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ABSTRACT:	� The purpose of this work is the improvement of flax fiber-reinforced composites obtained by vacuum 
molding in order to encourage their insertion into industrial products. The relatively high degree of porosity 
in these kinds of composites, due to the lack of compatibility between epoxy matrix and flax fibers and the 
hydrophilicity of flax fiber, remains a major constraint to their use in the industrial world. Hence, we have 
used a combination of carbon fibers with those of flax in order to optimize the properties of the assembly. 
Several stacking sequences have been tested in order to analyze the influence of the addition of carbon fibers 
on the water recovery behavior and the mechanical tensile behavior according to their position inside the 
laminate. It has been shown that adding surface carbon plies presents a barrier effect for the water sorption by 
limiting the creation and the percolation of internal porosities. The same effect is observed on tensile behavior 
where stacking sequences with external carbon fiber plies are more resistant than stacking sequences with 
internal carbon plies.
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1  INTRODUCTION

Natural fiber-reinforced composites (NFRCs) are 
attractive to the scientific community as well as the 
industrial world. Due to their relatively low densi-
ties, biobased origins, low environmental impact and 
availability as co-products of agricultural production, 
natural fibers can be serious candidates for strengthen-
ing polymeric matrices [1–4]. Numerous scientific and 
technological barriers must be removed before consid-
ering their widespread use. Natural fibers are known to 
be relatively difficult to properly impregnate with pol-
ymeric matrix. Vegetal fibers generally have a hydro-
philic behavior whereas thermoplastic or thermoset 
polymeric matrixes are generally hydrophobic [5,  6]. 
Consequently, poor impregnation of natural fiber fab-
rics results in a high porosity rate, which could be det-
rimental to NFRC properties. Furthermore, in order to 
enhance an industrial tool already in place, most nat-
ural fiber fabrics come from the textile sector. These 
textile fabrics are made with twisted yarns of short 
natural fibers instead of continuous fiber strands as 

for artificial fibers (glass, carbon aramid, etc.) [7]. The 
advantage of this approach is the use of existing indus-
trial weaving tools. The disadvantages are a low com-
pressibility of textile fabrics and a low fabric fill rate, 
which is defined as the orthogonal projection of the 
fabric divided by the total area. The fabric fill rate plays 
a crucial role in the composite porosity appearance 
[8, 9]. A high porosity rate in NFRC will have several 
harmful consequences for the properties used in struc-
tures incorporating this kind of material. First of all, 
the mechanical properties are below expectations [10]. 
Indeed, internal cohesion between  the reinforcement 
elements is poorly provided by the porous matrix and, 
moreover, porosities can be the  initiation source of 
defects propagating all over  the composite structure 
[9]. Secondly, resistance of the composite structure 
to the external environment is reduced with porosi-
ties [11]. Fluids, gas or liquids can easily penetrate the 
material and thus lead to accelerated aging or loss of 
structure sealing [8, 12–16]. Nowadays, several ways 
are being explored to solve the porosity problem in 
NFRC. Some new polymeric matrixes, biobased or not, 
having a chemical affinity with natural fibers are being 
developed [17]. In order to increase fiber/matrix com-
putability, another explored possibility is the chemi-
cal treatment of flax reinforcement fabrics during 
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yarn spinning or fabric weaving [8,  18,  19]. Finally, 
some well-chosen composite operating conditions can 
address this problem and reduce the porosity forma-
tion [9]. The purpose of the research work presented 
here is to investigate the effect of the hybridization of 
NFRC by incorporation of carbon fiber fabrics into the 
stacking sequence on the final composite properties. 
There has been a remarkable review of the concept 
of hybrid composite by Swolfs et al. [20], and Sanjay 
et al. compiled a fairly exhaustive review focused on 
hybridization of natural and artificial fibers, espe-
cially glass fibers [21]. Hybrid composite is defined 
as a matrix containing at least two different types of 
reinforcing fibers. Hybridization can be made at yarn 
or strand level by mixing fibers of different origins, at 
layer level with ply made of different yarns or strands, 
and at stacking sequence level by alternating differ-
ent plies. Until now, hybridization of  natural fibers 
has been tested and studied with another natural fiber 
or with glass fiber, and hybridization of natural fiber 
with carbon fiber is less common. 

