N

N

Experimental fatigue behavior of carbon/flax hybrid
composites under tensile loading
Mariem Ben Ameur, Abderrahim El Mahi, Jean-Luc Rebiere, Moez Beyaoui,
Moez Abdennadher, Mohamed Haddar

» To cite this version:

Mariem Ben Ameur, Abderrahim El Mahi, Jean-Luc Rebiere, Moez Beyaoui, Moez Abdennadher, et
al.. Experimental fatigue behavior of carbon/flax hybrid composites under tensile loading. Journal of
Composite Materials, 2020, 55 (5), pp.002199832095490. 10.1177,/0021998320954903 . hal-02954676

HAL Id: hal-02954676
https://hal.science/hal-02954676

Submitted on 14 Mar 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02954676
https://hal.archives-ouvertes.fr

Experimental fatigue behavior of carbon/flax hybrid
composites under tensile loading

Mariem Ben Ameur"z, Abderrahim El Mahi',
Jean-Luc Rebiere', Moez Beyaouiz, Moez Abdennadher? and Mohamed Haddar?

Abstract

The aim of the present study is to investigate the mechanical behavior of carbon/flax hybrid composites under static and
fatigue tensile loading. The failure characteristics and parameters used in the fatigue tests were deduced from the static
ones. The effect of the applied stress level, hybridization and stacking sequences on the stiffness, hysteresis loops,
dissipated energy and damping, were studied for a various number of cycles during fatigue tests. The Wohler S-N curves
were constructed to investigate the effect of hybridization on the fatigue behavior. The results obtained show that the
fatigue performance as well as the fatigue resistance increase with the increase of the volume fraction of carbon fiber.
Nevertheless, the damping ratio and the fatigue life increase with the increase of the flax fiber volume fraction.
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Introduction

In the last decades, composites reinforced with natural
fibers (such as hemp, kenaf, flax, etc...) have been exten-
sively used by many researchers to face current engineer-
ing challenges.!> Bio-based composites are ecological,
biodegradable and they have unlimited availability.® In
addition, plant fibers can be an alternative to conven-
tional ones such as carbon, glass and aramid because
they present numerous advantages. In fact, they have
relatively interesting specific properties.*>

Moreover, owing to the good properties of compo-
sites reinforced with flax fibers, they are the most inter-
esting plant fiber-based composites that have been
studied.®® Monti et al.,” Haggui et al.'” and Hughes
et al.'' studied the mechanical behavior of unidirec-
tional flax fiber reinforced composites. Additionally,
vibrational behavior has become an important factor
for high performance applications. Indeed, Monti
et al.'? evaluated the damping properties of the com-
posites reinforced with flax fibers. Duc et al.'* experi-
mentally studied the mechanical and vibrational
behavior of flax, glass and carbon fiber composites.
They found that composites reinforced with carbon

fibers have higher performance for mechanical proper-
ties, but poor vibrational behavior compared to glass
and carbon fiber composites.

In order to improve the dynamic properties of
carbon fiber composites, recent studies have proposed
the development of hybrid composites with carbon and
flax fibers.'* Reversely, by hybridization of flax fibers
with carbon ones, the property of variability and mois-
ture sensitivity of natural fibers can be reduced.'>'¢
Consequently, they can be suitable for high perfor-
mance structural use. Recently, hybrid composites
have been used on industrial applications such as
manufacturing of racing sailboats (Huntsman), tennis
rackets (Artengo) and skis (Down skis). Assarar et al.!’
and Ben Ameur et al.'® evaluated the vibrational
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behavior of hybrid carbon-flax fiber composites. They
found that damping properties of carbon fiber compo-
sites were improved by hybridization with flax fibers.
Flynn et al."® and Fiore et al.?° studied the quasi-static
mechanical behavior of carbon-flax hybrid composites.

