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Abstract. The interfacial debonding behavior of short-fiber-reinforced composites (SFRC) can be 
an interesting subject for many investigators. In this paper, the effects of interphase properties on 
the interfacial debonding behavior of SFRC are investigated. Based on the shear lag model, the 
initial strain of the interfacial debonding is derived. The results of analytical model show that the 
interfacial debonding behavior strongly depends on the interphase elastic modulus and thickness 
and suitable interphase parameters could prevent the onset of the interfacial debonding. 

Introduction 

Fiber-reinforced composites have been widely used for various kinds of structures because of its 
high specific strength, stiffness, and robust endurance. The reinforcement of rubber with fibers is 
one of these types [1]. Interphase, or interfacial zone, in fiber-reinforced composite materials is the 
thin layers between the fiber and the matrix. Although small in thickness, interphase can 
significantly affect the overall mechanical properties of the fiber or particle reinforced composites 
[2]. For example, a stiff interphase can transfer stress much more rapidly than a soft interphase [3]. 
In order to form an interphase, Hayes et al. [4] applied an epoxy resin with known properties to the 
surface of untreated reinforcing fibers. The effect of interphase thickness, by applying multiple 
coats of the resins, and the effect of the interphase properties, by varying the coating resins were 
studied. Ryu et al. [5] investigated the effects of multiple coatings with various combinations of 
rubber and bonding agent by measuring the tensile and fatigue properties of short-fiber-reinforced 
rubber. 

A number of micromechanics models have been developed to predict the stress transfer, among 
which the shear-lag model [6,7] and the finite element analysis [8,9] are the most widely used. 
Yuan et al. [10] presented an interphase layer mode to describe the interphase of composites and 
analyzed the effects of the interphase thickness and interfacial shear strength on the peak load. 
Ghavami et al. [11] developed a finite difference formulation to study the creep behavior of 
short-fiber-reinforced metal matrix composites under a given axial tensile load. The shear stress 
based debonding model is capable of accurately predicting the debonding parameter. Jiang et al. [12] 
used a simple theory and a special frictional contact-element method to analyze stress transfer from 
matrix to fiber, the shear strength and the tensile strength of fiber/matrix interface are used to judge 
the slipping or debonding of interface. Lu et al. [13] presented a theoretical model is for the 
interfacial debonding and frictional pull-out of a single elastic fiber which is coated with a plastic 
coating from an elastic matrix. Parametric studies on two kinds of composite systems, SiC 
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fiber-glass matrix composites and carbon fiber-epoxy matrix composites, showed that increasing the 
yield stress and decreasing the elastic modulus of the coating improved the debonding stress at any 
debonding length. 

The interfacial debonding is a common damage type in fiber-reinforced composites. The study of 
interphase is taken into consideration more and more by researchers, however there are few reports 
on the effects of interphase properties about the interfacial debonding behavior. Based on the 
shear-lag model, this manuscript derives the equation of the critical strain of interfacial debonding 
and analyzes the influences of the interphase modulus and thickness on interfacial debonding length 
of SFRC.  

Shear-lag model 

In short-fiber or whisker composites, loads are not directly applied on the fibers but are applied 
to the matrix and transferred to the fibers through the cylindrical surface of the fiber. In order to 
model the composites, it is necessary to extract a unit cell out of it. Here, it is assumed that the 
fibers are regularly dispersed in the matrix along the axis of extrusion [14]. The cylindrical unit cell 
depicted in Fig. 1 has been used by many researchers to model a short-fiber composite. This cell 
contains a single fiber and adjoining interphase and matrix materials. The subscript f, i and m are 
used to stand for fiber, interphase and matrix, respectively. The axial direction is x-axis and radial 
direction is r-axis. The radius of fiber and matrix are rf and rm, respectively, and the interphase is a 
circular cylindrical shell of inner radius rf and outer radius ri. The interphase thickness t = ri - rf. 
The length of fiber is 2l.  

 
Fig. 1 Micromechanical model of SFRC.     Fig. 2 Micromechanical stress transfer in SFRC. 

The micromechanical stress transfer in unit cell is shown in Fig. 2. The equilibrium equations are 
as follows 
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From equations (1) and (2), we have 
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where σf is the tensile stress in the fiber, τif is the shear stress on r = rf, τim is the shear stress on r = 
ri. 

According to the similar derivation progress of reference [7], we have the differential equation of 
the tensile stress in the fiber 
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Applying the following boundary conditions 
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The tensile stress in the fiber and the shear stress on the interface can be expressed as follows 

f f 0 f 0 fcosh( / ) cosh( )E E x r sσ ε ε α α= −  (7) 
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where Ef is the elastic modulus of fiber. Gi and Gm are the shear modulus of the interphase and the 
matrix, respectively. ε0 is the axial tensile strain at r = rm. The aspect ratio of fiber s can be written 
as  

f/s l r=  (9) 

When the shear stress at the interface reaches a critical value τa, the friction sliding will happen. 
Ordinarily, the frictional resistance is less than τa. From equation (8), the maximal shear stress is 

)tanh(
2
1

0fmax sE ααετ =  (10) 

When the friction sliding happen, the applied strain is ε0s, according to the sliding condition: τmax 
= τa, the critical strain of interfacial debonding can be expressed as 

0s a f2 ( ) /cth s Eε τ α α=  (11) 

Defining the length of the sliding region is ml. m is dimensionless parameter which depends on 

the applied load. When x = l(1－m) and σf = σfi, σfi is the normal stress in the fiber of the sliding 

region. So, the stress distribution of the bonding region in the fiber is 

)cosh()/cosh()( f0ffi0ffc srxEE ααεσεσ −+=  (12) 

where )m1( −= ss , which is called the equivalent aspect ratio. 

