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RESUMEN  
La evolución del daño por fatiga en laminados de 
materiales compuestos es un proceso que puede 
presentar diferentes mecanismos. El primer modo 
de daño comúnmente observado en sistemas 
multidireccionales sujetos a tensión, es el 
agrietamiento de las capas transversales, que 
propicia delaminaciones. Bajo cargas de 
compresión, el daño se presenta 
predominantemente como micropandeo de fibras 
en las capas longitudinales. Debido al 
incremento del uso de materiales compuestos en 
aplicaciones estructurales, la predicción del daño 
bajo carga cíclica ha cobrado mayor 
importancia. A diferencia de los enfoques 
tradicionales, aquí se estudia el desarrollo del 
daño aplicando flexión reversible pura a dos 
distintas configuraciones de laminados: (0/90)4s y 
(90/0)4s. La evolución del daño resultante es 
afectada por el orden de apilamiento de las 
láminas en el espécimen de prueba. La iniciación 
y multiplicación de las grietas en una de las 
capas externas del espécimen (90/0)4s produjo 
una ligera reducción de la rigidez a la flexión, 
mientras que en la de (0/90)4s el efecto fue mayor 
debido a delaminaciones y agrietamiento en la 
dirección longitudinal de la capa externa.  

Palabras clave: Sistema de material compuesto, 
agrietamiento de matriz, delaminación, flexión 
reversible, rigidez flexionante.  

ABSTRACT 
Fatigue damage evolution in composite laminate 
systems is a complex process in which different 
damage mechanisms are involved. Matrix 
cracking, which later results in delaminations, has 
recurrently been identified as the first damage 
mode arising under tensile loading in 
multidirectional laminates. Under compressive 

loading, fibre microbuckling in the longitudinal 
plies constitutes the predominant damaging 
mechanism. As composite materials are 
increasingly used for structural applications, 
damage development under cyclic loading has 
become an important issue for the prediction of 
fatigue life. In this work, contrastingly to the 
usual approaches, damage development has been 
studied by using combined tension-compression 
fatigue loading, employing four point reverse 
bending. Two different stacking sequences for 
cross-ply laminates were used: (0/90)4s and 
(90/0)4s. The damage evolution process was 
observed to be dominated by different damage 
mechanisms depending on the lay-up of the 
specimen. While matrix cracking initiation and 
multiplication in one of the transverse plies of the 
(90/0)4s specimen resulted in a slight reduction of 
the laminate’s flexural stiffness, splitting and 
delaminations in the longitudinal outmost ply had 
a more detrimental effect in the (0/90)4s type.  

Keywords: Composite material system, Matrix 
cracking, delaminations, reverse bending, 
flexural stiffness.  

INTRODUCTION  
In the last few years the use of fibre reinforced 
composites for structural purposes has increased 
considerably. Fibre reinforced composites are 
nowadays successfully used in a variety of 
industries, ranging from sports to energy 
generation [1]. However, even though the 
characteristics of composites result advantageous 
for several industrial sectors, their relatively high 
mechanical performance is especially valued in 
applications where weight is a principal concern.  

In the aircraft industry, the use of fibre reinforced 
polymers for the manufacturing of structural 
components has resulted in significant weight 
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savings, which later can be traduced into reduced 
operational costs for the finished aircraft [2]. As a 
consequence, composites usage has increased, 
gradually displacing metallic materials in the 
fabrication of aircraft structures [3]. However, 
since composite material systems behave 
mechanically different than metals, and their 
response to damage evolution is not completely 
understood yet, structures made of composites 
tend to be overdesigned [4, 5].  

While fatigue damage in metallic materials is 
characterised by the nucleation and growth of a 
single crack, in composites, damage can be a 
more disperse phenomenon and exhibit different 
mechanisms that develop within the ply and 
between plies, and many times interacting, along 
the component’s life [3, 6]. Matrix cracking, 
which later results in delaminations, has 
recurrently been identified as the first damage 
mode arising under tensile loading in 
multidirectional laminates, [7, 8]; on the other 
hand when the composite material is exposed to 
compressive loading, the predominant damaging 
mechanism arises as fibre microbuckling in the 
longitudinal plies, [9].  