In addition to the quasi-static mechanical behavior,
the cyclic fatigue behavior of composites is of great
importance since they are subjected to cyclic loading
in a variety of applications. Furthermore, the behavior
of the fibers themselves can affect the fatigue behavior
of the composite. The tensile fatigue behavior of indi-
vidual sisal fibers has been investigated by many
authors.?!*** For monitoring the damage, Towo and
Ansel® used cyclic hysteresis in order to evaluate the
loss of stiffness, material energy dissipation and
damage development. Liang et al.** investigated the
mechanical behavior of glass and flax fiber composites
through static and fatigue tensile tests. They found that
the fatigue resistance of flax fiber composites is lower
than that of glass fiber composites. They attributed this
fact to the difference in their ultimate tensile strength.
Shah et al.*> examined the fatigue life of aligned plant
fiber composites. They found that even though the
fatigue performance of glass fiber composites is notably
superior to plant fiber composites, the fatigue strength
degradation rates of plant fiber composites are the
lowest. El Sawi et al.?® investigated the fatigue perfor-
mance of flax-fiber reinforced composites. They used
infrared thermography for predicting the fatigue life.
They showed that there is a correlation between the
residual strain increase and the matrix cracking density.
Mahboob and Bougherara®’ carried out a review on
the response of natural fiber composites under cyclic
loading. Gassan®® evaluated the tension-tension fatigue
behavior of composite materials made of jute and flax
yarns and woven as reinforcement for polyester, epoxy
and polypropylene resin. He found that fiber type/
properties, textile architecture and fiber content have
an effect on the fatigue behavior. The results obtained
were also found by Bensadoun et al.?’ Zhang and
Hartwig®® investigated the damage processes of unidi-
rectional carbon and glass fiber composites by cyclic
fatigue loading. They found that the damping is more
sensitive than stiffness, that’s why it is recommended
for the evaluation of the damage processes induced by
fatigue tests.

The present paper focuses on the investigation of the
mechanical behavior of relatively new materials:
carbon/flax hybrid fibers reinforced epoxy composites
with different fibers content and different stacking
sequences. The fatigue performance of this type of
materials have not been deeply studied yet. The non-
hybrid and hybrid laminates were subjected to static
and fatigue tensile loading. The fatigue tests were car-
ried out for different loading levels from 0.6 to 0.85 of

the average monotonic ultimate tensile stress (UTS).
First, the effect of the loading level on the stiffness,
hysteresis loops, dissipated energy and loss factor was
studied for various numbers of cycles during cyclic
fatigue tests. After that, a comparison was conducted
between the different stacking sequences materials for a
given applied stress level to study the effect of the
hybridization up to a common number of cycles.
Finally, an investigation of the fatigue performance
through the Wohler lifetime diagrams on composites,
cyclic loading behavior was made.

Materials and experimental procedure

Materials and manufacturing

The unidirectional carbon fiber reinforced epoxy
([C5]s), flax fiber reinforced epoxy ([F3]s) and hybrid
fiber reinforced epoxy laminates considered in this
work were made from commercial dry rolls of carbon
fabrics and flax tape, with a mass density of 300 g/m’
and 200 g/m?, respectively. Four hybrid fiber compo-
sites were proposed with different stacking sequences
([Co/Fls, [C/F2)s, [F/Co)s and [F»/C]s) which are pre-
sented in Figure 1. The unidirectional carbon and flax
fibers were furnished by Sicomin and Lineo,*' respec-
tively. The matrix type was an epoxy system based on
SR 1500 resin with SD 2505 hardener furnished by
Sicomin. Fiber plies were first cut from the roll. The
carbon fibers were used as received. However, the flax
fibers were dried in an oven at 110°C for one hour to
enhance their mechanical properties as found by Baley
et al.>> Composite plates were elaborated by using a
manual lay-up method with the resin matrix. They con-
sist of six layers all oriented in the longitudinal direc-
tion of the reinforcement. They were cured at room
temperature (20°C) at pressure of 0.5bar with a
vacuum molding technique for 7hours. The samples
using flax fibers were dried enough, it was provided
by a research work of Malloum et al.*® In fact, after
demolding, they were kept at room temperature for one
or two weeks in order to obtain complete polymeriza-
tion of the resin. Finally, the test specimens have been
cut up using a diamond band saw. The thickness, fiber
volume fraction and density of the non-hybrid and
hybrid laminates are presented in Table 1.