Then, differentiating Equation (12) with respect to x, we have 
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Normal compressive stress on the interface σr = λmEmε0, where λm is the Poisson’s ratio of rubber. 
In the sliding region, the shear stress at the interface is μσr. On the basis of equations (3), we have 
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When x = l(1－m), the normal stress at the interface is: 

sm2 rtfi µσσ =  (16) 

From equations (13), the relative length of the sliding region is 
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Results and discussion 

The material properties and dimension of fiber, interphase and rubber matrix used in the 
calculation of stress profile by analytical model is shown in Table 1. The interfacial shear strength 
between fiber and interphase is assumed to 8MPa [2]. On the basis of equation (11), the critical 
strain of interfacial debonding is 8.08%. 

The failure mechanisms of fiber-reinforced composites include fiber interfacial debonding, 
matrix cracking and fiber breakage. For short-fiber-reinforced rubber composites (SFRC), because 
the tensile stress of the fiber is much less than the tensile strength of fiber and rubber possesses the 
property of large deformation, the main failure behavior of SFRC is interfacial debonding. 

Property Fiber Interphase Rubber 
Elastic modulus [MPa] 2000 11.58 20 

Poisson’s ratio 0.22 0.35 0.47 
Diameter [mm] 0.028 0.030 0.056 

Length of the fiber [mm] 1 1 1 
Table 1 Material properties and dimension of fiber, interphase and rubber 

Fig. 3 shows the tensile stress distribution on the fiber interface at the strain of 8%. It can be seen 
that the tensile stress along fiber reaches to the maximum at the fiber midpoint, and they are equal 
to zero at the fiber end. However, the interfacial shear stress equal zero at the fiber midpoint, and it 
reaches to the maximum at the end of the fiber where the interfacial debonding will happen. When 
the strain achieves 8.30%, the interfacial debonding happens and the debonding length is 0.07mm 
(equal to 14% of l). It can be seen from Fig. 4 that the interfacial shear stress at fiber end declines 
sharply and then keeps constant. The reason is that, once interfacial debonding happens, the stress 
transfers from the matrix to the fiber through the friction mainly. The fiber tensile stress at the fiber 
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end becomes linear distribution. 
The interphase elastic modulus and thickness determine the critical strain of interfacial 

debonding. Different interphase thickness (t = 0.5 μm, 1 μm, 2 μm) and different interphase elastic 
modulus (Ei = 1~50 MPa) are considered to investigated debonding behavior of SFRC. Fig. 5 shows 
that the critical strain of interfacial debonding (ε0s) decreases as the interphase elastic modulus Ei 
increases. ε0s descends quickly when Ei is less than 12 MPa and it descends slowly when Ei is 
greater than 12 MPa. It can be seen that ε0s trends to a constant value with high interphase elastic 
modulus. It is interesting that the ε0s is equal to 8% with different interphase thickness when Ei is 12 
MPa. Fig. 5 also shows the critical strain of interfacial debonding increases with the interphase 
thickness when Ei is less than 12 MPa and it decreases with the interphase thickness when Ei is 
larger than 12 MPa. 

Fig. 6 shows the effects of interphase on the debonding length of SFRC. The loads were applied 
to the matrix, and the strain is 8%. The interface begins to debond when the interphase elastic 
modulus reach to 15 MPa. The interfacial debonding length increases with the increase of 
interphase elastic modulus and interphase thickness. Therefore, the low interphase elastic modulus 
and thin interphase thickness can prevent the development of the interfacial debonding. 

 

 

Conclusions 

Based on shear lag model, the initial strain and relative length of the interfacial debonding is 
derived. The load-carrying characteristics and stress profiles in SFRC subjected to an applied tensile 
load was obtained. The results show that the interfacial shear stress reaches to the maximum at the 
end of the fiber where the interfacial debonding will happen. The influences of interphase elastic 
modulus and thickness on interfacial debonding behavior are investigated. The results show that the 

Fig. 4 The tensile and shear stress distributions 
at the strain of 8.3%. 

Fig. 3 The tensile and shear stress distributions  
at the strain of 8%. 
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Fig. 5 The critical strain of interfacial debonding
varies as the interphase elastic modulus. 
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Fig. 6 The effects of interphase elastic modulus 
and thickness on the interfacial debonding length. 
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low interphase elastic modulus and thin interphase thickness can prevent the development of the 
interfacial debonding. 
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