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Abstract. A micromechanical model is employed to investigate the influence of the interface 
between the fibre and the matrix of a metal matrix composite with long fibre, which is elaborated 
through finite element method. Also, transverse properties of composite are studied in the present 
work. The interface, between the fibre and the matrix, is studied employing cohesive elements. 
These elements employ a cohesive zone model, which follows a bilinear law. 

Introduction 

New composite materials have been developed to be used as heat sink for high temperature 
applications, for instance, as inside-wall of a thrusters chamber and as a component of divertor. 
These composite materials must show excellent thermal conductivities as well as they should be 
able to keep its original shape and strength when subjected to thermal and mechanical loads [1]. 
Many investigations have been developed employing the micromechanical modelling to understand 
the mechanical and thermal behaviour. Fibre shows elastic behaviour and matrix shows creep 
behaviour, when composite undergoes high temperature [2]. Thus, the composite material should be 
able to carry fatigue and creep. A good performance of the composite materials depends on a good 
adhesion at the interface, between fibre and matrix. Even though, composite materials can be design 
with a high strength in the fibre direction, it is not always possible to avoid that the composite 
undergoes transverse loadings [3]. Additionally, composite materials develop thermal stresses 
during thermal cycling. These stresses can be relaxed in different ways: i) plastic deformation of the 
ductile matrix, ii) cracking of fibres and iii) debonding of interface between the fibre and the matrix 
[4-6]. Several authors have considered a perfect interface [7, 8] and imperfect interface [9-17] to 
study the interface behaviour of the composites materials. Contact surface with residual stresses 
have been used by Nimmer, Ding and Bowen to study the interface behaviour [10,11,15]. Wisnom 
developed interface elements to study the transverse tensile properties of the composites [13]. These 
elements consider pairs of nodes on each side of the interface coupled with stiff springs until the 
stresses reach a predefined failure criterion. A quadratic equation is used as criterion of failure of 
the interface. The aforementioned analysis criterions neglected to use a thickness of interface. On 
another hand, L. L. Shaw and D. B. Miracle [9] suggest to use an independent interface with 
thickness. Also, Aghdam and Falahatar [17] used two type of interfaces to study the interface 
behaviour: fibre-coating and coating-matrix. Finally, cohesive zone model (CZM) is a method 
widely used to analyse the failure of the interface. This model considers an infinitely thin interface 
[18,19]. Zhang et al. have employed a cohesive model that obeys a traction-displacement law. There 
are different cohesive models: lineal, exponential or trapezoidal. Micromechanical modelling is 
used to study the composite material; and cohesive elements are employed to analyse the transversal 
behaviour, as well as the effects of the failure at the interface. The analysis takes into account the 
residual stresses, volume fraction and different distributions for the fibres. 

 

 



 

Finite Element Model 
    Boundary Conditions. Since the present work is focused 
on the analysis of the transverse properties of the composite 
materials, generalized plane strain elements are used to 
model composites with long fibre. These elements represent 
a situation where the length of fibre is longer than the 
diameter of the fibre [4]. Variations of  stresses and strains, 
along fibres, are assumed to be zeros [13]. The two-
dimensional model uses “CPEG4” elements. The boundary 
conditions for a square arrangement are shown in fig. 1. The 
nodal displacement of the left side is constrained in the “x” direction, and the nodes of the bottom 
side are constrained in the “y” direction. The nodes of the upper side have identical displacement in 
the “y” direction. Similarly, the nodes on the right edge have equal displacement [4,8-10,13,15,17]. 
The analyses have been calculated using ABAQUS© finite element software [20]. 
 
    Interface Model. The constitutive equation of the 
interface are developed in a phenomenological way, it means, 
that constitutive equations satisfied an empiric relation 
obtained from experimental results [21]. The 
micromechanical modelling uses a cohesive model with 
linear law. The cohesive model is shown in figure 2. The 
thickness of the element is neglected. Cohesive elements 
(COH2D4) are introduced between the fibre and the matrix. The cohesive elements permit to know 
the initial damage and its propagation. Data required for cohesive elements are obtained from push-
out tests [22]. The traction-displacement relation, of the linear law, is based on the mechanic of the 
fracture. Thus, the area of the triangle, limited by the traction-displacement curve, is equal to energy 
released (Gc) by the separation of interface [23]. The cohesive law does not account for damage in 
compression. The damage starts when the failure criterion is satisfied. Nominal quadratic stress is 
the failure criterion used in the cohesive elements. 
 

where: tn= normal component of stress, ts= shear component of 
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2
1

nnn ttt +=〉〈 . 

