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Abstract: In the present paper, the performance recovery under conditions of discontinuous exposure
to a marine environment of a natural fiber-reinforced composite (NFRC) reinforced by flax fibers was
assessed. In particular, this laminate was initially exposed to salt-fog for 15 and 30 days, and then
stored in a controlled air condition for up to 21 days. The flax fiber-reinforced composite showed
coupled reversible and irreversible aging phenomena during the wet stage, as well as evidencing a
significant mechanical recovery during the dry stage. Unlike the stiffness, the laminate showed a
noticeable recovery of its flexural strength. This behavior affected the composite material toughness.
A simplified approach was applied to define a topological map of the material toughness at varying
drying times. The results highlight that the composite shows maximum toughness at intermediate
drying times thanks to the strength recovery, in addition to its residual plasticity. This approach
allows us to better determine that the strength is more closely related to reversible degradation
phenomena, whereas the stiffness is mainly correlated to irreversible ones, implying relevant effects
on the toughness of the composite exposed to a wet/dry cycle.

Keywords: polymer–matrix composites (PMCs); environmental degradation; natural fibers; wet–
dry; aging

1. Introduction

In recent years, increasing attention has been paid to natural fiber-reinforced compos-
ites (NFRCs) due to their peculiar features, such as large availability, low cost, recyclability
and eco-friendliness for a sustainable engineering composite design [1]. In the context
of natural or vegetable fibers, flax fiber has acquired extensive applicability as a semi-
structural and functional reinforcement for composite materials. This success is mainly due
to its specific mechanical properties, comparable to those of glass fibers [2].

However, some limiting factors, such as lower and highly variable mechanical proper-
ties as well as poor resistance to aging when subjected to humid environmental conditions
compared to synthetic fibers, hinder their broader and more consolidated implementation
in advanced composite materials fields [3,4].

Natural fibers show an intrinsic hydrophilic nature, owing to the presence of polysac-
charide components (i.e., mainly pectin, cellulose and hemicellulose) with strongly polar-
ized hydroxyl groups, which impart a natural predisposition to absorb high quantities
of water or humidity [5]. This means that, when exposed to wet environments, natural
fibers rapidly undergo a decline in their mechanical performances [6]. At the same time,
the weakening of the fiber–matrix interface also leads to a significant decreasing of the
adhesive properties, further negatively affecting the responses of the NFRCs in wet or
humid environments [7].

The durability of natural fiber-reinforced composites after continuous exposure to
humid or wet environments, or after wet/dry aging cycles, has been the subject of sev-
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eral research campaigns in the last decade, referring to static mechanical [8,9], dynamic
mechanical [10,11], fatigue [12] impact [13] and fracture toughness tests [14].

Furthermore, some research activities specifically evaluated the effects of a wet/dry
cyclic aging on the mechanical performances of natural fiber composites [15,16], evidencing
noticeable decrements in both strength and stiffness.

Nevertheless, to the best of our knowledge, a very limited range of literature has
concerned the evaluation of the ability of these materials to recover their performances
under discontinuous exposure to aggressive conditions to date [17,18].

In such a context, the aim of this paper is to assess the performance recovery of
flax fiber-reinforced composites under conditions of discontinuous exposure to a marine
environment. To this end, flax-reinforced epoxy composites were exposed to a wet/dry
aging cycle, which involves the following stages: (i) exposition to salt-fog at 35 ◦C for 15
and 30 days, (ii) storage in controlled conditions at 50% R.H. and 22 ◦C between 0 and
21 days. Water sorption analysis and three-point flexural tests were carried out in order to
assess reversible and irreversible aging phenomena triggered during the aging treatment.
The main goal is addressing the effects of degradation phenomena on the toughness of the
composite material at varying drying times, relating this effect to the synergistic action of
weakening (influence on strength) and softening (influence of stiffness). For this purpose, a
simplified topological representation of the material toughness was proposed.

2. Materials and Methods

A twill weave woven flax fabric with nominal areal weight 318 g/m2 (Lineo, Saint
Martin du Tilleul, France) was used as reinforcement for the composite panels.