Experimental setup

Experimental static and fatigue tensile tests were car-
ried out on a standard hydraulic machine (INSTRON
8516) with a 100kN load cell. A dedicated personal
computer was interfaced to the machine for monitoring
and data acquisition. The strains in the tensile
direction were measured by means of an extensometer.
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Figure |. Schematic illustration of the six studied stacking sequences.

Table 1. Thickness, fiber volume fraction and density of
non-hybrid and hybrid laminates.

Nominal Fibre volume
Stacking thickness fraction Vi Density
sequences th (mm) (flax/carbon) (kg/m®)
[Fs]s 3.10 0.32/0.00 1140
[F/C]; 2.80 0.22/0.19 1181
[F/C5]s 2.40 0.12/0.37 1266
[CIF,]s 2.80 0.22/0.19 1175
[C,/F]s 2.40 0.12/0.37 1234
[C5]s 2.00 0.00/0.55 1340

The specimens were tested according to the standard
test method ASTM D3039/D3039 M.** The geometry
of static and fatigue samples was similar as presented in
Figure 1. The samples having a constant rectangular
cross section and without tabs are mounted in the
grips of the mechanical testing machine with a clamp-
ing length of 50mm. Three to five specimens were
tested statically to failure to determine the ultimate

strength UTS of each type of specimen. Specimens
were loaded at a cross-head speed of 1 mm/min. The
tests were performed at room temperature.

The fatigue tests were conducted using a sinusoidal
type of waveform at a constant frequency rate of 10 Hz.
The tests were performed under load amplitude con-
trol. The applied stress level r was varied from 0.6 to
0.85, where r = 0ax/UTS with o, is the maximum
stress applied. Five fatigue loading levels were consid-
ered: r=0.6,0.65, 0.75, 0.8 and 0.85. Figure 2 shows an
example of load waveform used during the fatigue
tests. The specimens were tested in tension-tension
mode with an applied stress ratio R = 0 in/0max Main-
tained constant and equal to 0.1, where ,,;, is the min-
imum stress applied. For each fatigue testing level, at
least five samples were tested to failure. First the speci-
men was loaded at a constant tensile rate of 1 mm/min,
where the applied load increases until reaching the
mean applied stress opean Where omean = (0max+0min)/
2. Then, the specimen was loaded up to failure with a
sinusoidal waveform characterized by the amplitude
Gamp where Tamp = (O-max_o-min)/2'
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Figure 3. Evolution of the mechanical properties of flax/carbon hybrid composites: (a) Young’s modulus and (b) ultimate strength.

Table 2. Mechanical properties of flax, carbon and hybrid fiber composites, standard deviations in brackets.

Stacking sequences [Fsls [F./C]s [F/Cals [CIFa]s [CafF]s [Csls
Young’s modulus (GPa) 17.4 (0.7) 375 (3.1) 55.0 (5.0) 35.0 (1.0) 62.0 (3.0) 85.0 (5.0)
Ultimate strength, UTS (MPa) 170 (8.3) 460 (18.5) 960 (7.0) 522 (44.5) 935 (24.0) 1585 (47.0)
Failure load, F, (kN) 7.8 (1.1) 21.7 (1.1) 38 (0.7) 23.4 (1.5) 36.5 (1) 54.6 (1.5)

