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a b s t r a c t

Damage evolution at the fiber matrix interface in Metal Matrix Composites (MMCs) is stud-
ied using strain gradient theory of plasticity. The study includes the rate independent for-
mulation of energetic strain gradient plasticity for the matrix, purely elastic model for the
fiber and cohesive zone model for the fiber–matrix interface. For the micro structure, free
energy holds both elastic strains and plastic strain gradients. Due to the gradient theory,
higher order boundary conditions must be considered. A unit cell with a circular elastic
fiber is studied by the numerical finite element cell model under simple shear and trans-
verse uniaxial tension using plane strain and periodic boundary conditions. The result of
the overall response curve, effective plastic strain, effective stress and higher order stress
distributions are shown. The effect of the material length scale, maximum stress carried
by the interface and the work of separation per unit interface area on the composites over-
all behavior are investigated. The results are compared with those for strong interface.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing application of reinforced Metal Matrix Composites (MMCs) is due to the improved properties like high
stiffness, high tensile strength, creep resistance, wear resistance, low density and damping capabilities. These useful prop-
erties are accessible with the cost of poor ductility and fracture properties. Therefore, a comprehensive knowledge of all
types of the properties is necessary, which requires an understanding of both constitutive and failure behaviors. Several
works have studied the perfectly bonded reinforced metal matrix composites (e.g. [19,2]). However, experimental evidences
show the availability of damage upon deformation in composites by debonding at the fiber–matrix interface, particle frac-
ture and void growth in the matrix (e.g. [26,21]). The most notoriously critical area for the growth of the crack is fiber–matrix
interface. One of the widely used method in the literature for simulation of the interfacial debonding in composites is the
cohesive zone model. The idea for the cohesive model is based on the consideration that the damage analysis knows the exis-
tence of the crack in advance. In MMCs, fiber–matrix interface appears to be a critical region for the damage and a reasonable
presuppose for the cohesive elements as was shown by Niordson and Tvergaard [20] and Legarth and Niordson [14]. Several
cohesive zone models have been developed to face different type of crack propagation (e.g. [24,27]). Xu and Needleman [27]
used polynomial and exponential types of traction separation equations to study the void nucleation at the interface of par-
ticle and matrix metal. Tvergaard [24] extended the Needleman [17] model of pure normal separation to both normal and
tangential separation. Tvergaard and Hutchinson [25] used a trapezoidal shape of the traction separation model to calculate
the crack growth resistance in elastic–plastic materials.
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Recent experiments have shown that the macroscopic behavior of MMCs depends on not only the volume fraction but
also the size of reinforcing particles or fibers. Lloyd [15] showed that the response of composites with the same volume frac-
tion of SiC particles depends on the size of the particles. Further investigations by Hutchinson [12] showed that dislocations
cannot pass from matrix into the fiber (plastic strain suppression at the fiber–matrix interface) and consequently pile up at
the interface. Strain gradient plasticity has capability to consider this fact since it can capture observed size-effects and non-

Nomenclature

a cohesive modulus
b bottom of the unit cell
BN

ij spatial derivative of shape function for the displacement
Dijkl isotropic tensor of elastic moduli
De; Dp; Dh isotropic elastic moduli, plastic moduli, higher order moduli
Ef ; Em Young’s modulus of fiber, Young’s modulus of matrix
Eij; E0 overall strain, penalty factor
f micro yield function
_fu; _fp nodal force increment, nodal higher order force increment
G elastic shear modulus
h height of the unit cell
H hardening modulus of matrix
Ið8�8Þ identity matrix
K1; K2 stress proportionality factors
Ku; Kp; Kup elastic stiffness, plastic stiffness, coupling stiffness
l; L left of the unit cell, width of the unit cell
L� material length scale parameter
mijk higher order stress

MI
ij work-conjugate to plastic strain at the fiber–matrix interface

_Mij moment traction increment

NN
i shape function for the displacement

pn; pt normal, tangential unit vector at the fiber–matrix interface
PM

ij shape function for the plastic strain component
qij work conjugate to the plastic strain
qe effective micro stress

QM
ijk spatial derivative of shape function for the plastic strain component

r right of the unit cell
rij direction of the plastic strain increment
R;R radius of fiber, rotation matrix
sI; s surface of the fiber–matrix interfaces, surface of the unit cell
sIðbondedÞ surface of the fiber–matrix interface without decohesion
sIðdebondedÞ surface of the fiber–matrix interface with total decohesion
sij stress deviator
t; t thickness of the unit cell, top of the unit cell
TI

n; TI
t interface normal traction, interface tangential traction

Tn; Tt normal traction, tangential traction
_Ti traction increment
uI

n; uI
t interface normal displacement, interface tangential displacement

v; Vf volume of the unit cell, fiber volume fraction
xi Cartesian coordinate system
_c; cy plastic multiplier, shear yield strain
dn; dt normal, tangential maximum separation at the total decohesion
_Di prescribed displacement increment quantities
�ij; �

p
ij; �

e
ij total strain, plastic strain, elastic strain

�p
ij;k; �

pI
ij plastic strain gradient, plastic strain at the fiber–matrix interface

�p
e ; �y accumulated effective plastic strain, yield strain

k non-dimensional separation parameter
mm poisson’s ratio of matrix
rij; ry; rf cauchy stress tensor, yield stress, flow stress
rmax; Rij maximum stress carried by the interface, overall cauchy stress
sy; s shear yield stress, pseudo-time
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