In order to capitalise further on the characteristics 
of composites, several studies have been 
conducted to understand and predict damage 
evolution in multidirectional laminates [10-12]. In 
the majority of such works, however, the usual 
approach is the consideration of a single loading 

mode, whether tensile or compressive, but usually 
separating one of the other. On the other hand, 
since it has been noticed in the literature that the 
combination of loading modes has a more 
detrimental effect on the laminate’s mechanical 
properties [8], in this work reverse bending has 
been used to study damage evolution under 
tension-compression loading conditions. Two 
different stacking sequences for cross-ply 
laminates were used, which, according to the 
orientation of their plies were identified as 
(0/90)4s and (90/0)4s. The testing was conducted 
in a special bending fatigue rig, where reverse 
bending loading was applied. 

MATERIAL AND METHODS 
Specimen preparation 
A squared cross-ply laminate, 300 mm x 300 mm, 
was fabricated by cutting 16 plies from a 
carbon/epoxy Cycom 12K HTS/997-2 
unidirectional pre-preg tape. The laminae were 
stacked together in a (0/90)4s lay-up, that is, with 
a difference of 90° in the orientation of adjacent 
plies, and symmetric about the mid-plane of the 
laminate. The prepared plies were then placed in 
a flat plate for curing in an autoclave at 177°C 
following the manufacturer’s recommended cure 
cycle, Fig.1. The nominal ply thickness was 0.25 
mm, resulting in an average laminate thickness 
after curing of 4.26 mm with a standard deviation 
of 0.034.  

    
Fig.1 Laminate preparation in autoclave.  

For cutting the specimens a diamond tip saw at 
2850 rpm was used. A total of 11 specimens were 
prepared from the laminate, of which 10 kept the 
original (0/90)4s lay-up, and the other, cut 
transversal, was (90/0)4s. The final size of all 
specimens was 250 mm long by 25 mm wide.  

After cutting, the edges of the specimens were 
smoothed using sand paper. Posterior, one edge in 
every specimen was grounded by using 
successively different grades of sand paper, from 

320 to 1200 grit size. Afterwards, a 6 micron 
diamond compound was used for polishing, 
finishing with a 1 micron diamond suspension.  

The bending fatigue rig 
The testing was conducted in a reverse bending 
fatigue rig, which also features an electric furnace 
to perform tests at high temperature. The 
machine, Fig.2, is used to apply alternating and 
reversed four-point bending loads at different 
strain ratios. By means of an electronic speed 
controller the testing frequency can be varied, 
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going from 0.02 to 0.64 Hz. Additionally, the 
testing temperature can also be modified by 
setting different values in a digital temperature 

control of the type Eurotherm, which controls the 
current supplied to the detachable electric 
furnace.  

 
Fig.2 High temperature bend fatigue rig. 

For test execution, the specimen (1) is 
horizontally placed between two parallel cross 
shafts (3), Fig.3, where it is clamped with a pair 
of removable bolted steel blocks. The bending 
moment is applied by a pair of rotating pulleys 
(8) connected eccentrically to the cross shafts by 
means of a pair of extending plates (4), and a pair 
of loading arms (5), in which the load transducers 

(6) are installed. To avoid any resultant tensile or 
compressive stress during the testing, one cross 
shaft (right) is allowed to move freely in a pair of 
horizontal slots, as can be appreciated in the right 
picture of Fig. 2. In order to monitor the rotation 
angle of the clamps, a displacement transducer (7) 
is attached to the rig frame, connected to one of 
the extending plates. 

 

 
Fig.3 Schematic of the main parts of the bending fatigue rig. 
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The applied strain to the specimen can be 
adjusted by changing the eccentricity of the point 
of connection between the loading arms and the 
pulleys. Provided that both clamps rotate equally, 
for thin plates, the longitudinal strain ε at any 
point in the specimen can be obtained from:  

L
yθε 2

=   (1) 

where θ represents the angle of rotation in one 
end of the specimen; y the radial distance from 
the neutral axis to the point of interest; and L the 
effective length of the specimen, as shown in 
Fig.4. 

 
Fig.4 Schematic illustrating the different parameters to obtain 

the longitudinal strain in a beam.  

By using a data acquisition system connected to 
the bending rig, the forces F in the load 
transducers, the vertical displacement δ in the 
displacement transducer, and the surrounding 
temperature T can be recorded and visualised at 
the same time. Based on those values, the 
variation in the flexural stiffness on the specimen 
as cycling increases can also be monitored by 
means of the bending moment M, and the angle of 
rotation θ, which are calculated from: 

dFM ⋅=   (2)  

and, 

id
δθ =   (3) 

where d and di are the respective centre-to-centre 
distances from the cross shaft to the connection of 
the extending plate with the loading arm, and 
with the displacement transducer, as represented 
in Fig.3. 

