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ABSTRACT 
An elastic-plastic finite element analysis has been carried out to study the fracture behavior of a SiC/6061-Al 
filamentary composite. The composite was modeled as a two-material cylinder subjected to uniform 
displacement and consisting of an inner cylinder simulating the fiber and a surrounding shell simulating the 
matrix. A fully broken fiber along with a crack at the fiber-matrix interface was assumed. Both constituent layers 
of the model are bonded perfectly with the exception of the crack faces. Detailed finite element analysis 
assuming elastic-plastic material behavior provides an understanding of the debond length increase and its 
direction of growth along the fiber/matrix interface due to the presence of a fully broken fiber. 
 
 
1. INTRODUCTION 
Interface regions in fiber-reinforced composite materials are thin layers of materials between 
the fiber and the matrix. They play a very important role in the functionality and reliability of 
the composite material since the effective utilization of the strength and stiffness of the fiber-
reinforced composites depends on efficient load transfer from the matrix to fibers through the 
interfaces. Continuous fiber reinforced metal matrix composites are attractive as a material for 
high-performance applications. Unidirectional metal matrix composite materials (MMCs) 
have been extensively researched in the past decade by both academic and industrial 
institutes. Due to ever increasing performance demands, the aerospace industry has realized 
that there are potential benefits in employing the enhanced structural properties offered by 
MMCs. 
Lee et al. [1] have stressed the importance of determining and understanding the failure 
mechanisms of such composites with the hope that it will allow us to improve their 
mechanical properties by “engineering” the material so as to inhibit crack propagation. Many 
experimental studies have been conducted to investigate the mechanisms of crack propagation 
in MMCs [2-3]. Experimental evidence indicates that the macroscopic response of MMCs can 
be a function of matrix plasticity as well as damage to the fiber/matrix interface, the matrix 
and the fibers. In parallel to experimental investigations of their fracture properties, large 
efforts have been focused on modeling the fracture behavior of composites analytically. A 
number of models that predict the response of unidirectional MMCs have been reported [4-6]. 
Several numerical studies have been reported investigating the fracture behavior of fiber-
reinforced MMCs using finite element methods [7-10]. Fatigue crack initiation in SiC fiber 
reinforced titanium has been analyzed by Xia et al. [11], on the basis of a finite element 
model. Their results showed that the formation of matrix crack largely depends on the applied 
stress and reaction layer thickness. Aslantas [12] has used displacement correlation method to 
calculate K and K stress intensity factors at the crack tip of an interfacial crack, based on a 
single fiber micromechanical model. 
The objective of the present work is to study the debonding process when a simply modeled 
SiC/Al filamentary composite, containing a fully broken fiber and a pre-existing crack along 
the fiber/matrix interface, is subjected to uniform uniaxial loading. Since a high degree of 
adhesion is desirable to provide efficient transfer of load between the fiber and the matrix, 
both layers in the model are bonded perfectly with the exception of the crack faces. A detailed 
nonlinear finite element analysis is performed and coupled with the Strain Energy Density 
Criterion for predicting debond crack extension direction, extent of further growth as well as 
calculating resulting elastic and plastic strain contours in the fiber and matrix materials. 
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2. NUMERICAL ANALYSIS 
 
2.1 Material aspects and model description 
The material used in the present investigation was a SiC/6061-Al composite, which consisted 
of an aluminum matrix reinforced with silicon carbide fibers. The fibers were SCS-2 
filaments of 140-µm diameter. The fiber volume fraction was determined by analyzing 
photomicrographs of transverse sections of the composite (Fig. 1) and it was measured to be 
44%. The experimentally obtained material properties are summarized in Table 1. 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1. Photomicrograph of transverse section of SiC/Al composite [13]. 
 
 

Table 1. Material properties of composite constituents used in the finite element model [13]. 
 