Flax composite panels were manufactured through vacuum infusion using a two-stage
vacuum pump model VE 235 D (Eurovacuum, Reeuwijk, The Netherlands) in order to
create maximum vacuum equal to 0.1 atm (absolute). In particular, the cure cycle consisted
of a first step at 25 ◦C for 24 h, followed by a heating at 50 ◦C for 15 h, according to the
technical datasheet of the DEGBA epoxy matrix SX8 EVO (Mates Italiana s.r.l., Milan, Italy).
The investigated laminates have stacking sequence [F5] and thickness 3.35 ± 0.02 mm.

Following the ASTM B 117 standard [19], the composite material was initially exposed
to salt-fog in a climatic chamber model SC/KWT 450 (Weiss, Buchen, Germany) for 15 or
30 days, respectively. In particular, during this stage (defined as wet stage), the temperature
inside the chamber was set at 35 ± 1 ◦C and the chamber reservoir was filled with a 5 wt. %
NaCl aqueous solution. Afterwards, prismatic samples to be used for mechanical charac-
terization were cut from the panel with a diamond blade saw and stored at 22 ± 1 ◦C and
50% R.H., for an interval time of up to 21 days (i.e., dry stage). In particular, five prismatic
samples (13 × 64 × 3.35 mm3) for each investigated dry time were tested with a three-point
bending configuration under displacement control. In more detail, the mechanical tests
were carried out in accordance with the ASTM D790 standard, using a Universal Testing
Machine (U.T.M.) model Z005 (Zwick-Roell, Ulm, Germany), equipped with 5 kN load
cell. The displacement rate and support span were set equal to 1.4 mm/min and 54 mm,
respectively. Five replicas for each batch were carried out.

As a function of exposure to the salt spray fog chamber and drying times, all batches
were identified with an “FWt1Dt2” code, where t1 and t2 are the time intervals in days
of the two stages (i.e., wet and dry), respectively. E.g., FW15D3 indicates samples were
exposed to salt-fog and then dried for 15 and 3 days, respectively. Analogously, FW0D0
refers to unaged samples.

With the purpose of analyzing the water uptake evolution with increasing exposure
time to the salt-fog environment, according to the ASTM D570 standard, three square
samples (100 mm × 100 mm) were removed at specific time intervals from the climatic
chamber within the range 1–30 days, cleaned with a dry fabric cloth, and immediately
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weighed with the aid of an analytical balance (model AX 224 by Sartorius, Goettingen,
Germany). The water uptake WU of the laminate was calculated as in the following:

WU(%) =
Wt−W0

W0
·100 (1)

where W0 is the weight of the unaged sample, whereas Wt is the weight of the sample aged
at t exposure time in a salt-fog environment.

Based on the WU trend at varying times, we also evaluated the water diffusion
coefficient D of the laminate, both in the absorption and the desorption stage. In particular,
D was calculated as the slope of the WU versus the square root of the time curve, according
to the following equation:

D = π

(
h

4WU∞

)2(WU2 −WU1√
t2 −
√

t1

)2
(2)

where WU∞ is the water uptake at saturation, h is the thickness of the sample (expressed
in mm), and (WU2 −WU1)/

(√
t2 −
√

t1
)

is the slope of the curve in the time interval
(t2 − t1), expressed in s.

Once the wet stage had been completed, the weights of the FW15 and FW30 batches
(i.e., exposed to salt-fog for 15 and 30 days, respectively) were periodically acquired during
the dry stage in order to assess the mass recovery evolution of the natural fiber-reinforced
composite with increasing drying times.

3. Results and Discussion
3.1. Water Uptake

Figure 1 shows the trend of water uptake at varying wet and dry times for FW15 and
FW30 batches. In particular, the dark and white filled markers refer to samples exposed
for 15 days and 30 days to salt-fog (i.e., FW15 and FW30 batches, respectively). It is worth
noting that all curves exhibit two different stages:

• At first, during the wet stage, a gradual increase in the water uptake occurred, related
to the direct proportionality between wetting time and absorbed water. For long
exposure times (see the water uptake trend for the FW30 batch), a slight deviation
from this linearity can be noticed. In particular, the maximum water uptake was 7.86%
and 10.54% for the FW15 and FW30 batches, respectively. In fact, the curves do not
show the clear stabilization of the weight increase, even for long exposure times in
a salt spray chamber. This implies that, due to the inherently hydrophilic property
of the fiber, the material has not completed its absorption process. Consequently, the
natural fiber-reinforced laminate is still potentially sensitive to diffusion phenomena
of water molecules. This expected finding can be related to the dramatic tendency to
absorb water shown by NFRC materials [19,20];