Mechanical tests 
Five of the eleven original specimens were tested 
in the bending fatigue rig: four (0/90)4s, marked 
as SP1, SP2, SP3, and SP5; and another marked 

as SP4 with a (90/0)4s lay-up. SP1 and SP5 were 
tested at a temperature of 85°C. The rest were 
tested at room temperature. The strain ratio 
(εmin/εmax) for SP1 and SP2 was -0.23. The 
maximum strain reached at the surface of the 
specimen was of 0.61%, which corresponds to a 
θ = 0.22 rad. In SP3, SP4, and SP5, the strain 
ratio was -0.30, with a maximum of 0.72% (θ = 
0.25 rad). In all the specimens the fatigue tests 
were mainly done at a frequency of 0.64 Hz. 

At certain points of the testing process, the 
cycling was interrupted to perform quasi-static 
tests in order to monitor the change in the applied 
force and stiffness as cycling increases. In such 
quasi-static tests, the frequency was maintained at 
0.025 Hz during two complete cycles. The 
applied bending moment (M) in the quasi-static 
tests was plotted against the angle of rotation θ in 
the clamps, and the slope was used for 
comparison among the specimens. When the 
fatigue tests were interrupted, the specimen was 
sometimes removed from the machine and 
inspected at the microscope to look for micro 
damage in the different layers. After that, the 
specimen was carefully re-positioned in the 
machine to continue the fatigue testing. 

In the case of the tests at high temperature, the 
temperature was monitored and recorded by 
means of a thermocouple placed inside the 
furnace and connected to the data acquisition 
system. The temperature was controlled by means 
of another thermocouple connected to the 
Eurotherm control in the rig’s control panel.  

RESULTS 
All the specimens presented damage principally 
in the outmost plies of the laminate, where the 
straining conditions were the maximum (tensile). 
Depending mainly on the lay-up of the specimen 
different damage mechanisms were present, 
affecting in different levels the stiffness 
characteristics of the sample in bending.  

Specimen with (90/0)4s  lay-up  
In the specimen with the (90/0)4s lay-up the main 
observed damage mechanism was matrix 
cracking, which grew in the transverse ply (90-
degree) enduring the highest tensile strain. The 
cracks were observed after the second cycle, 
when the specimen was removed for microscopic 
observation. Along the specimen (150 mm), 4 
cracks were found, running in the direction of the 
fibres in the outmost transverse ply. Increased 
cycling resulted in crack multiplication, reaching 
34 cracks at 5000 cycles, 43 at 10000, and 76 at 
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50000 when the test was stopped. Delaminations 
were also found, growing from the crack tips of 
some of the formed cracks, Fig.5. On the other 
hand, although defects in the form of voids in the 
off-axis plies were usually sites for cracking, 
Fig.5 shows that this is not a generalised case.  

In the opposite side, where the specimen was 
mainly in compression, the major manifestation 

of damage was in the form of “crushing” in the 
outmost transversal ply. This type of damage, 
however, was reduced to a fraction of less than a 
half of the outside ply, Fig.5. Such damage was 
also observed since the beginning of the testing, 
after the second cycle, and did not seem to grow 
considerably with increased cycling.  

  
Fig.5. Damage observed in the outmost plies (transverse plies) in SP4 (εmax=0.72%). 

The variation in the slope M/θ for each loading 
arm as cycling increases is shown in Fig.6. Even 
though damage was found and observed to grow 
with cycling, it results in just a slight reduction in 
the slope which can be an indicator of the 
stiffness of the laminate in bending. This seems to 
be due to the fact that the longitudinal plies (0º) 
are mainly responsible for the flexural stiffness of 
the laminate, as it is also the case in axial tensile 
testing. However, in the presented case of 
bending, matrix cracking is reduced to just one 
ply and damage does not result in a marked 
reduction of the stiffness properties. 
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Fig.6. Variation of the slope (M/θ) as cycling increases in SP4 

(εmax=0.72%). 

Specimens with (0/90)4s  lay-up  
In the case of the (0/90)4s specimens, where the 0º 
plies are outer layers in the laminate, damage was 

also observed principally in the external plies; 
however, in this case it was mainly developed in 
the form of splitting (fibre/resin cracking along 
the fibres) and delaminations, which grew 
gradually as cycling was increased.  