 Aluminum SCS-Fiber Composite 
Elastic Modulus, E, (GPa)  69.0  365.0  179.3 
Major Poisson’s Ration, ν  0.33  0.22  0.31 

Yield Stress, (MPa)  86.2  ---  --- 
Longitudinal Tensile Strength, (MPa)  265.5  3193.0  1526.2 
Longitudinal Ultimate Tensile Strain  0.175  0.0087  0.0092

 
 
A single-fiber (SFC) composite specimen was considered. Under monotonic loading in the 
axial direction, the fiber will fracture. Such SFC specimens have been used in the past to 
conduct micromechanics studies in metal matrix composites [10, 12-13]. The composite was 
modeled as a two-material cylinder consisting of an inner cylinder simulating the fiber and a 
surrounding shell simulating the matrix. Fig. 2 shows the micromechanical model used in this 
study. For the two-material composite cylinder the outer radius was taken equal to 1.51 x 
inner radius, which corresponds to a fiber volume ratio of 0.44. 
The fiber is considered linear elastic up to fracture, while the aluminum matrix exhibits 
elastoplastic behavior. It was assumed that the two components are perfectly bonded at the 
interface between the reinforcement and the matrix and, thus, all displacement components 
were continuous across the interface. In the analysis, it is also assumed that the composite 
cylinder is infinitely long subjected to a uniform displacement load along its upper and lower 
faces. The fracture behavior of the modeled composite, under applied displacement, u, 
increased incrementally, was studied for the following three cases: a) an un-fractured fiber, b) 
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a fractured fiber containing a small central crack perpendicular to fiber long axis, and c) a 
fully fractured fiber. 
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Fig. 2. Composite cylinder model and axisymmetric model with broken fiber and initial debonding. 

 
 
2.2 Finite element model 
A nonlinear finite deformation analysis was performed based on the finite code ABAQUS. 
For the finite element analysis, due to symmetry, one quadrant of the cylindrical element of 
the composite was modeled. Axisymmetric quadrilateral four-mode elements were used. The 
element size used was sufficiently small to provide satisfactory results for most areas of the 
model. However, in order to obtain sufficiently accurate data for the area near the crack tip a 
much finer mesh was constructed. The influence of contact interaction taking place between 
the debonded surfaces is also considered into the numerical study. 
 
2.3 Calculations for crack growth prediction 
Crack growth consists of three stages: crack initiation, sub-critical or slow growth and 
unstable crack propagation. These stages of crack growth can be addressed in a unified 
manner by the Strain Energy Density (SED) Criterion. The criterion was introduced by Sih 
[14] and used by researchers [15-16] for the solution of a host of problems of engineering 
importance. 
A fundamental relation used in the SED theory is the following: 
 

dW/dV = S(θ)/r,  r<<α (1) 
 

where r is the distance from the crack tip, a the length of the pre-existing crack, and θ the 
polar angle in relation to the original crack plane. S is known as the strain energy density 
factor and can be expressed in terms of the stress intensity factors for tension and shearing. 
According to the theory the crack will grow in the direction of the minimum strain energy 
density function (dW/dV)min. The local minimum of (dW/dV) corresponds to large volume 
changes and is identified with the region dominated by micro-dilatation leading to fracture. 
On the other hand, the local maximum of (dW/dV) corresponds to large shape change and is 
identified with the region dominated by macro-distortion leading to yielding. Onset of crack 
extension will take place when (dW/dV)min becomes equal to (dW/dV)c, which is directly 
determined from the area underneath the stress-strain diagram of the material up to the point 
of fracture. Crack growth initiation is expressed by 
 

(dW/dV)min = (dW/dV)c (2) 
 
where (dW/dV)c is a material parameter. 
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3. RESULTS AND DISCUSSION 
Previously numerically obtained results [17] based on the single fiber model, considering the 
case of a fully broken fiber without the presence of any interface debonding, has shown that 
for a specific value of applied displacement (ucr=0.00014mm), only the strain energy density 
of the fiber is exceeded. On the other hand, a much larger displacement (ucr=0.00165mm) is 
required for the plastically deformed matrix at the interface region leading to the conclusion 
that crack will propagate along the fiber/matrix interface and parallel to the applied 
displacement direction. The strain energy density of the plastically yielded matrix material is 
never exceeded at such applied displacement loadings in order crack propagation to occur into 
the aluminum matrix (Fig. 3). This consequently can lead to considerable fiber/matrix 
decohesion, being in accordance with experimentally obtained results where extensive 
fiber/matrix debonding is observed when studying the fractured surfaces of composite 
specimens tested under axial tensile loading (Fig. 4). Numerically calculated von Mises’ 
contours, presented in Ref. [17], show highly localized stresses in the fiber constituent and the 
fiber side region close to the fractured zone. It is noted that, for an applied displacement of 
ucr=0.00014mm an equivalent stress of 190 MPa is calculated for the matrix material, 
supporting the conclusion of extensive plastic deformation of the matrix with fiber fracture. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. Variation of dW/dV versus distance from the crack-tip in the matrix constituent [17]. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4. Photomicrograph of specimen fractured surface tested under tensile loading [13]. 
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The variation of dW/dV versus the angle from the crack extension axis is shown in Fig. 4. In 
this Figure, r0 is the radius of the core region, around the crack tip, where the continuum 
mechanics cease to describe the material behavior. For analysis purposes in the present study 
r0 was taken equal to 0.0004mm. In the present investigation a polar angle of 0-900 was 
considered. Based on the SED theory (S-criterion) the direction of crack growth, due to 
existing debonding in this case, is given by the maximum of the local minima of the strain 
density factor (S), or the quantity (dW/dV)min