 
The “power law criterion” is the most widely used to predict the damage propagation under mix 
mode loading, which is establish as an interaction between energy release rates [24]. The damage 
evolution is based in the energy released, which is dissipated as a result of the damage process, also 
called fracture energy. The energy of fracture is equal to the area under the traction-displacement 
curve. The power law criterion establishes that the failure condition, in mix-mode, is governed by a 
power law interaction of energies. 
 

where: nG = normal adhesion energy, tG =shear adhesion 
energy, c

nG =critical normal adhesion energy, c
tG = critical 

shear adhesion energy. 
 
The transverse and shear traction shall be the same value due to the lack of experimental data. The 
maximum resistance (tn, ts) and the effective displacement (δm), define the fracture behaviour at the 
interface. The properties required to define the fracture behaviour are the following: stiffness of the 
element (K), the toughness to fracture ( c

nG , c
sG ), the normal stress (tn), and the shear stress (ts). 

Energy adhesion values between the fibre and the matrix have been calculated from push-out test, 
for simplicity, c

nG = c
sG . The equation used is the following [25]: 
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Figure 1. Boundary conditions for a 
square arrangement of fibres 
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Figure 2. Cohesive law model 
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where: c

nG = interface toughness (J/m2), τd = debond shear 
stress (MPa), τs = interphase shear stress (MPa), t =  
specimen thickness (m), B2 = no-dimensional constant, Rf  = 
fibre radius (m), Ef  = Young´s modulus of the fibre (MPa).  

Material properties 

The composite system studied is formed by a copper matrix and long fibres of silicon carbide (SCS-
6). SiC fibre is considered to behave elastically and the matrix is considered as elastic-plastic. The 
diameter of the fibre is 140 μm. The coefficients of Poisson are 0.3 and 0.25 for Cu and SiC 
respectively. The properties of the fibre and the matrix are temperature dependent. Both, fibre and 
matrix, are considered isotropic and homogeneous. Since most of metals undergo creep at 
temperatures in excess of one half of their melting points, creep behaviour has been incorporated in 
the copper matrix as a user subroutine, with a potential power law. The potential law used to 
describe the creep behaviour is: 
 

where: ε& = creep strain rate, σ = stress (N/m2), Q = activation 
energy, R = constant of gas, T = absolute temperature (K), n = 
exponent, A = constant MPa-1 

Results and discussion 

The composite materials develop residual stresses when 
cooling from the manufacture temperature to room 
temperature, due to the differences on the thermal 
coefficient of expansion, between the fibre and the matrix. 
Therefore, the present model takes into account a cooling 
from 900 to 20 ºC. Uniform temperature distribution is 
assumed in the unit cell. The radial stresses are measured 
around the fibre, starting at the bottom right-hand side of the 
model. The direction of angle (θ) is shown in fig. 3 with 
zero at the bottom edge. Distribution of compressive radial 
stresses, which have been developed in the interface 
(between the fibre and the matrix, at 20ºC), are shown in 
fig. 4. The maximum compressive radial stress (square 
arrangement of fibres) is 21.6 MPa at 0 and 90 degrees, and 
the minimum compressive radial stress is 20.75 MPa. On 
other hand, the residual stresses for an hexagonal 
arrangement of fibres is 21.7 MPa at 0 and 60ºC, and 22.85 
MPa at 30 and 90 º. The maximum radial stresses, in a 
hexagonal arrangement of fibres, are slightly greater than 
radial stresses for square arrangement of fibres. The tensions 
generated, between the fibre and the matrix during the 
heating of the composite, are not enough to cause debond of the interface. For the case of a square 
distribution of fibres, the maximum radial tension is 7.3 MPa at 0 and 90 degrees (with 30% of SiC 
fibre, at 550 ºC). Fig. 5 shows the contours maps for square and hexagonal arrangement at 550 ºC.  
 