Static mechanical behavior

The experimental monotonic tensile tests were per-
formed on specimens of non-hybrid and hybrid
carbon/flax fiber with different stacking sequences.
The average ultimate tensile strength and modulus
derived from recorded data for all types of laminated
composites are illustrated in Figure 3. These results
show that when the carbon fiber volume fraction
increases, the composite exhibit a high performance
for the ultimate tensile strength and the Young modu-
lus. Also, it is readily observed that the mechanical

properties of hybrid laminates, with same volume frac-
tion of fibers but different position of layers, are broad-
ly similar to each other. For all composites, the
Young’s modulus, the ultimate strength UTS and the
failure load F, obtained from the tests are presented in
Table 2. The ultimate tensile strength UTS of [F3]s lam-
inate is lower by 85% than that of [Cs]; laminate, where
the UTS of [C/F,]s and [F,/C]s laminates are lower by
around 60% and the UTS of [C,/F] and [F/C,]s lam-
inates are only lower by around 30% than that of [Cs];
laminate. In Table 2, it should be emphasized that the
differences in properties are due, not to stacking



sequences, but to various fiber volume fractions. This
result was obtained owing to the higher intrinsic
mechanical properties of carbon fibers in comparison
with flax fibers. In the next part, the performance of all
stacking sequences under cyclic fatigue loading is
studied.

Fatigue results of non-hybrid and hybrid
carbon/flax epoxy composites

Stiffness degradation

Carbon fiber composites, flax fiber composites and
hybrid fiber composites were tested under cyclic fatigue
loading at different applied stress levels up to failure.
To follow the progression of damage by fatigue of these
composites, the evolution of the stiffness constitutes
one of the most used methods.*>>® Generally, the stiff-
ness loss is characterized by the evolution of the max-
imum displacement d,,, related to that obtained in the
first cycle domax (domax/dmax)- During the tests carried
out, we recorded the evolution of the maximum dis-
placement d,,,, as a function of the cycle number N.
Each point presented in all figures was the mean values
of multiple samples. Figure 4 gives a typical result of
the stiffness loss as a function of the cycle number N for
the [F;]s laminate with a loading level r=0.6 in both
linear and semi-logarithmic scales. The typical result
obtained shows that the loss of the stiffness until the
rupture of the test specimens takes place in three dis-
tinct phases. At initial phase, a rapid loss of stiffness is
recorded from the first cycles which corresponds to the
initiation and multiplication of matrix cracking. In the
second phase, the stiffness degradation becomes very
slow and substantially linear as a function of the cycle
number. It corresponds to the stable propagation of
matrix cracking, emergence and propagation of delam-
ination and interfacial debonding. The almost of the
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life of the specimen is under this phase for approxi-
mately 80% of the lifetime with a degradation of rigid-
ity between (10 to 35%). Finally, in the third phase, we
record a very short duration of stiffness degradation,
consisting of a sudden growth of all types of fatigue
damage mechanisms until the breakage of fibers, result-
ing in the final ruin of the specimen.

The evolution of the stiffness versus the number of
cycles (N) of the different stacking sequences under
different loading levels r (0.6, 0.65, 0.75, 0.8 and 0.85)
using a semi-logarithmic scale are shown in Figure 5.
The degree of the damage is highly sensitive to the
applied loading level. In fact, the fatigue life increases
with the decrease of the applied stress level r for the
different composite materials (Figure 5). As conse-
quence, for a small applied stress (r =0.6), correspond-
ing to a small amplitude, a lot of damage mechanisms
are activated with a slow propagation, so that the
fatigue life is very long. For Figure 5(f), in many
cases a rapid drop is shown at the end but in others
such as in Figure 5(d), this is absent in the case of
r=0.6. These results are obtained because for carbon
composites the rupture is brutal due to its high rigidity.
Or, for the other composites, the rapid drop is absent
because we have the presence of the flax fibers in the
composites.