 max , around the crack tip at r= r0. From Fig. 5, it 
is observed that this maximum of the minima appears at 00-angle indicating that any further 
debonding will take place along its original plane, parallel to the fiber-matrix interface, 
resulting thus to additional fiber-matrix decohesion. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5. Variation of dW/dV with angle from the crack extension axis. 
 
 
For the studied case of a totally broken fiber (2α = 0.14 mm) the numerically obtained results 
for the variation of dW/dV versus distance, r, from the debonding crack tip along the direction 
of crack extension are plotted. The results shown in Fig. 6 are calculated based on grid 
elements located at the fiber-matrix interface and at regions close to the composite’s 
constituents. It is observed that for an existing interfacial debonding length of 0.0221mm and 
an applied displacement of u=0.0035mm a much higher critical strain energy density is 
calculated than the one undertaken by the fiber at its interface area, in the extension of the 
crack. On the other hand, the critical value for strain energy density, at the aluminum matrix 
interface-region, is less than the resulting ones with distance from the debonding tip, leading 
to the conclusion that debonding evolution will continue to occur. This additional debonding 
will continue to take place until a limiting value for the extension length is reached. From Fig. 
7 this debond length along the fiber/matrix interface is calculated to be as=2.52 x 10-2 mm. 
When that debonding extension length is reached a growth arrest of the interface crack is 
observed (Fig. 8).  
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Fig. 6. Variation of dW/dV with distance from the debonding tip. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7. Variation of dW/dV with debonding length. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 8. Variation of dW/dV with distance r from the debonding tip and at as=2.52 x 10-2mm. 
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As a support of the previous observations and for the mesh representation shown in Fig. 9, the 
calculated elastic and plastic energy contours of the composite material are plotted in Figs. 10 
and 11. It is seen that, the presence of an initial interfacial debonding of u=0.0221mm results 
to localized plastic zone in the matrix near the debonding tip, when subjected to a uniform 
monotonic displacement load of u=0.0035mm.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 9. Finite element mesh representation for studied case. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 

 
 

Fig. 10. Plastic energy contours in fiber and matrix constituents before any debonding extent. 
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Fig. 11. Elastic energy contours in fiber and matrix constituents before any debonding extent. 
 

 
The corresponding elastic and plastic contours referring to a debonding extension length of 
as=2.52 x 10-2 mm into the matrix interface region are presented in Figs. 12 and 13. It is 
observed that extension of the interface decohesion leads to a redistribution of the obtained 
energy contours, which results in the lowering of their calculated magnitudes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 12. Elastic energy contours in fiber and matrix constituents as=2.52 x 10-2mm. 
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Fig. 13. Plastic energy contours in fiber and matrix constituents at as=2.52 x 10-2mm. 
 

 
4. CONCLUSIONS 
In the present investigation, an elastic-plastic finite element analysis has been carried out to 
study the fracture behavior of a SiC/Al single-fiber composite specimen containing a small 
crack parallel to the fiber-matrix interface. The specimen is subjected to monotonic tensile 
loading with the tensile axis perpendicular to the plane of the originally fully cracked 
reinforcing fiber. The composite is modeled as a two-material cylinder subjected to uniform 
displacement. A very detailed analysis of the stress field in the vicinity of the debond crack 
tip was undertaken. The results of numerical stress analysis were coupled with the strain 
energy density theory to predict further debonding growth behavior including direction of 
extension along the interface, extension length and final termination. 
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