All the reviewed papers have concluded that 
hybridization of natural fibers with glass fibers is 
useful to improve NFRC properties. As an example, 
hemp- and sisal-reinforced polypropylene hybrid-
ized with glass fibers has higher flexural, impact and 
water resistance, compared to pure hemp or sisal fiber 
composites [22,  23]. Zhang et al. studied the role of 
the stacking sequence of different natural fibers/glass 
fiber-reinforced hybrid composites [24]. They con-
cluded that the stacking sequences have no effect on 
the tensile modulus, but are preponderant for the fail-
ure of mechanical properties such as fracture tough-
ness, tensile and interlaminar shear strengths. The best 
results are obtained with composite with alternate 
stacking sequence [Glass-Flax]4s, compared to [Glass2-
Flax2]2s and [Glass4-Flax4]s. Similar results have been 
obtained by Sabeel et al. [25], Amico et al. [26] and 
Khalil et al. [27] for various hybrid composites.

Concerning hybridization of carbon and natural 
fibers, there are fewer articles in the literature. Assarar 
et al. used the concept of hybridization of carbon and 
flax hybrid fibers to obtain composite material involv-
ing structural rigidity and vibration damping [28]. 
Bagheri et al. showed that incorporation of flax plies 
improves the fatigue strength of carbon composite 
used for bone fracture plate applications [29]. Dhakal 
et al. studied the effects of external carbon plies on flax 
composites [30]. They demonstrated that external car-
bon plies have a beneficial effect on water sorption and 
mechanical properties.

It appears that hybridization of natural fiber layer 
with synthetic fiber layer is an effective and pow-
erful method to combine their respective proper-
ties. Hybridization of carbon and flax fibers can be 

considered from two aspects. First of all, flax fiber 
can be added to carbon fiber-reinforced composite 
(CFRC). The goal is then for the flax fibers to bring 
some new added value as vibration damping, partially 
biosourced material, without degradation of the tech-
nical performance of CFRC. The second way is to con-
sider the addition of carbon fibers on NFRC in order to 
improve the NFRC’s technical properties. In this work, 
we were rather oriented to studying the hybridization 
with carbon fibers which could be efficient to limit the 
sensibility of flax fiber-reinforced composite (FFRC) to 
moisture and environmental stresses and to reinforce 
FFRC mechanical properties. Composites with vari-
ous stacking sequences made of flax and carbon fiber 
fabrics were manufactured. Influence of the carbon 
plies position in the stacking sequence on the hybrid 
composite performance was studied, focusing on 
the microstructures, water sorption, and mechanical 
behavior under tensile solicitations.

2 � STUDIED MATERIALS AND 
PROCESSING METHODS

2.1 � Carbon Fiber Fabric and Flax Fiber 
Fabric

The flax cloth used is marketed by Flax Technic under 
the trade name Twinflax 2D 235. It is a flax fiber woven 
fabric with a basis weight of 235 g/m2, using non-
coated twisted strands (Figure 1), while the carbon 
cloth is a 2/2 twill, with a 200 g/m2 basis weight. 

2.2  Epoxy Matrix

The thermosetting polymer matrix is a mixture of an 
epoxy resin with a hardener. The epoxy resin, marketed 
under the name of Araldite LY 1564, was developed by 
the Huntsman company especially for impregnated 
structures and has a viscosity between 10 to 20 mPa.s at 
the temperature 25 °C and a density of 1.1 to 1.2 g/cm3. 
The amine hardener developed by the same company 

Figure 1  Optical photographs of the microstructure of flax 
fabric before impregnation.
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under the name Aradur 3487 has a viscosity between 
30 to 70 mPa.s at the temperature 25 °C and a density of 
0.98 to 1 g/cm3. The optimal mix proposed by the man-
ufacturer is 100 parts by weight of Araldite LY 1564 to 
34 parts by weight of Aradur 3487 hardener.

