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Abstract: The present research shows a fractographic analysis, using a scanning electron microscope 
(SEM), based in previous experimental tests of the delamination under mode I fatigue loading for 
two aeronautical quality composite materials at different test temperatures (90, 20 and −60 °C) in 
order to analyze the matrix and temperature influence (flight conditions). The materials employed 
are composed of two different epoxy matrixes and the same unidirectional carbon fiber 
reinforcement. This study suggests a variable behavior depending on the temperature and the type 
of matrix used. 
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1. Introduction 

The engineering applications of polymer composite materials have been increased notably in 
recent years, especially in applications that are weight-critical. Therefore, it is essential to study the 
failure mechanisms that limit the use of this type of materials, being the interlaminar fracture (or 
delamination) one of the main failure mechanisms in fiber reinforced composite materials (FRC). This 
type of failure is induced by interlaminar and shear stresses that occur due to various factors such as: 
effects of free edges, structural discontinuities, disturbances located during the manufacturing 
process or in working conditions, such as impact, variations in humidity or temperature and 
mechanisms of internal failure such as cracking of the matrix [1,2]. 

Certain loading scenarios, such as the structure of an airplane during the flight, can lead to 
delamination growth if some pre-existing delamination exists in the structural component, which can 
in turn lead to structural failure. One of the most common is failure due to fatigue (cyclic loading), 
which has been researched by several authors using numerical analysis [3–5] and experimental 
analysis [6], though not to a great extent due to the complexity involved in carrying out the tests. This 
is especially the case when considering the effect of environmental conditions such as humidity or 
temperature on mechanical behaviour [7]. 

Fractographic analysis is the key to understanding the fracture mechanisms since it provides a 
new point of view of the physical processes by which composites are damaged and fail. Compared 
with isotropic materials the fractographic analysis of composites still needs to be matured with 
respect to the influence of certain factors such as environmental conditions or cyclic loads. However, 
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fractography is proving to be a powerful and reliable tool for composites engineering and is a vital 
technique for the overall development of composite structures [8,9]. 

2. Materials and Methods 

In the present research a fractographic analysis was carried out in order to analyze the type of 
matrix and the temperature behavior under Mode I fatigue loading of different composites tested 
previously in other studies [10–12]. 

Two types of materials were employed to carry out this research: one composed of a 3501-6 
epoxy resin prepreg reinforced with AS4 unidirectional carbon fiber and the other composed of a 
8552 epoxy resin prepreg, modified in order to increase its toughness and the same fiber reinforced. 

To characterize delamination under mode I fatigue loading Double Cantilever Beam (DCB) 
specimens were used according to the standard ASTM 6115-97 [13]. The test equipment employed 
was made up of a servo-hydraulic MTS testing machine provided with a 1 kN load cell controlled by 
a computer using the original software. Tests were carried out using different temperatures in order 
to simulate flight conditions: 90 °C, 20 °C (room temperature) and −60 °C. A thermal chamber was 
coupled to the testing machine to carry out the low temperature tests (using nitrogen bottles to 
achieve low temperature tests). In order to facilitate visual monitoring of the progress of 
delamination, a video-camera focused on the graduated edge and connected to a monitor, was used 
to observe the advance of the crack. This solution was necessary because it was not possible in the 
tests carried out inside the thermal chamber to observe the crack growth with a microscope as shown 
in the standard. Table 1 shows the energy release rate threshold values (Gth) obtained from the 
experimental procedure during the crack propagation.  

Table 1. Gth (J/m2) values obtained from the experimental analysis [12]. 

Material 90 °C 20 °C (RT) −60 °C 
AS4/3501-6 135 101.99 35.46 
AS4/8552 166.48 124.50 99.45 

As it can be observed at the Gth values obtained, a noticiable influence of the temperature and 
the type of matrix was observed during fatigue crack propagation. In general, the material with the 
modified epoxy matrix presents a greater resistance to delamination under dynamic solicitation for 
all the temperatures analysed. Regarding the influence of temperature can be seen as the values of 
fracture toughness decrease with the decrease in temperature for both materials. 

In order to assist the interpretation of the experimental results an analysis of the damage 
micromechanisms was carried out. For this purpose, a fractographic study was performed using a 
Scanning Electron Microscope (SEM) on samples obtained from the previously tested specimens at 
the different test conditions.  

3. Fractographic Analysis 

In order to analyse fracture micromechanisms, samples were extracted at the edge of the insert 
(in order to analyze the initiation of the crack) and in the central area of the specimens (to analyze the 
propagation of delamination). However, the initiation was observed to be strongly related to the 
manufacturing process of the material being outside the scope of the object of the present research. 
Crack propagation zone is notable influenced by the main micromechanisms in the interlaminar 
fracture: formation of fiber bridges, in isolated fibers or bundles of fibers, and that causes fiber 
breakage; formation of the fracture surface of the main crack; formation of lateral cracks and plastic 
deformation and/or formation of microcracks in the matrix between fibers.  

Figure 1 shows some of the pictures obtained from the materials analyzed at the temperatures 
under study. 
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(a) AS4/8552 tested at 90 °C   (d) AS4/3501-6 tested at 90 °C 

  

(b) AS4/8552 tested at 20 °C   (e) AS4/3501-6 tested at 20 °C 

  

(c) AS4/8552 tested at −60 °C   (f) AS4/3501-6 tested at −60 °C 

Figure 1. Micrographs obtained from the fractographic analysis for both materials at the different test 
temperature conditions (1000×). 

The micrographs obtained show different morphologies typical of mode I fracture. In general, 
under mode I loading the fibers were separated by fairly flat-sided valleys and the so-called ‘‘river 
markings’’ were generally observed, which indicate a plastic behavior of the matrix [14]. As the 
temperature decreases these markings gradually give way to a brittle aspect of the matrix. In tests at 
high temperatures, an increase in the ductility of the matrix can be observed with increasing 
temperature, a feature that is appreciated by the deformation observed in the matrix itself and the 
amount of resin adhered to the fibers on the fracture surfaces of the tested specimens.  
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4. Conclusions 

In general, the analyzed composites show more brittle behavior at low temperatures and an 
increase in the ductility of the matrix when the temperature increases. However, it can be observed 
that the influence of the temperature is more significant for the material with the non modified epoxy 
matrix.  

During fatigue tests at high temperatures the ductility of the matrix increases, leading to higher 
resistance to delamination during the dynamic propagation procedure. 

As regards the fractographic analysis of the fracture surfaces, it may be concluded that, in 
addition to the observed typical morphologies of mode I fracture, the analyzed micrographs have a 
relationship with the results obtained during the experimental procedure. 
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