure 6: Normal and tangential: (a) tractions and (b) displacements. 

 

 
Figure 7: Interfacial debonding. 
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2. CONCLUSION 

The interface debonding occurred in the composites containing 10%, 20% and 30% volume fractions graphite. When the 

normal and tangential tractions are tensile the separation takes place between graphite nanoparticle and AA1100 alloy matrix. 

he normal displacement becomes zero between 45
o
 - 55

o
 along the interface.  In addition to interfacial debonding, the graphite 

nanoparticle experiences high stress due to load transfer from the matrix. 
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