2.3  Composite Manufacturing

A composite plate is made of a total of eight plies of 
tissue. Plates of 8 flax plies, called 100% flax, were first 
carried out and served as a reference to determine the 
intrinsic properties of a laminate ply. Different stack-
ing sequences have been tested mixing 4 plies of flax 
and 4 plies of carbon; all stacking sequences comply 
with mirror symmetry ([C C F F]s, [C F C F]s, [F C F 
C]s). For each stacking sequence, several plates have 
been manufactured. We have selected the plates that 
have the same fiber volume fraction in order to focus 
our analysis on the effect of the stacking sequence. 
Unfortunately the porosity volume fraction and con-
sequently the matrix volume fraction are then not 
equal. However, we consider that the porosity forma-
tion depends on the stacking sequence (formation of 
porosity network in the flax plies). Once the plates 
have been selected, in each plate one specimen for 
sorption test and seven specimens for mechanical tests 
are extracted.

The process used to manufacture the composite 
plates is the manual impre  gnation of plies associ-
ated with the vacuum bagging technique. After pres-
surization under 0.9 bar for 24 hours and at room 
temperature, post-curing in an oven is required to 
obtain a complete polymerization of the epoxy matrix, 
which consists of two bearings; the first at 80 °C is for 
decreasing the viscosity of the resin and promoting its 

dispersion, the second bearing at 130 °C allows for a 
complete crosslinking (Figure 2).

3  EXPERIMENTAL METHODS

3.1  Sorption Test

Measurement of water sorption using gravimetric anal-
ysis is relatively simple to implement. Consequently, 
it is currently used to characterize the hygroscopic 
behavior of a composite material.

Prior to immersion, the samples are carefully 
prepared. Following ASTM D5229 norm, 120 mm 
square samples are cut in the composite plates. They 
are oven-dried at 103 °C for 24 hours to remove any 
moisture. In order to consider only transversal water 
sorption through the sample surface, the four borders 
were covered with silicone paste to prevent lateral 
edge sorption. Then, the sample was immersed into a 
water bath at a controlled temperature of 20 °C. It has 
been verified that silicone sorption is negligible com-
pared to composite sorption. Plates are weighed regu-
larly using an electronic weigh scale of 0.1 g precision. 
Before being weighed, the sample surface was wiped 
with an absorbent cloth. The water sorption rate Mt at 
time t can be expressed as follows:

	 M
W W

Wt
t=

− 0

0
� (1)

where W0 is the weight of dried specimen and Wt is the 
weight of the wet specimen at time t.

In order to determine the sorption mechanism 
and the parameters’ characteristics, such as satura-
tion water content and diffusion coefficient, several 
tests were conducted to compare the results, verify 

Figure 2  Post-curing cycle.
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and validate their consistency and draw a conclusion 
thereafter.

3.2  Tensile Test

A tensile test was used to determine the mechanical 
properties of the composites, in particular the Young’s 
modulus and ultimate tensile stress. The test stand 
used a servo-hydraulic Instron 8801 tensile machine 
equipped with a 100kN force cell and self-tightening 
mechanical jaws. The tests were carried out at room 
temperature with a travel speed of 5 mm/min on 
specimens with a width of 20 mm ± 0.5 and a length 
of 250 mm. In accordance with ASTM D3029/D3039M 
norm, specimens were cut using a water-cooled dia-
mond saw. To prevent slippage problems and crush-
ing in the clamping jaws, aluminium stubs were 
bonded with a structural adhesive epoxy on the two 
faces of the two ends of the specimen. Measuring 
deformation was made locally on the specimen using 
an extensometer in contact with the surface of the sam-
ple on a gauge length of 25 mm. So, the estimation of 
the material’s mechanical properties, such as Young’s 
modulus or strain at break, was not disturbed by the 
problems of deformation or sliding in the jaws of the 
tensile machine. 