Figure 6 presents a comparative study of carbon
fiber laminate, flax fiber laminate and hybrid fiber lam-
inates for two applied stress levels r (0.65 and 0.80).
The analysis of these results shows that the rates of
the stiffness degradation in flax laminates and hybrid
laminates for the same applied level are superior than
in carbon laminates. At the same applied load level, the
fatigue life in flax fiber laminate is superior than that of
carbon fiber laminate. For the carbon laminates, the
initial damage is small with a considerably high
growth rate leading to a very short fatigue life; the
total rupture is quickly reached. Moreover, for the
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Figure 4. A typical curve of the stiffness loss (domax/dmax) as a function of the cycles number (N): (a) linear scale and (b) semi-

logarithmic scale.
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Figure 5. Stiffness loss (domax/dmax) according to the cycles number for different applied stress levels (r) of the different stacking
sequences: (a) [Fs]s, (b) [F2/Cls, () [F/Cos, (d) [C/Fos, (e) [Co/F]s and (f) [C5]s-

flax fiber composites and as observed by Mahboob and
Bougherara®’ and Bensadoun et al.,”® they present a
longer fatigue life under constant load amplitude
cycling. The brutal rupture of carbon fiber laminates
occurs after a weak reduction in stiffness, whereas in
the case of flax fiber laminate the rupture is less brutal.
The presence of flax fiber in the laminate is the cause of
a non-linear behavior and a less brittle rupture. The
fatigue life of flax laminates is one hundred times great-
er than that of carbon laminates for an applied load
level of r=0.65. It is observed that carbon laminates

have a better resistance to the stiffness degradation
whereas the flax laminates have a better resistance to
the fatigue life.

Hysteresis curves

In order to identify the initiation and the evolution of
damage on a specimen under fatigue tests, inspection of
the hysteresis curves at different numbers of cycles was
carried out. In fact, during cyclic fatigue tests, 100
experimental points were recorded for each cycle.
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The load-displacement data was collected in real time.
At the applied load level r=0.65, typical load-
displacement loops for loading and unloading cycles
at 1, 10, 10, 10°, 10% 10° and the failure cycle (1.3
10%) for flax fiber composites and at 1, 10, 10% 10°
and the failure cycle (2.10%) for carbon fiber composites
are presented in Figure 7. In order to better clarify
these figures, the loop of each cycle is translated
along the displacement axis. For both non-hybrid com-
posites, the behavior is quite similar. At a constant
stress level, it can be seen that the curves of loading
and unloading cycles move towards high strains. In
fact, maximum displacement increases with the
increase of the number of fatigue cycle. It can be seen
that hysteresis loops in the first cycle have a large area
in loading and unloading for the two composite mate-
rials. This fact can be attributed to the high effort
needed to the initiation of damage at the beginning of
the fatigue test. The area under the hysteresis loops
decreases as the number of cycles increases due to the
damage development and propagation in the

constituents of composites. During the final cycles,
the area of the hysteresis loops tends to increase due
to final damage.

The hysteresis cycles are obtained from the curves of
loading and unloading versus displacement.

Figures 8 and 9 present a comparison of the hyster-
esis loops at 10°, 10', 10> and 10° cycles at applied
stress level r=0.65 for specimens with external
carbon layers and internal carbon layers, respectively.
For all laminates, the behavior is similar whereas the
peak loads of hysteresis curves are different. In fact, for
each material, we have an ultimate load which is dif-
ferent from the other materials. For any given type of
specimen, the hysteresis loops move towards higher
strains at a constant stress level. Displacement corre-
sponding to the minimum and maximum loading of
loops increases with the number of cycles. Also, it is
clearly observed from these hysteresis loops that the
strain increases with the increase in the carbon fiber
volume fraction which is in accordance with the static
strain of samples (Figure 3).
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Where d,,;, and dn., are the minimum and maxi-

Energy dissipation and damping ratio
mum displacements during cyclic loading, respectively.

