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The finite element method is used to compute and analyze the residual stresses particularly near the fiber/
epoxy interface, and these stresses need to be taken into account. An axisymmetric model has been used for stress 
computation and analysis, in this work two cases are considered by using an epoxy matrix with respectively glass 
and carbon fibers with a different volume fiber. Numerical calculation results show that the stresses are important. 
The interface is affected by thermal stresses particularly in the free edge. The normal and shear stresses values 
have an influence on the behaviour of the composite during service.
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1. Introduction

During the process of elaboration of composite materials both 
the matrices and the fibers are subjected to thermal cure temperature 
ranging from 120 to 150 °C. In such a case the residual thermal 
stresses in the composite material are generated from the differential 
thermal expansion coefficients of components referred to as thermal 
residual stresses. Many research works have been carried out in this 
topic1-6. Other works and investigations made on bimaterial systems7-14 
show the importance of residual stresses due to solid state bonding 
(thermo-compression). All the works on this subject recommend to 
take into consideration residual stresses during the material analysis. 
From a maintenance technique point of view, composite materials 
are used for reinforcement of undamaged plates and structures or to 
repair cracks in aeronautical metallic structures. These stresses have 
a great effect on the debonding between the fiber and the matrix. In 
this study a finite element method is used to compute and analyze 
the residual stresses particularly near the fiber/matrix interface where 
they are the most important.

2. Geometrical Model

For this study, the geometrical model used is an axisymmetric type 
plate shown in Figure 1a and b. Consider a plate whose dimensions 
are: Height = 254 mm, width = 254 mm and composed of fibre and 
a matrix, where R and w are respectively their radii in the proportion 
R = k.w (0 < k < 1), k is the percent of volume fibre. The plate is sub-
jected to a distributed thermal load on the two components assuming 
axisymmetric conditions. Since the geometry and loading are both 
symmetric, only one half of the structure needs to be analysed. 

The material properties of fibres and matrix are:
Fibers:

i.	 Fiber of Glass: Young’s Modulus E
f
  = 4500 MPa, Poisson 

coefficient ν
f
 = 0.3, Expansion coefficient α

f
 = 0.5E-05/°C.

ii.	 Fiber Carbon HR: Young Modulus E
f
 =230000 MPa, Poisson 

coefficient ν
f 
= 0.3, Expansion coefficient α

f
 = 0.05E-05/°C.

iii. Epoxy matrix: Modulus E
m
 = 4500 MPa, Poisson coefficient 

ν
m
 = 0.4, Expansion coefficient α

m
 = 11E-05/°C.

The analysis of the configuration given in Figure 1a is carried 
out by using the well known finite element code Franc2D devel-
oped at Kansas University15. The global structure is meshed by 
using standard eight noded–isoparametric elements with quadratic 
shape functions. Due to the importance of the results, a mesh re-
finement near the interference has been made for accurate results. 
These elements are suitable and perform well for elastic analysis. 
Figure 2 shows the finite element modelling. The distribution 
between fiber /interface/epoxy interdistance equal to (h) has been 
analyzed. Computation and analysis of the energy releases G

I
 and 

G
II
 for a crack at the interface are carried out for the cases under 

consideration. 

3. Results and Discussion 

3.1. Case 1: Glass/epoxy

The results are obtained for a thermal loading of ∆T = –(120‑20 °C) 
and two cases of per cent of fiber content: k = 40% and k = 60%. 

3.1.1. Shear stresses 

For a volume of fiber of 40% (k = 0.4) the variation of the shear 
near the interface for two levels (the middle of plate and the free 
edge) are shown in Figure 3. Maximums are precisely reached at 
the interface and the ultimate is on the free edge and is equal to 
145 MPa. The distribution of shear stress for the case of k = 0.4 is 
represented in Figure 4, on which the free edge effect appears clearly 
with a maximum value equals to 21.26 Ksi ≈ 149 MPa (Legend of 
Figure 4). For a fiber volume of 60% (k = 0.6), the same observations 
are made as shown in Figures 7 and 8. 

The maximum of the shear stress is about 115 MPa observed in 
Figure 7, and about 19.58 Ksi ≈ 135 MPa observed in Figure 8.

3.1.2. Normal stresses

The evolution of normal stresses according to the width near the 
interface are shown in Figures 5 and 9 respectively with a volume 
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Figure 1. a) and b) Axisymmetric Model.

Figure 2. Typical mesh model of the mode.

Figure 3. Shear stresses near the interface (k = 0.4).

Figure 4. Repartition of shear stresses (k = 0.4): Legend: Ksi.

Figure 5. Normal stresses near the interface (k = 0.4).

Figure 6. Repartition of normal stresses (k = 0.4): Legend: Ksi.

fiber content of k = 0.4 and k = 0.6. It can be noted a discontinuity 
of stresses at the interface resulting in a compression of the fiber and 
extended matrix. Figures 6 and 10 show the stress distribution on the 
plate, where the same observations are made as previously.

