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Abstract: This experimental study has been focused on the tensile-tensile fatigue performance 
of a carbon-carbon fiber hybrid quasi-isotropic laminate. The laminate contained two 
unidirectional carbon fiber prepregs with the same epoxy matrix. One prepreg had carbon fibers 
T800 for the high-elongation layer (HE), the other prepreg had carbon fibers DIALEAD for the 
low-elongation layer (LE). The sub-laminate stacking sequence was [HE/LE/HE]. Sub-laminates 
have been piled to get a quasi-isotropic layup [0/45/90/-45]s. The displacement (strain) 
controlled tension-tension tests were along the 0° fiber direction. Preliminary quasi-static tests 
provided the pseudo-ductile behavior considered for the fatigue loading levels. The evolution of 
the fatigue damage was macroscopically analyzed by the stiffness degradation, and 
microscopically by X-ray micro-CT observations. As main conclusions, the composite retains its 
load-carrying ability in the pseudo-ductile regime. The evolution of the fatigue damage involved 
fracture of 0° LE plies, transverse cracks in ±45° plies and delamination of 0°/+45°and ±45°/90° 
interfaces. 
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1. Introduction 

One of the main advantages of fiber reinforced composites is the design freedom, which can be 
better exploited using fiber-hybridization (coupling two or more fiber types). Fiber-hybrids 
reinforced plastics received particular attention due to the synergetic (or ‘hybrid’) effects [1,2], 
which can provide, among other features, the pseudo-ductility, namely a pseudo-ductile 
response by the combination of brittle composites [3]. Pseudo-ductility is often studied in quasi-
static tension and the damage mechanisms underneath are reasonably well-understood [4,5]. 

Although cyclic loading is often the main condition on composite components in several 
industrial applications [6], the current knowledge on the fatigue behavior of fiber-hybrid 
composites is limited. Focusing the attention on tension-tension fatigue loading, being 
frequently adopted in experimental investigations as well as in the present study, the few 
available researches have been mainly dedicated to unidirectional hybrid laminates, coupling: 
carbon and glass fibers (e.g. [7]), carbon and basalt fibers (e.g. [8]) and all carbon fibers (e.g. [9]). 
The fatigue performance of hybrid laminates with other stacking sequences was barely 
investigated (see e.g. [10]). This is the aim of the present study, dedicated to an all-carbon 
interlayer hybrid quasi-isotropic laminate. 

The hybrid laminate contained standard thickness prepregs, same matrix, reinforced with low 
elongation (LE) and high-elongation (HE) carbon fibers. The sub-laminates [HE/LE/HE] were 
stacked to have a quasi-isotropic layup [0/45/90/-45]s. 
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The tension-tension strain-controlled cyclic loadings allowed to gain several insights, mainly 
related to: the fatigue life of the hybrid laminate for a wide range of maximum strain levels in 
the quasi-static tensile pseudo-ductile range and beyond it; the evolution of the fatigue damage 
by the stiffness retention as macroscopic metric; the damage observation by X-ray micro-CT 
imparted after selected number of cycles. The final goal of the study was the correlation of the 
macroscopic stiffness degradation and the evolution of the fatigue damage modes. 

2. Carbon-carbon hybrid quasi-isotropic laminate 

The laminate has been manufactured with two unidirectional carbon fiber prepregs supplied by 
Composite Materials Italy (CIT) – Toray Group, which had both the epoxy matrix ER450. The 
prepregs nominal fiber volume fraction was 55–56% (datasheet). The high contrast between the 
low-elongation (LE) and high-elongation (HE) composite stiffness and strain-to-failure (see fiber 
properties in Table 1) provides a pseudo-ductile plateau in quasi-static tension of UD hybrid 
laminates [11], which was related to the critical energy release rates [12]. 

One prepreg contained TORAY TORAYCA® T800 carbon fibers (in the following T) for the HE layer 
(thickness of 0.11 mm), the other prepreg was made of Mitsubishi Chemical DIALEAD™ K63720 
carbon fibers (in the following D) for the LE layer (thickness of 0.22 mm). The considered 
laminate consisted of a set of sub-laminates. The sub-laminate had one ply of the D prepreg 
sandwiched between two plies of T [T/D/T]. Sub-laminates were stacked to create a quasi-
isotropic layup [0/45/90/-45]s. The laminates were then autoclave-cured for 2 hours at a 
temperature of 135 °C and a pressure of 4.5 bar. No post curing or conditioning was applied. 

Table 1: Carbon fiber properties (manufacturer’s data sheets). 