The area enclosed by the hysteresis loop represents the
dissipated energy E, as shown in Figure 10. The dissi- Otherwise, this energy dissipated per cycle is calculated
pated energy E, can be calculated by integrating the numerically using a simple trapezoidal sum of area.
area of the hysteresis loop?'*” as: In addition, the potential energy E, which is the
E, = / o (1) area under the loading part f (d) can be calculated by

dimin the same method (Figure 10). For each cycle, £, and E,

Fdé



Load F (kN)

Load F (kN)

35
30
25
20
15
10

35
30
25
20
15
10

[C3]s

[F/C,]s

[FZ/C]S

12 1,6 2

Displacement (mm)

[C3]s

[F/C.]s

[F3]s

04 0,8 12 16 2

Displacement (mm)

Load F (kN)

Load F (kN)

40

35 1
30 1
25 A
20 A
15 1
10 1

35 1
30 A
25 1
20 1
15 1
10 1

[C3]s

[FIC,]s

[FZ/C]S
%
0:8 ll,2 1:6

0 0,4

Displacement (mm)

[Ca]
[FIC.]s
[F/C],
/ [F3]S
0 OI,4 0,I 8 1:2 1I,6 2

Displacement (mm)

Figure 9. Hysteresis curves at r = 0.65 for laminates with internal carbon layers at: (a) 10° cycles, (b) 10' cycles, (c) 10® cycles and

(d) 10® cycles.

A
Loading part (f (d ))
Dissipated energy (E,)
f(d.,,)
-% g (di+1) _____________________
3 f@)
G

—— Unloading part (g (d ))

«—— Potential energy (E;)

|-
L

d

Figure 10. Potential energy (E,) and dissipated energy (Eg).

are given by:

38,39

Ey =4S dhir — )[R + 1) ~ [g(dior) + 2(a0)]}
i=1

2

; diva
Displacement

Fig

E,= %i(dprl —d)[f(dis1) + A(d;)]

i=1

(©)
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energy as a function of the number of cycles N, for
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the [C5]s laminate with a loading level r=0.6 in both
linear and semi-logarithmic scales. The typical curve
presented show that it is possible to identify three dis-
tinct phases in the evolution of the dissipated energy.
The first phase presents a rapid decrease after a few
cycles. This phenomenon is often attributed to the ini-
tiation of damage mechanisms.?! Followed by a steady
phase, where the energy dissipated is not dependent on
the increasing numbers of cycles. This fact can be
attributed to the propagation of damage. In the final
cycles, we observe a slight increase in the value of the
dissipated energy. It can be attributed to the global
increase of the damage mechanisms. This evolution in
three distinct phases was found by many researchers
such as Naderi et al.** Thus, the reason can be attrib-
uted to the appearance of different damage modes from
one phase to the other one. For instance, in transition
from phase II to phase III, the dominant damage mech-
anism changes from matrix cracking and delamination
to a more severe matrix cracking and delamination as
well as fiber breakage.

Damping ratio or loss factor which depends on the
energy dissipated, it is recommended in the evaluation
of damage processes in composite materials because it
is more sensible than stiffness.**-*° The loss factor is the
ratio of the energy dissipated per cycle E,; to the poten-
tial energy stored per cycle E,. The damping factor is
calculated as:

a 2nE,

n 4)

Figure 12 illustrates the loss factor as a function of
the number of cycles at various applied stress levels
(r= 0.6, 0.65, 0.75, 0.8 and 0.85) for the non-hybrid
and hybrid composites using a semi-logarithmic scale.

As shown in Figure 12, the evolution of the loss factor
takes place in the three phases identified for all loading
levels which is quite similar to the evolution of the dis-
sipated energy.

For the high applied stress level r=0.85, presented
with the green color, the slight increase just before fail-
ure in the loss factor is shown in the most of figures, for
example in Figure 12(a) is very clear. In addition, for
any stacking sequences, it can be seen that the loss factor
increases with the increase of the loading level. For
instance, the value of the loss factor increases from
1.4% at r=0.6 to an average of 1.6% at r=0.85 for
flax laminates and from 1% at r=0.6 to a value around
1.3% at r=0.85 for carbon laminates after 10 cycles.
According to Hwang and Gibson,*! the damping mech-
anisms are resulting from the viscoelastic nature of fibers
and/or matrix, the Coulomb friction damping due to
unbounded regions between fiber/fiber or fiber/matrix,
the energy dissipation occurring at damage mechanisms
and the potential of the applied load. In fact, the differ-
ences obtained for each material for the different load-
ing level can be justified by the increase of the dissipated
energy caused by the intensity of damage.