• At the wet/dry stage transition, the trend in the water uptake curve exhibits an evident
inversion point. In particular, the curves’ slope for both the investigated batches shows
a clear weight reduction (i.e., related to a significant water uptake decrease) after a few
days. In particular, the FW15 and FW30 batches exhibited water uptake reductions of
2.92% and 4.52% in the first 24 h of drying, respectively. A stabilization of the weight
at an asymptotic constant value was only observed at long drying times. In particular,
the batch FW30 showed residual water uptake of about 0.6% higher than that exposed
for a shorter time to salt-fog (i.e., Mt ~1.86% and ~2.46% for FW15 and FW30 batches,
respectively). This can be considered as quite predictable, because it is widely known
that the weight gain of NFRCs exposed to humid or wet environmental conditions or
immersed in aqueous solutions is strictly related to the immersion time [21,22].
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Figure 1. Water uptake evolution with increasing time during (a) wet and (b) dry stages for flax
laminates. Red lines refer to curved slope.

The initial ∆Mt/∆t slope, calculated according to Equation (2), can be used to de-
termine the water diffusion coefficients during the adsorption and desorption stages. In
particular, the water diffusion coefficient during the wet stage is equal to 7.7× 10−7 mm2/s
(R2 equal to 0.99). This value is about two orders of magnitude lower than that related
to the desorption one (i.e., dry branch of the curve). In more detail, the FW15 and FW30
batches exhibited desorption diffusion coefficients equal to 4.2 × 10−5 mm2/s (R2 equal
to 0.95) and 5.3 × 10−5 mm2/s (R2 equal to 0.98), respectively. The significant difference
between the absorption and desorption phases leads us to infer that, from the kinetic point
of view, water absorption can be considered as the limiting factor in the water uptake
process during the wet/dry cycle.

3.2. Quasi-Static Mechanical Tests

With the intention, as referenced, to outline the mechanical behavior of the NFRC
laminate, the evolution of the flexural stress and tangent modulus versus strain for unaged
samples are reported in Figure 2a.
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Figure 2. (a) Stress and modulus vs. strain plot and (b) related 3D optical image of the flexural
fracture surfaces of unaged NFRC (i.e., FW0D0 samples).

Due to the presence of natural fibers, the composite laminate does not show an
exclusive elastic behavior [23]. With increasing deflection, there is a progressive deviation
from linearity in the stress vs. strain curve. This is confirmed by the elastic modulus trend,
which shows a maximum equal to about 3600 MPa at ~0.5% of strain. Once it has exceeded
this value, a progressive reduction in the tangent elastic modulus occurs, which indicates
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a slight elastoplastic behavior of the material followed by a sudden load drop due to the
catastrophic fracturing of the sample.

These considerations are confirmed by observing the 3D optical image of the frac-
tured surface (Figure 2b). An abrupt fracture related to the crack activation and propa-
gation from the external bottom side of the sample (where the maximum tensile stress is
reached) evolves transversally to the sample length toward its neutral axis. It is worth
noting that the fractured sample does not exhibit evident delamination or secondary crack
propagation phenomena.

With the purpose of assessing the mechanical performances decay and recovery
induced by the exposure to wet and dry stages, Figure 3 compares the flexural stress and
tangent modulus for FW15 and FW30 composite batches at increasing drying times.

By observing Figure 3a, concerning the FW15D0 and FW30D0 samples, it is possible to
notice that the water absorbed during the exposition in the saturated moisture environment
present in the climatic chamber has a sharp effect on the mechanical performances of
the composites, causing great changes in the laminate strength and stiffness. Indeed, the
FW15D0 and FW30D0 laminates evidence a significant decrease both in flexural strength
and stiffness. The performance decay in the NFRC can be ascribed to the concomitant
activation of different degradative phenomena, triggered during the aging cycle, that play
a synergistic role in the worsening of the composite performances.