4  RESULTS

4.1  Microstructural Analysis

The plates have an average dimension of 270 mm long 
and 230 mm wide. The thickness of the different plates 
is a function of the laminate stacking sequence and the 
composition of the boards obtained. In all cases, are sub-
stantially thicker than hybrid plates. The rates of poros-
ity, Vp, of matrix Vm and of fiber Vf for each plate are 
determined from the dimensions of the plates (length 
L, width w and thickness h) and its mass Mcomposite; the 
mass Mcarbon and Mflax, the number of ply ncarbon and nflax 
and the basis weight Grcarbon and Grflax of each type of 
fabric (flax or carbon), the densities of epoxy matrix 
rmatrix, carbon fiber rcarbon and flax fiber rflax.
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With natural fiber composite, the porosity rates 
obtained in these plates are very important; they are 
superior to 30% for 100% flax composite. For high rate 
of porosity, mechanical properties are affected and 
degraded significantly. Replacing 4 flax plies by 4 car-
bon plies reduces the porosity rate to an average value 
of 25.5%.

During manual composite manufacturing, mechan-
ical causes responsible for the creation of porosity are 
basically the mechanical trapping of air in the dry 
fabric plies during the draping and in the resin dur-
ing its mixing phase or during the impregnation of 
the fibrous reinforcement. More specifically, during 
the step of draping, gaseous microcavities are formed 
when a fiber is broken or between overlapping plies. 
Pressure applied with vacuum bagging technique is 
then useful to increase compaction of the laminate 
and consequently to reduce the porosity volume frac-
tion. However, excessive depression could play the 
reverse role and wring a significant amount of matrix 
from the fabric lay-up and subsequently increase the 
porosity. In addition, a rapid and local temperature 
increase of the resin or a rapid decompression can 
generate the formation of gas bubbles within the resin. 
Despite the use of the same composite manufacturing 
process (amount of matrix, experimental conditions 
[pressure and temperature], impregnation operating 
process, etc.), a fairly clear dispersion in the porosity 
rate between the various plates is found (Figure 3). In 
view of these results, the stacking sequence is high-
lighted. It is clear that the more the carbon plies are 
on the outside of the composite plate, the lower the 
porosity rate is. This can be explained by the archi-
tecture and structure of the flax fabric which is insuf-
ficiently filled and which has large spaces between the 
warp and weft yarns (Figure 1). Optical microscopic 
observations of the surface porosity reveals that some 
porosities formed in an internal flax ply are opening 
out on the surface through a carbon ply. Thus, open 
porosities composed of intercommunicating voids 
connected to the outer portion of the material (white 
spots in Figure 4) are clearly observable. The poros-
ity network, formed mainly in flax plies, is percolat-
ing and forms diffusion channels for water through 
the composite material. The use of more dense car-
bon fiber plies may limit the connection between the 
porosities.

Due to the low compatibility of flax fiber with epoxy 
matrix, with external flax ply placed on the laminate 
surface a considerable amount of matrix is absorbed 
by the breather/absorption fabric. The laminate exter-
nal surface is then dried, with too low a matrix volume 
fraction and consequently a high porosity volume 
fraction.
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4.2  Water Absorption

Sorption test were carried out on four stacking 
sequences [C C F F]s, [C F C F]s, [F C F C]s and 100% 
flax. The experimental results for water sorption are 
plotted in Figure 5 and the characteristic values asso-
ciated with the porosity rate for each composite plate 
are presented in Table 2.

4.2.1 � Validation of the Fickian Behavior of 
Water Recovery

Diffusion behavior is distinguished into three catego-
ries [31, 32]

•	 Case I: diffusion-controlled water recovery, 
called Fickian diffusion, in which the penetrat-
ing mobility is much lower than the mobility of 
polymer segments.
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Figure 3  Volume rate of each component (matrix, fiber and porosity) of the different composite plates.

Figure 4  Porosities formed in an internal ply of flax and 
opening out on the surface through a carbon ply.

•	 Case II (and Super Case II): relaxation-
controlled water recovery, in which the pen-
etrating mobility is much higher than the 
relaxation process.

•	 Non-Fickian or anomalous diffusion, in which 
the mobility of the penetrant and the relaxation 
of the polymer segments are comparable.