Figure 13 shows a comparison between loss factors
according to the flax fiber volume fraction for the dif-
ferent stacking sequences at different number of cycles
(10°, 10", 10? and 10%). The damping coefficients of flax
fiber laminates are slightly higher than those of
carbon fiber laminates. These differences in damping
properties between carbon and flax composites can be
due to the micro crack at the fiber/matrix interface and
to the interface between fibers. Also, it can be attribut-
ed to the complex bio-based composite structure due to
the viscoelasticity, the architecture and the aspect ratio
of flax fiber. According to Duc et al.,'? the structure of
flax fiber raises the dissipation of energy through the

10
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phenomena of the intra-cell wall friction between cel-
lulose microfibrils and hemicellulose-lignin matrix in
each cell wall and the phenomena of inter-cell wall fric-
tion between cell walls.

As shown in Figure 13, a comparison between loss
factors of hybrid composites with different stacking
sequences at same fiber volume fraction for different
number of cycles, is carried out. Therefore, the
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damping properties are greatly influenced by the posi-
tion of the flax fiber layers. The results show that the
loss factor of composite laminates with internal flax
layers is higher than that of composite laminates with
external flax layers. In fact, damping of [C/F,]; and [C,/
F]; is higher than that of [F,/C]s and [F/C;], respec-
tively. For instance, [C/F,] ¢ has a damping coefficient
1.16% higher than that of [F,/C]s by 10% at the cycle
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10, As consequence, the damping of the structure is
dominated by the internal layers and can be attributed
to the friction between internal flax layers.

S-N curves

The evaluation of the Wohler S-N curves is an impor-
tant feature of the fatigue behavior of materials. The
number of cycles to failure (VV,) that express the fatigue
life of the different materials were determined from
tests at different loading levels (% of respective
UTS). A gradual decline in fatigue strength with the
increase of the number of fatigue cycles is observed.
Wohler’s law was used to predict the life of test speci-
mens under fatigue tensile test with imposed load. The
mean number of cycles to failure N/" is determined for
each stress level and then the endurance curve is plotted
using the N value obtained at each level. As illustrated
in Figure 14, after plotting Wohler stress—life (S—IN)
diagrams, logarithmic—law regression equations (equa-
tion (5)) were determined for each material,

Omax = A — BIn(N") 5)
where o, 1S the maximum (absolute) stress applied
(MPa), A and B are intrinsic constants that depend

on the type of material; A is the static ultimate strength
of the material for a single cycle, and B is the material
fatigue strength coefficient. Equation (5) yields a linear
S—N curve on a log plot. Table 3 presents the identified
material fatigue parameters (A and B) based on equa-
tion (5) and the regression coefficient R? of the Wohler
curve for each material. All the regression coefficients
R? are close to 1 (R*>0.95), which indicates that the
linear relationship used fits well to the experimental
fatigue data points.

Subsequently, a comparison of the Wohler S-N
curves for the different composite materials was pre-
sented in Figure 15. The curves presented reveal that
[C;]s specimens exhibit a great resistance to fatigue
loading. This result is consistent with the highest
static ultimate strength of carbon fiber composites. It
can be concluded from this figure that the fatigue resis-
tance of the laminates appears to correlate with their
ultimate tensile stress UTS (Table 3). In fact, when the
carbon fiber volume fraction increases, the UTS
increases and then the fatigue resistance increases.
Moreover, the material fatigue strength coefficient B
is a very useful parameter. A higher value of B implies
a steeper slope of the S—N curve and thus a rapid
fatigue strength degradation for every decade of
cycles. The slope of the [Cs]s curve is steeper
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Table 3. Fatigue properties of the different stacking sequences.