In particular, water absorption leads to the swelling of the composite constituents, thus
triggering micro-cracking [15], softening and plasticization [24]. This induces a decrease in
the crack activation and propagation stress limit in the composite laminate [25].

Furthermore, the stress–strain curve and the related tangent modulus trend clearly
evidence that a transition from mainly linear to nonlinear mode occurs. Furthermore,
the fracture mode evolves from catastrophic to progressive at increasing aging times in
the salt-fog environment. The high strain at failure reached suggests a ductile failure
mode stimulated by relevant interlaminar and in-plane shear stresses able to generate
delamination and shear degradation phenomena [26]. The flexural fracture image of the
FW30D0 samples did not exhibit a clear mechanical collapse in the span centerline. This
sample experienced a noticeable deflection, without showing critical failure cracks due to
the ductile behavior of the wet aged flax and matrix constituents [27].

The dry stage facilitates in the composite laminate the gradual recovery of its mechan-
ical performances (Figure 3b,c). In particular, progressive improvements in the maximum
flexural strength and elastic modulus occur at increasing drying times. At the same time,
the strain at failure exhibits a gradual decrease. This indicates that some of the degradative
phenomena, already activated during the wet stage (such as plasticization or softening),
reversibly affect the mechanical performances of the NFRC. In particular, the composite
laminate showed the recovery of its initial maximum flexural strength after a long drying
time (see Figure 3c). Moreover, the strain at failure of FW15D21 samples is about twice that
of FW0D0 samples. Similarly, the FW30D21 samples show maximum strength and stiffness
values of about 7% and 27% lower than that of the unaged samples (i.e., FW0D0).

These findings are confirmed by evaluating the 3D optical image of the flexural
fractures of FW30D3 and FW30D21 samples. The failure is triggered by the tensile crack
activation of the external bottom laminae. Then, this progressively evolves, growing toward
the laminate neutral axis, thus activating secondary failure mechanisms such as debonding,
pull-out or interlaminar shear fracture.

The water absorbed during the wet stage activates simultaneous degradative phenom-
ena, which have different effects on the mechanical stability of the material. Furthermore,
these mechanisms offer different reversible and irreversible contributions that can influence
the residual mechanical properties of the composite at the end of the dry stage. Remarkably,
the NFRC still retains high ductility at the end of the dry stage, meaning that the laminate
has a partially compromised stiffness. On the contrary, the maximum flexural stress can be
considered mainly recovered: i.e., the stress reduction undergone during the wet stage can
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be correlated to reversible degradative phenomena. On the contrary, the stiffness decay can
be more likely ascribed to coupled reversible and irreversible aging phenomena.
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The experimental results of the mechanical tests are listed in Table 1, which reports the
average values and the related standard deviations of the flexural performance parameters
(i.e., maximum stress σ, elastic modulus E and strain at the maximum stress εpeak) at
varying wet–dry times.
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The experimental results clearly show the already discussed effects of wet and dry
stages on the quasi-static flexural properties of the composite. In particular, the exposure
to salt-fog leads to a reduction in both maximum strength (i.e., −29% and −31% after 15
and 30 days of exposure, respectively) and flexural modulus (i.e., −31% and −50% after
15 and 30 days of exposure, respectively). On the other hand, the strain at break of the
laminate increases after the wet stage, reaching 66% higher values in comparison to the
unaged laminates, regardless of the exposure time to salt-fog. The followed dry stage allows
the recovery of almost all the initial maximum strength (i.e., 73.9 MPa and 72.7 MPa for
FW15D21 and FW30D21 samples versus 74.5 MPa for unaged FW0D0 samples), whereas
the flexural modulus recovery was found to be only partial (i.e., 3.0 GPa and 2.7 GPa for
FW15D21 and FW30D21 samples versus 3.4 GPa for unaged FW0D0 samples).

Table 1. Main flexural properties at varying wet–dry times for flax laminates.