To study the mechanism of absorption of water by 
the composites, the experimental data are adjusted 
with Equation 3, which can be expressed as Equation 
4, where is water content at instant t and is water con-
tent at saturation and and are constants. 

	

M
M

ktt n

∞

=

�

(3)

	
log log log

M
M

k n tt

∞











 = +

�
(4)

Constants and are used to identify the mechanism 
of water absorption by the composite and are identi-
fied by linear regression on experimental values. The 
constant is a constant characteristic of the studied 
material and characterizes the interaction between the 
material and the water. The constant is used to identify 
the sorption mechanism in the following cases [33]:

•	 n < 0.5: Pseudo-Fickien,
•	 n = 0.5: Case I (Fickien),
•	 0.5 < n < 1: anomalous,
•	 n > 1: Case II.

Thus, stacking sequences 100% flax, [F C F C]s and 
[C F C F]s have a pseudo-Fickian diffusion behavior 
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while the plate [C C F F]s has a Fickian diffusion behav-
ior (Table 1) 

4.2.2  Modeling the Diffusion Kinetics
The experimental data were used to draw the water 
content curve as a function of the root of time. This 
data is compared with the theoretical expression of 
Fickian diffusion for a large plate thickness h. The 
water absorption over time is given by Equation 5 for 
the short time and Equation 6 for the long time [34].

	
M
M h

D tt

∞

=
4 .

π

� (5)

	
M
M

D t
h

t

∞

= −
−1 8

2

2

2
π

πexp( . . ) � (6)

Figure 5(a–d) is used to check the fit of the Fickian 
diffusion model on experimental data. The fit of the 
experimental values with the Fickian model shows an 
overlay more or less perfect; the fit is almost perfect for 
stacking sequences [F C F C]s and [C C F F]s, less per-
fect for 100% flax, while the gap increases more for the 
[C F C F]s. The water recovery cannot only be modeled 
with a unique Fickian law. Several parameters influ-
ence the sorption process. Mainly cited are the relative 
humidity and the ambient temperature of the environ-
ment in which the plates are placed at which the water 

Table 1  Characteristics of the sorption test.

Plate stacking sequence
Fickian mechanism 

constant Porosity rate (%)
Diffusion coefficient 

(mm2.s–1)
Water content at 
saturation (%)

100% flax 0.453 32.4 4.72 32.9

[F C F C]s 0.232 27.50 4.05 21.6

[C F C F]s 0.380 26.34 1.94 20.1

[C C F F]s 0.500 22.52 1.80 20.0

(a) (b)

(c) (d)

0

10

20

30

40

0 1000 2000 3000

W
at

er
 c

on
te

nt
 (%

)

√ time ( √s)

Stacking sequences 100% �ax

Fickian modelling
Experimental values

0

5

10

15

20

25

0 1000 2000 3000

W
at

er
 c

on
te

nt
 (%

)

√ time ( √s)

Stacking sequence [F C F C]s

Fickian modelling
Experimental values

0 1000 2000 3000
0

5

10

15

20

25

√ time ( √s

W
at

er
 c

on
te

nt
 (%

)

Stacking sequence [C F C F]s

Fickian modelling
Experimental values

0

5

10

15

20

25

0 1000 2000 3000

W
at

er
 c

on
te

nt
 (%

)

√ time ( √s)

Stacking sequence [C C F F]s

Fickian modelling
Experimental values

Figure 5  Adjustment of the classical Fickian diffusion model on the experimental results of water sorption by the laminates: 
(a) 100% Flax, (b) [F C F C]s, (c) [C F C F]s and (d) [C C F F]s.
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diffusion coefficient is very sensitive. However, these 
two factors cannot be considered as influential in our 
case since all the plates were placed in the same mois-
ture and temperature conditions. Consequently, other 
factors must be taken into consideration. Contrary to 
composites reinforced by conventional reinforcements 
where the water sorption phenomenon is controlled 
by the matrix, in NFRC sorption is also associated 
with flax fibers because of their hydrophilic charac-
ter. Moreover, the flax ply location plays a major role 
in the sorption kinetics by its contribution to increas-
ing the degree of porosity, as detailed in the previous 
section on microstructural analysis.