ID Fiber 
Diameter 

[μm] 

Elastic modulus 

[GPa] 

Strength 

[MPa] 

Failure strain 

[%] 

T TORAYCA® T800 5 294 5880 2 

D DIALEAD™ K63720 11 630 2620 0.4 

 

3. Quasi-static and fatigue loading features 

Preliminary quasi-static tensile tests were dedicated to the evaluation of the main mechanical 
features including the pseudo-ductile behavior. The results have been considered for the 
selection of the fatigue loading levels. The loading rate, along the 0° fiber direction, was set to 1 
mm/min by an electromechanical machine INSTRON 5978. The tests were assisted by a digital 
camera to evaluate the full field strain on the specimen surface by the digital image correlation 
(DIC) technique (as in [11] for the hybrid UD counterpart). One surface of the prismatic 
specimens (dimensions 240 × 15 × ~3.7 mm3) was painted white and then speckled by black 
spray paint. The stress was evaluated, as for cyclic tests, using the cross-sectional area of the 
pristine specimens. 

Prismatic specimens have been dedicated to tension-tension fatigue loading. The displacement 
(strain) controlled cyclic loading was along the 0° fiber direction, by a hydraulic machine MTS 
319. The constant displacement amplitude was imposed using a sinusoidal wave-form with a 
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ratio R = 0.1 (ratio of the minimum to the maximum displacement in the cycle) and a frequency 
of 5 Hz. The strain was estimated by the displacement of the actuator, assuming as the base 
length the distance between end tabs (140 mm). Several maximum strain levels have been 
applied close and beyond the pseudo-yield strain εP level (Figure 1). One specimen for each 
strain level has been cyclically loaded up to complete failure or runout after 1 million cycles. 
Despite the limited number of tests, statistically meaningless, the strain-controlled loadings 
provided a clear insight into the hybrid laminate fatigue response. 

4. Quasi-static tensile behaviour 

The preliminary quasi-static tensile tests provided the pseudo-ductile tensile response of the 
hybrid quasi-isotropic laminate as shown by a typical tress-strain diagram in Figure 1. The three 
main region of the diagram represents: the linear behavior (first region) whose slope E0 (72.8 ± 
2.9 GPa) is a combination of the stiffness of the LE and HE layers; the pseudo-ductile plateau 
(second region) with an almost constant stress level, starting at the pseudo-yield strain εP (0.41% 
± 0.063), close to the ultimate strain of the LE component, and ending at the strain level εPY 
(1.15% ± 0.088); the almost linear trend of the third region, whose slope E1 (15.3 ± 3.1 GPa) 
depends on the stiffness of the intact 0° HE plies and the residual stiffness of the damaged LE 
ones. 

 

Figure 1. Typical quasi-static tensile pseudo-ductile stress-strain behavior. 

 

5. Tensile-tensile fatigue behaviour 

A broad range of maximum strain in the cycles has been considered to cover the quasi-static 
pseudo-ductility (second region) and post plateau linear behaviour (third region) of the hybrid 
laminate. Eight different maximum strain levels have been set in the range 0.46% - 1.7% (see 
Figure 2). The corresponding initial stress levels were close to σPY for strain levels in the second 
region and over it for the maximum strains in the third one (Figure 2). 

All fatigue specimens did not fail after 1 million cycles, except the one subjected to the highest 
considered cyclic strain level (1.7%), which had a fatigue life of about 909 thousand cycles. 
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The peculiar fatigue response of the considered carbon-carbon hybrid quasi-isotropic laminate 
is observed overlapping the quasi-static stress-strain diagram, the fatigue strain levels and the 
initial and residual maximum fatigue stress. 

The damage pattern created by the first loading cycle is hypothesized to contain different 
damage modes according to the strain level. The lower strain levels close to εP imparted fracture 
of the 0° LE plies, and transverse cracks in the ±45° and 90° plies. Those damage modes have 
been coupled to different stages of delamination for the strain levels up to εPY. The fatigue strain 
levels closer to εPY developed almost complete delamination leading to weak interactions 
between the damaged LE plies and the HE ones. This initial damage scenario evolved by further 
cyclic loading mainly with initiation and propagation of delamination. The damage pattern 
evolution for strain levels in the pseudo-ductile plateau is reflected on the residual fatigue 
maximum stress, depicted by green circles in Figure 2. Those residual stress levels fall on a line 
whose slope is almost that of the quasi-static tensile post plateau region (E1). It demonstrates 
that the load at this stage of the fatigue life is mainly carried by the 0° HE plies. 

The initial damage patterns of the fatigue strain levels higher than the quasi-static εPY (>1.2% in 
Figure 2) resulted in weak coupling of the damaged LE plies and the HE plies. Therefore, the 
cyclic load carrying capacity was mainly transferred to the 0° HE plies. Then, the further gradual 
damage imparted to the 0° HE plies during cyclic loading led to the reduction of the residual 
stress with increased strain level (Figure 2). 