σ (MPa) E (GPa) εpeak (%)

Avg Std.dev. Avg Std.dev. Avg Std.dev

FW0D0 74.5 4.4 3.4 0.2 5.3 0.2
FW15D0 53.2 0.9 1.9 0.0 8.8 0.4

FW15D0.25 57.3 6.4 2.3 0.2 8.9 0.2
FW15D1 61.0 2.3 2.3 0.1 8.8 0.4
FW15D2 66.3 4.6 2.6 0.2 8.8 0.4
FW15D3 66.7 2.2 2.9 0.0 8.6 0.6
FW15D7 67.5 4.4 2.7 0.3 8.2 0.4

FW15D11 72.6 3.5 2.9 0.2 8.4 0.6
FW15D21 73.9 3.9 3.0 0.2 8.0 0.7
FW30D0 51.1 2.8 1.7 0.3 8.8 0.4

FW30D0.25 54.8 0.8 1.8 0.2 8.8 0.6
FW30D1 54.7 1.2 1.9 0.2 9.1 0.7
FW30D2 64.4 5.7 2.4 0.3 9.2 0.8
FW30D3 63.9 3.3 2.5 0.4 9.0 1.0
FW30D7 67.6 4.1 2.7 0.4 9.2 0.7

FW30D11 67.9 1.3 2.7 0.2 9.1 0.8
FW30D21 72.7 2.2 2.7 0.2 9.0 0.7

In order to better understand how the mechanical properties are reduced due to the
aging during salt-fog exposure, and their eventual recovery after the drying cycle, it may
be useful to define the dimensional indices relating to the decay/recovery of the strength
and stiffness of the composite laminate. In particular, a flexural strength ratio (FSR) and
elastic modulus ratio (EMR) can be defined as in the following:

FSR =
EDry_t

E0
(3)

FMR =
σDry_t

σ0
(4)

where EDry_t and σDry_t are the flexural elastic modulus and strength values of the laminate
after at “t” drying time. Analogously, E0 and σ0 are the flexural elastic modulus and strength
values of the unaged laminate, respectively. These indices are correlated to the percentage
of recovery of the performance of the unaged composite. For instance, an FSR index
equal to 0.8 indicates that the material has a flexural strength equal to 80% of the unaged
material. Consequently, the same index value also provides indirect information concerning
a residual decay of 20% (i.e., 1.0–0.8) of the mechanical strength. Similar considerations can
be drawn concerning the FMR index related to the stiffness of the composite.

In this context, Figure 4 shows the evolution of FMR vs. FSR indices at varying drying
times, both for FW15 and FW30 batches.

It is possible to notice that longer exposure in the climatic chamber (batch FW30Dx
compared to FW15Dx) leads to a decrease in both FSR and FMR indices. In particular, the
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FW30Dx curve is slightly shifted to the left, compared to the FW15Dx one, meaning that
the composite laminate is unable to effectively recover the initial stiffness. These results
indicate that the elastic modulus is sensitive to permanent degradative phenomena, which
take place and contribute more significantly with a greater the wet stage.

The last considerations cannot be made for the FSR index. Although at short drying
times, the FW30DX batch shows lower FSR indices, the difference between the compared
batches becomes progressively less relevant at increasing drying times. As already stated,
these results show that the degradative phenomena occurring during the wet stage induce
decays in both strength and stiffness performances. However, the mechanisms responsible
for the flexural strength decay are mainly reversible, leading to comparable strength values
between FW15Dx and FW30Dx batches at the end of the dry stage.
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These findings indicate that the natural fiber-reinforced composite shows irreversible
softening degradative phenomena, which affect its strength and stiffness in different
ways [28].

3.3. Toughness Map

To understand better how this plays a role in the mechanical stability of the laminate,
an approach aimed at evaluating the evolution of the laminate’s toughness under varying
wet and dry conditions may be useful. This can indicate the energy required by the
natural fiber composite laminate for breaking. As is widely known, the toughness (i.e., the
amount of energy that the natural fiber composite laminate can absorb to reach its breaking
condition) is proportional to the area under the flexural stress–strain curve [29,30]. Hence,
tough materials are always characterized by high strength and/or strain at break values.