For hybrid carbon-flax composite, the location of 
flax plies on the surface of the structure exposes them 
to more moisture and increases the absorption of water. 
According to Table 1, the diffusion coefficient increases 
when flax plies are placed near the composite external 
surface instead of being placed in the heart. Therefore 
the diffusion coefficient is nearly doubled when a flax 
ply is placed at the surface. In addition, placing the 
carbon plies on the surface reduces the diffusion coef-
ficient of water but does not stop the water recovery. 
Indeed, the water content at saturation is nearly con-
stant whatever the hybrid stacking sequence.

It seems obvious that the positioning of the flax 
plies influences the diffusion coefficient through the 
porosity rate parameter. The diffusion coefficient is 
directly linked to the creation of a percolating porosity 
network through the material. Positioning flax plies 
on the surface of the plate makes it more susceptible to 
the creation of porosity and cavity network that repre-
sent potential sites for water sorption, while, by limit-
ing the formation of surface cavity, external carbon ply 
limits the diffusion coefficient.

Stacking sequence with alternating carbon and 
flax plies [C F C F]s is not more efficient in limiting 
water diffusion speed than stacking sequence with all 
the carbon plies on the surface [C C F F]s. The barrier 
made by the internal carbon ply is not enough to stop 
the percolation of porosity network and slow down 
water diffusion.

4.3  Mechanical Properties in Tension

Conventional tensile tests were performed on samples 
extracted from the different composite plates made 
with various hybrid stacking sequences. Each mate-
rial was tested 5 times. The tensile test results are 
illustrated in Figure 6, where each stacking sequence 
is plotted for the most representative behavior curve. 
The stress-strain curves of the three hybrid compos-
ites are broadly similar to each other and very differ-
ent from the 100% flax composite one. After a short 
linear stage, the 100% flax composite behavior is 

nonlinear with a strong softening. Rupture occurs at a 
loading level much lower than hybrid composites. As 
for carbon fiber-reinforced composite, the stress-strain 
curves of the laminates [C F C F]s and [C C F F]s are 
linear up to the breakage of the sample, whereas the 
curve [F C F C]s is no longer linear from a stress level 
around 50% of the ultimate strength. For the stack-
ing sequence [C C F F]s, it should be specified that the 
short horizontal bearing observed in the stress-strain 
curve corresponds to a slip of the extensometer sensor 
during the experimental tensile test. Depending on the 
flax ply position in the stacking sequence, the hybrid 
composite fiber behavior may tend towards the brit-
tle behavior of carbon fiber-reinforced composite  or 
towards the ductile behavior of the flax-reinforced 
composite.

According to Figure 7a, hybridization with carbon 
fibers significantly increases the Young’s modulus by 
almost 6 times; subsequently, the location of carbon 
plies in the structure maximizes this result. Despite 
a fiber rate almost equivalent (39.2%), the stacking 
sequence [F C F C]s, [C C F F]s and [C F C F]s do not 
have the same Young’s modulus and a clear differ-
ence is observed in the results that even reaches 23% 
between the [F C F C]s and [C C F F]s sequences. Putting 
only one carbon ply on the surface, [C F C F]s stacking 
sequence, increases the Young’s modulus about 18%. 
We deduce that what drives the optimization of the 
Young’s modulus is essentially the nature of the sur-
face ply and, thereafter, the alternation of carbon and 
flax internal plies aims to improve the results but not 
as significantly.

According to the classical laminate theory, in the 
case of a symmetric laminate composed of orthotropic 
layers of different nature that have material directions 
aligned with the laminate directions and that is sub-
mitted to a uniform and longitudinal tensile loading, 
the strain field is constant all over the laminate and is 
equal whatever the laminate layer. Moreover, given the 
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Figure 6  Example of experimental tensile stress-strain 
curves for the different hybrid stacking sequences and 100% 
flax composites.
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same global composition for the laminate, the stacking 
sequence has no influence on the value of the strain 
field [35]. Consequently, the Young’s modulus should 
be the same regardless of the stacking sequence, which 
is not observed experimentally. However, the classical 
laminate theory, based on the Love-Kirchhoff scheme 
for plates, assumes, among other things, that interlam-
inar transversal shear stress between laminate layers 
is negligible. The interface and the mechanical load 
transfer between two successive layers must then be 
perfect. In their study on hybrid glass/flax-reinforced 
composite, Zhang et al. did not observe some influence 
of the stacking sequence on the Young’s modulus [24]. 
They concluded that the interface between layers did 
not play a crucial role in the elastic modulus. But they 
also observed, with SEM micrographs, that the hybrid 
glass/flax interfaces were efficient for transfer loading 
because of the morphology of flax yarns.