 

Figure 2. Initial and residual fatigue stress/strain levels compared to typical quasi-static stress-
strain behavior. 

The damage evolution can be macroscopically estimated considering the stiffness retention as 
a metric [7,8]. Figure 3 details the stiffness retention with the number of cycles for one strain 
level very close to the quasi-static εP, one strain level almost at mid of the pseudo-ductile plateau 
and one in the quasi-static post plateau liner region. They highlighted a considerable initial drop, 
limited to about 10% of the runout threshold. For the remaining cyclic loading, the stiffness kept 
almost a constant retention whose magnitude depends on the strain level. The initial drop is 
related to the mentioned fatigue damage development. The initial reduction of stiffness, for the 
lower strain level close to εP, could be connected to the onset of delamination and increase of 
transverse cracks in the ±45° and 90° plies, while the further continuous slight reduction could 
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be due to the slow propagation of the delamination at different interfaces. The initial stiffness 
drop of the strain level within the pseudo-ductile plateau could be the effect of the development 
of the intra- and inter-sub-laminates delamination, which led to a residual stress belonging to 
the quasi-static linear behavior of slope E1 (Figure 2). 

 

Figure 3. Fatigue tests: stiffness retention evolution during cyclic loading, for three levels of 
max strain (εmax) in the cycle. 

 

6. X-ray micro-CT fatigue damage observations 

The evolution of the fatigue damage scenario was observed, to some extent, by X-ray micro-
computed tomography (micro-CT). The cyclic loading with the lowest strain level of two 
specimens has been interrupted after 100 thousand and 1 million cycles (runout). The latter is 
here described for the sake of brevity. The central volume of the specimens was scanned by a 
TESCAN UniTOM XL, setting the acquisition parameters: tube potential 40 kV, power 15 W, 
source-object distance 30 mm, source-detector distance 800 mm, exposure 330 ms, 3000 
projections. The resulting voxel size was 5.6 μm. 

The damage scenario after 1 million cycles of maximum strain 0.46% is shown in Figure 4. At the 
initial fatigue stage, several cracks in the -45° central sub-laminates (see white ellipses in Figure 
4) and onset of delamination at the +45°/90° interface were pinpointed, which mainly affected 
the initial loss of stiffness. The former damage mode evolved as delamination at the -45°/90° 
interfaces, while the latter enlarged covering almost half-width (see orange ellipses in Figure 4). 
A more extended delamination was generated at the two external 0° sub-laminates, namely: 
intra-sub-laminate at the LE/HE interface (yellow ellipses) and inter-sub-laminate delamination 
at the 0°/+45° interfaces (brown ellipses). The partial extension of the delamination through the 
width shows that the load was carried by the still connected plies and sub-laminates, as 
demonstrated by the residual stress of this strain level in Figure 2. This residual stress level is far 
from the linear segment representing the quasi-static tensile post plateau behavior. It shows 
that the LE and HE plies in the 0° sub-laminates still have a partial collaboration and the load is 
transferred to the 0° sub-laminates by the ±45° ones. 
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Figure 4. Fatigue tests, maximum strain εmax=0.46%: X-ray micro-CT observations of the 
damage, after 1 million cycles, at center of the specimen. 

 

7. Conclusions 

This study was devoted to a specific aspect of the mechanical behavior of hybrid laminates, 
namely fatigue performance. The experimental study focused on the fatigue behavior of a 
carbon-carbon hybrid quasi-isotropic laminate, which has not been covered in the literature, to 
the authors’ knowledge. 

The tension-tension strain-controlled cyclic loading was designed considering the preliminary 
measurements of the tensile quasi-static pseudo-ductile behavior of the hybrid laminate. 

The main achievement of this study was the connection between the macroscopic stiffness 
evolution, as a metric for the overall damage, and the damage modes observation by X-ray 
micro-CT. The damage scenario imparted during the early stage of the cyclic lower strain level, 
involved fracture of 0° LE plies, transverse cracks in ±45° plies and onset of delamination at 
+45°/90° interface, which were responsible of the initial drop of the stiffness retention. Further 
cyclic loading pointed out the very slow stiffness reduction which was motivated by the 
evolution of those damage modes as enlargement of the delamination at: the ±45°/90° 
interfaces, the 0° intra-sub-laminate LE/HE interfaces and the inter-sub-laminate 0°/+45° 
interfaces. 

The measurements and observations of the fatigue damage modes evolution in the studied 
carbon-carbon hybrid quasi-isotropic laminate are not exhaustive and need further analyses. 
Nevertheless, the detailed understandings highlighted the effect of pseudo-ductility on the 
tensile cyclic loading response and are a valuable contribution to the knowledge on the fatigue 
behavior of hybrid fiber-reinforced plastics, which is needed in a wide range of advanced 
industrial applications. 
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