    Transversal mechanical loading. The transverse mechanical loading is applied to the unit cell 
by means of a nodal displacement. All nodes from the right edge have the same displacement. These 
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Figure 3. Schematic diagram for 
radial stress 
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Figure 4. Distribution of 
compressive radial stress at interface 
for two fibre arrangements: square 
and hexagonal (30%SiCf) 



 

nodes are tied to a reference node, which is displaced. The stresses and strains of the unit cell can be 
obtained by averaging integration points of the elements: 

  
    The separation, between the matrix and the fibre is located at 0 degrees (at room temperature) for 
a square arrangement of fibres. The interface debonding, with a hexagonal distribution of fibres, 
ranges from 0 to 27 degrees. Although the debonding stars, the 
tension distributions are not enough to propagate around the 
fibre. On the other hand, the interface can be improved when a 
titanium layer is incorporated between the SiC-fibre/Cu-
matrix interface, thereby, the transverse strength increase from 
10 MPa to 50 MPa before the damage criterion is satisfied. 
 
    Effect of distribution and volume fraction of fibre in the 
matrix. As shown in fig. 6, the transverse elongation, of the 
composite, decreases when the volume fraction of fibres 
increase from 30 to 40%, before the interface starts to debond. 
The interface debonding starts when stress reaches 44.1 MPa 
and 41.2 MPa (after interface elements have satisfied the 
failure criterion) for a square and hexagonal arrangement of 
fibres respectively, both at room temperature (it means, that 
the power law criterion (established for delamination propagation) has been satisfied. Figure 7 
shows both arrangements of fibres: square and hexagonal, with a 30% SiC volume fraction. The 
stress level required to cause damage at the interface is 64.75 MPa and 62.97 MPa for a square and 
hexagonal arrangements, respectively, at room temperature. The composite material, with square 
arrangement, undergoes longer elongation than a composite with hexagonal arrangement, before 
damage appears at the interface between fibre and matrix. 
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Figure 6. Transverse stress-transverse strain: 30 
and 40% of SiCf at 20 ºC 

Figure 7. Effect of fibre arrangement in 
composite at room temperature (30% SiCf) 

 
    Effect of temperature on transverse traction response. The onset of damage (when failure 
criterion is satisfied) appears when stresses reach 64.75 MPa and 52.32 MPa at 20 ºC and 550 ºC 
respectively (30% of SiCf). After that, the stress decreases sharply. Additionally, the transverse 
strain (fracture elongation) of the composite is longer at 550ºC. Fig. 8 shows the stress-strain curve 
at 20 and 550 ºC for square fibre arrangement. On the other hand, fig. 9 shows the behaviour of the 
composite at 550ºC with 30 and 40% of volume fractions of SiC (square arrangement). The 
composite, reinforced with 30% of SiC fibre, presents a longer fracture elongation. The separation 
between the fibre and the matrix starts at 18 and 9 degrees for a volume fraction of 30 and 40% of 
SiC fibre, respectively. As shown in fig. 10, the composite, with hexagonal arrangement of fibres, 
undergoes more plasticity before the interface starts to debond. On another hand, the zone of 
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Figure 5. Contours maps of the 
radial thermal stress at 550 ºC 
(30%SiCf): a) square, b) hexagonal



 

interface debonding ranges from 0º to 16º for copper matrix composite (with hexagonal 
arrangement) when subjected to 550 ºC, as shown in figure 10. 

Summary The initial damage can be located through radial tensions. The separation of the interface 
starts at 0 degrees and from 0º to 27º for a composite with square and hexagonal arrangement, 
respectively, both with a 30% volume fraction of fibres. Debonding zone decreases from 0 to 16 
degrees when the temperature increases from room temperature to 550 ºC. But, the tensile radial 
stresses generated, during the heating, are not enough to induce separation in the interface. 
Afterwards, transverse loading is applied, thus the debonding interface starts at 9 and 18 degrees for 
a composite with 40 and 30% volume fractions, respectively (for a square arrangement). Similar 
interface behaviour can be observed for a hexagonal arrangement of fibre, where interface 
debonding is located from 0 to 16 degrees at 550ºC. 
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Figure 8. Stress-strain curve at 
20 and 550 ºC 

Figure 9. Transverse stress-
strain curve of composite at 
550ºC, with 30 and 40% of 
volume fraction of SiC (square 
array) 

Figure 10. Transverse stress-
strain curve of composite at 550 
ºC, with 30% of volume 
fraction (sqr. and hex. arrays) 
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