For the specimens tested at 85ºC, SP1 and SP5, 
although there can be observed a marked 
reduction in the stiffness of the laminate, Fig.7, 
such effect has been related principally to damage 
in the clamping zones (specimen ends). Even 
though the clamping force was reduced in SP5 to 
avoid this kind of damage, which had been 
initially observed in SP1, both of the specimens 
were affected, and splitting and delaminations 
were found to originate from the clamped region 
and grow gradually as cycling was increased. 
However, apart from the fact that damage was 
initiated as a result of defective clamping, it can 
be seen from the plots, that splitting and 
delaminations have a stronger degrading effect in 
the flexural stiffness as compared to matrix 
cracking.  

In SP1, one of the outside longitudinal plies was 
observed broken at the clamping region when the 
specimen was examined after completing 2500 
cycles. In the case of SP5, the damage in the 
clamping zone was found when the test was 
stopped, after 7500 cycles.  
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Fig.7. Variation of the slope (M/θ ) in SP1 (εmax=0.61%) and SP5 (εmax=0.72%) tested at 85ºC. 

Although the problems encountered during 
testing at increased temperatures make it difficult 
to get more information and conclusions about 
the damage development considering such 
conditions, it is possible to say that the variation 
in temperature can present a problem for the 
integrity of composite parts at joints when 
clamping methods such as bolts or rivets are used.  

For the (0/90)4s specimens tested at room 
temperature (RT), damage was also developed as 
splitting and delaminations in the longitudinal ply 
withstanding the most compressive strains. 
Increased cycling resulted in the gradual growth 
of such damage modes, as observed in the form of 
ply buckling in Fig.8. Such increment in damage 
extents also resulted in the gradual reduction of 

the flexural stiffness of the laminate, as indicate 
the plots in Fig.9. 

 
Fig.8 Ply buckling due to splitting and delaminations (RT, 

εmax=0.72%, N=40000 cycles).  
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Fig.9. Variation of the slope (M/θ) in SP2 (εmax=0.61%) and SP3 (εmax=0.72%), RT.  

The plots in Fig.9 suggest that the resistance of 
the specimens against damage initiation and 
growth in bending is not initially uniform. In this 
case, the difference in the values of the slope for 
each arm in the machine indicates that damage 
grows more rapidly in one side of the specimen; 
however, as cycling increases, damage becomes 
more distributed, and a state of damage 
equilibrium or saturation is reached. After this 
equilibrium stage, damage again is suggested to 

affect more severely one side of the specimen 
than the other.  

Hence, three main regions can be observed in the 
graphs of Fig.9. The first one, where damage is 
assumed to start growing inside the specimen, 
since little evidence of damage was observed in 
the surface; the second one, where damage is 
more distributed in the specimen, and starts to 
arise in the surface as splitting and delaminations 
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observed as small sites of ply buckling; and 
finally the third region, in which damage is easily 
observed as growing in the form of ply buckling. 

By comparing the plots for SP2 and SP3, it can be 
noticed that the increased straining in SP3 
resulted in an accelerated damage development 
for about 5000 cycles respect to SP2. However 
the general shape of both graphs is similar. 

No evidence of matrix cracking in the transverse 
plies was found in these specimens. The reduction 
in the slope of the plots in the third region was 
mainly due to the growth of splitting and 
delaminations as the number of cycles was 
increased. 

CONCLUDING REMARKS 
While most of the works done so far for studying 
the development of damage in composite 
laminates have considered mainly axial tensile or 
compressive loading modes, and usually 
separating one of another, in this work damage 
initiation and evolution has been studied by using 
a different approach. Four point reverse bending 
was used to apply tension-compression cyclic 
load. The advantages of this experimental scheme 
are reflected in the reduced force required to 
induce damage in the material, as well as the 
quantity of specimens needed to analyse such 
damage under different strain and stress 
conditions. On the other hand, reverse bending 
provides a simple way to study damage under 
combined tension-compression conditions, which 
has been found to have a more detrimental effect 
on the mechanical response of the composite 
system. 

While matrix cracking is a common damage 
mechanism when tensile loads are applied to 
multidirectional laminates, in this study, while 
loading in reverse bending, matrix cracking was 
found only in the specimen with the outside plies 
in the transverse direction. However, since the 
damage was found mainly in just one ply, it did 
not have a marked effect in the reduction of the 
stiffness properties of the laminate.  

In the case of the (0/90)4s specimens, it is 
assumed that the constraining plies restricted the 
development of cracks in the transverse plies; 
however, although no cracks were formed, the 
arising of splitting and delaminations had a more 
pronounced effect on the flexural stiffness of the 
laminate. 

More information is needed to make conclusions 
about the effect of the increased temperature on 

damage growth. However, it is thought that high 
temperature can present a problem for joining 
laminated composites when rivets or bolts are 
used.  
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