Considering our hybrid laminate structure and 
the relatively high porosity volume fraction of the 
tested composite materials, this assumption of perfect 
interface and uniform displacement field needs to be 
checked. The first clue is the nonlinear behavior of the 
[F C F C]s laminate, whereas the other hybrid stacking 
sequences with external carbon ply [C C F F]s and [C F 
C F]s present a linear behavior. This nonlinear behav-
ior could only be representative of the external flax 
ply. In a future test campaign, we plan to monitor the 
displacement field by digital image correlation on the 
specimen edge, which should provide us with inter-
esting information on this point.

Regarding the ultimate tensile stress and failure 
tensile strain (Figure 7b,c), the differences between 
sequences [F C F C]s, [C C F F]s and [C F C F]s, hav-
ing the same fiber content, is around 10%. Variations 
of the same order of magnitude were observed by 
Zhang et al. on hybrid flax/glass fiber-reinforced 
composite [24]. It has been concluded that the car-
bon ply location within the structure will not have a 

great influence on the failure strength of the hybrid 
composite. The failure of hybrid composite is mainly 
governed by the failure of the carbon plies, whose 
maximal strain at break is dramatically lower than 
that of flax ply.

5  CONCLUSIONS

Measure of porosity rate, sorption properties and 
tensile properties of different stacking sequences of 
hybrid carbon-flax laminate composites were car-
ried out to produce a global result. We deduced that 
the more carbon plies are near the surface, the less 
the rate of porosity, which can be explained by the 
architecture and structure of the flax fabric which is 
insufficiently filled. In addition, some experimental 
parameters were highlighted, like manual draping, 
temperature test and application pressure. Thereafter, 
sorption tests were conducted to determine suitable 
sorption mechanism and adjust it with Fickian mod-
eling to determine the water content at saturation and 
the diffusion coefficient of each stacking sequence. 
The main result obtained shows that the diffusion 
coefficient is decreased to half when just a carbon ply 
is placed on the surface and the water content at sat-
uration is decreased by 40% between 100% flax and 
carbon/flax hybrid plates, which can be explained by 
the hydrophilic character of natural fiber and the high 
porosity rate in plates with flax surface ply. We ended 
with tensile tests to determine the mechanical prop-
erties of the various stacking sequences. As a result, 
we deduced that for the optimization of the Young’s 
modulus of carbon-flax/epoxy laminate, what mat-
ters is the nature of surface ply (carbon or flax) in the 
structure. The failure properties are governed by the 
carbon ply. Indeed, ultimate tensile stress is highly 
affected by the insertion of carbon fibers in the struc-
ture, regardless of their position, and increases more 
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Figure 7  Mean values and standard deviation of (a) Young’s modulus, (b) ultimate tensile stress and (c) failure tensile strain for 
the different hybrid stacking sequences and 100% flax composites.
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than 3 times with hybrid stacking sequences. Failure 
tensile strain is affected negatively and its value is 
dropped almost to half by the inclusion of carbon ply 
inside the structure. 

It is obvious that the volume fraction of carbon fiber 
of 50% used in this work strongly limits the environ-
mental benefits induced by the utilization of natural 
fiber to reinforce composite material. However, this 
first step has been useful to validate the concept of 
carbon-flax hybrid composite and to identify future 
lines of investigation. We plan to continue the work 
on thicker laminated structures with a larger total 
number of plies, but always with 2 carbon plies on 
each surface, that will limit the carbon fiber volume 
fraction.
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