In the middle of the plate a total compression of the fiber is 
observed, but at the free edge the compression is less meaning that 
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the fiber is loaded – perhaps near the interface with the maximum of 
–500 MPa for k = 0.4 shown in Figure 5, and –200 MPa for k = 0.6 
as shown in Figure 9.

3.1.3. Fiber concentration

3.1.3.1. Shear stresses 

When the volume percent of fiber concentration changes from 
k = 0.4 to k = 0.6, the maximum shear stress varies from 150 MPa 
to 115 MPa as shown in Figures 3 and 7. Figures 6 and 10 show that 
the maximum stress changes from –21.62 to –19.58 MPa.

3.1.3.2. Normal stresses

In this case, the normal stress changes from –500 to –200 MPa 
compression state of the fiber when k changes from 0.4  to 0.6 as 
represented in Figures 4 and 8. On the other hand Figures 6 and 10 
show the variation of the maximum normal stress changing from 
–53.60 to –27.02 MPa.

3.1.3.3. Energy

The evolution of G
I
 and G

II
 energies are shown respectively in 

Figures 11 and 12 according to crack length c at the interface. It can 
be observed from the plots the linearity behaviour of G.

3.2. Case II: Carbon/epoxy

In this case the results obtained are for a thermal loading of 
DT =  (–120°, –20 °C) and two different volumes of fiber content 

Figure 7. Shear stresses vs. width (k = 0.6).

Figure 8. Repartition of shear stresses (k = 0.6): Legend: Ksi.

Figure 9. Normal stresses vs. width (k = 0.6).

Figure 10. Repartition of normal stresses (k = 0.6): Legend: Ksi.

Figure 11. G
I
 vs. crack length.
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respectively 40 and 60 per cent. The thermal residual stresses of 
carbon /epoxy at the interface have approximately the same behaviour 
as other fiber/epoxy matrices. Thus, only two plots are shown for 
comparison with glass/epoxy.

3.2.1. Shear stresses

The evolution of shear stresses are shown in Figures 13 and 15 
respectively for k = 0.4 and 0.6 with respect to the width w. It can 
be noted that the maximums are reached at the interface for both 
cases (k = 0.4 and 0.6). The maximum value of the shear stress is 
180 MPa for k = 0.4 and 130 MPa for k = 0.6. The maximum stress 
value decreases when the volume of fiber increases. It can also be 
noted in the middle of the plate the decrease of the maximum shear 
stress as shown in Figures 13 and 15.

3.2.2. Normal stresses

The representations in Figures 14 and 16 show the evolution of 
normal stresses vs width respectively for k = 0.4 and 0.6. It can be 
observed a compression of fibers while the matrix is in tension at two 
position levels (middle and edge) for both cases of fiber concentra-
tions. The compressive load changes from –250 to 250 MPa at the 
free edge of the interface for k changing from 0.4 to 0.6. 

3.3. Comparison between glass/epoxy and carbon/epoxy 

The stress comparison is made at the interface free edge for two 
loadings of fiber concentrations. It is found that for k = 0.4 the maxi-

Figure 12. G
II
 vs. crack length.

Figure 13. Shear stresses vs. width (k = 0.4).

Figure 14. Normal stresses vs. width (k = 0.4).

Figure 15. Shear stresses vs. width (k = 0.6).

Figure 16. Normal stresses vs. width (k = 0.6).
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mum shear stress is about 115 MPa for glass/epoxy and 180 MPa for 
carbon/epoxy. For k = 0.6 the maximum compression is –200 MPa 
for glass/epoxy and –280 MPa for carbon/epoxy. This is due to the 
fact that the expansion coefficient of carbon/epoxy is lower than the 
expansion coefficient of glass/epoxy. 

4. Conclusion

In this study an axisymmetric model has been used for stress 
computation and analysis. The model gives good results in agree-
ment with those of other authors. From the analysis the following 
conclusion can be made:

•	 The geometric discontinuity induces a discontinuity of normal 
stresses, which means that the fibers are compressed and the 
epoxy is extended;

•	 The value of shear is maximum on the free edge of interface;
•	 The fibers are compressed with a maximum of stress at the 

interface;
•	 The maximum of stresses (shear and normal) decreases when 

the volume per cent of fibers increases;
•	 The energy release rate has a linear behaviour;
•	 These thermal stresses can damage the interface and favour 

the creation of cracks;
•	 The main result is that we must increase the volume percentage 

of fiber if we must diminish the thermal residual stresses;
•	 We must also make the difference of expansion coefficients 

between fiber and matrix as small as possible; and
•	 Finally, we have to optimise conditions between the parameter 

of difference of coefficients and the volume of fibers.
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