[Fsls [F2/C], [F/C2]s [C/F3]s [C2/F]s [Csls
Theoretical ultimate strength A 198.26 537.19 1125 552.95 1127 1539.4
Fatigue strength coefficient B 7.07 25.07 55.75 33.47 52.82 62.97
Regression coefficient R2 0.9763 0.9507 0.9759 0.9859 0.9734 0.9549
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Figure 16. Normalized Wohler S-N diagram comparing the fatigue performance of [F;];, [F./C]s, [F/C,]s and [Cs]..

(B =62.9) than that of [F3]s (B=7), implying an impor-
tant decrease of the stress level according the fatigue
life. In addition, the slope of the different materials
increases with the increase of the carbon fiber volume
fraction. These observations confirm that the ultimate
stress UTS can correlates with the fatigue resistance,
indeed the fatigue strength coefficient B can be used as
an indicator for prediction of the lifetime fatigue per-
formance. Although the interface between the flax fiber
and the epoxy matrix is weak due to poor adhesion of
the hydrophilic plant fibers to the hydrophobic

matrix,*** the accumulation rate of the damage in

[F3]s laminates is slower than in [Cs]s laminates. This
behavior could be justified by the straightening of the
microfibrils. In fact, the progressive reorientation of
cellulose microfibrils in vegetal fibers towards the direc-
tion of loading is the most possible explanation for this
observation.>*?>4

From the Table 3 and the S-N diagram in Figure 15,
it is observed that the fatigue strength coefficients B are
very similar for the hybrid laminates with same volume
fraction of fibers but with different position of layers.
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For instance, [F/C,]s and [C,/F]s composites have sim-
ilar rates of fatigue strength degradation. This result
indicates that the resulting gradual fatigue strength
and the fatigue failure mechanism are independent to
the position of layers.

Wohler S-N curves of [Fs]s, [F>/Cls, [F/C»]s and [Cs]s
laminates are presented in Figure 16 in normalized form
(r = 0max/UTS) according to the number of cycle to fail-
ure. The normalized S-N diagram readily enables the
comparison of the endurance performance of the differ-
ent materials. From Figure 16, it is immediately clear
that [F3]s laminate seems to have the best endurance
performance and [C;]s; laminate seems to have
the lowest. In fact, while normalizing the S-N curve,
Figure 16 suggests better performance when adding
the flax fibers. However, in real application Figure 15
is to be followed which suggest that adding flax signifi-
cantly reduces the fatigue strength of the carbon fiber
composite which limiting the application of these com-
posites to situations with minimal applied stress.

Conclusion

The present work focuses on the experimental analysis
of the static and cyclic tensile properties of non-hybrid
and hybrid composite materials made of thermoset
epoxy resin reinforced with flax and carbon fibers.
The carbon laminates, the flax laminates and the dif-
ferent stacking sequences of hybrid laminates were
manufactured by manual lay-up process. At first,
quasi-static tensile tests were performed to determine
the ultimate properties of the different stacking sequen-
ces. The non-hybrid and hybrid laminates were tested
under cyclic fatigue tests for different applied stress
levels in order to analyze their behavior for the differ-
ent loading levels. The tests were performed at applied
stress ratio R of 0.1. For each laminate, the stiffness
depends on the applied stress level. The energy dissi-
pated per cycle increases with the applied loading level.
In addition, for each applied loading level, it increases
near the end of the fatigue lifetime as a result of the
increase in the area enclosed by the hysteresis loops. A
comparison was made between the different composite
materials studied under the fatigue tensile tests up to
10* cycles. The evolution of the loss factor with the
number of cycles during fatigue cycles was also studied.
It reveals interesting damping properties for hybrid
laminates. Also we find that flax fibers tend to reduce
the fatigue strength. It was also shown from the Wohler
diagrams that the fatigue properties increase with the
increase of carbon fiber content. That’s why composites
having higher static strength exhibited better fatigue
resistance. One can conclude that this hybrid material
would be suitable for some semi-structural applications
currently using carbon fiber composite structures and
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subjected to fatigue loading. For future works, addi-
tional experimental tests involving non-destructive
methods such as the acoustic emission technique,
could probably help to determine the correlation
between damage evolution and loss factor evolution.
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