In such a context, some fundamental parameters have been identified in the typical
stress–strain curve shown in Figure 5. In particular, the area under the curve can be seen
roughly as a trapezoid, whose height can be considered equal to the maximum stress
value. The major base can be represented by the strain at break value. Finally, a further
parameter, εσmax, defined as the difference between strain values identified on the curve
in correspondence to 90% of the maximum stress, can be identified as the minor base of
the trapezoid.
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Based on this approach, Figure 6 can be identified as a topological representation of
the material toughness. The graph has “εmax + εσmax” as the x axis and “σmax” as the y
axis. This plot can be used to assess the variation in strength and ductility of the composite
material, allowing us also to correlate this indirectly to the toughness characteristics of the
composite laminate. In particular, the red dotted lines are iso-toughness curves (calculating
the area of the trapezoid geometry, considering the x-axis is the sum of minor and major
bases and te y-axis is the height of the trapezoid), which discretize the plot into three
regions: i.e., low, medium and high toughness.
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This graph shows that the unaged sample exhibits brittle behavior with a high maxi-
mum stress and low deformation at break, thus leading to low toughness. The exposure
to salt-fog induces a toughness enhancement due to a significant increase in εmax + εσmax,
which compensates for the maximum stress reduction due to the weakening phenomena
occurring during the wet stage.

By analyzing the behavior of the wet samples (i.e., not dried), no significant difference
can be observable between FW15D0 and FW30D0 batches (see points in the lower right
corner of the figure). The exposure for 30 days to salt-fog leads to the activation of softening
and weakening phenomena. The area under the stress–strain curve is not significantly
affected, though, inducing a toughness of the material comparable between FW15 and
FW30 batches.
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Interesting considerations can be drawn by evaluating the evolution of the curves
as the drying time varies. By increasing the drying time, the samples show a progressive
increase both in stiffness and strength, as previously highlighted.

This results in the increase in the mechanical parameters linked to stress (i.e., y-axis in
Figure 6) and to deformation (i.e., x-axis). However, the FW30 batch shows a residual de-
formation at break, which cannot be recovered during the dry stage (i.e., the FW30 curve in
Figure 6 is shifted to the right compared to the FW15 one). The consequence is the presence
of greater softening on the composite laminate, which enhances the toughness of the FW30
batch. A similar behavior, although less evident, was also observed for the FW15 batch.
Indeed, both laminates shifted from the medium-toughness region to the high-toughness
one with an increasing drying time. This finding is the consequence of an increase in the
area under the stress–strain curve, which, as evidenced by Figure 6, is due to a significant
increase in the σmax, as well as to the limited reduction in εmax + εσmax parameter.

After completing the 21-day dry stage, the FW30D21 samples exhibited a quite sim-
ilar maximum stress value in comparison to the FW15D21 ones. However, their higher
εmax + εσmax parameter led to higher residual toughness for the batch exposed longer to
the salt-fog.

These results highlight the relevant correlation between the environmental conditions
and the mechanical behavior of the natural fiber-reinforced composite. In more detail, the
toughness of the NFRC laminate, influenced by softening and weakening phenomena, is
particularly sensitive to wet-dry stages, exhibiting a progressive transition from low to
high values. Future investigations will aim to better discriminate the effects of reversible
and irreversible mechanisms on the material toughness, as well as to define strategies
(e.g., hybridization with synthetic fibers) to improve mechanical stability in severe wet
environments, thus enhancing the knowledge in this research context.

4. Conclusions

In order to clarify the effect of the aging cycles on the mechanical performances, flax-
reinforced epoxy composite samples were exposed to a wet/dry cycle, and their water
sorption and flexural properties were monitored at varying times of wet and dry stages. By
way of summarizing, it can be concluded that:

• The degradation mechanisms that take place during the wet stage affect both the
strength and stiffness of flax fiber-reinforced composites in different ways. In particular,
after 30 days of salt-fog exposure, FW30 laminates showed decays in strength and
stiffness of 31% and 49%, respectively;

• The performance reductions are recovered during the dry stage. Unlike stiffness, the
composite laminate is able to recover almost completely its initial flexural strength. In
particular, the FW30D21 batch exhibited recovery values of 98% and 78% in terms of
strength and stiffness, respectively.

The different strength and stiffness trends also affect the material toughness, which
was found to be highest with intermediate drying times. These findings were summarized
in a simplified topological toughness map seeking to highlight visually the toughness
performances of the laminate in relation to its maximum resistance and ductility. Overall,
the toughness of the natural fiber-reinforced laminate, being affected by softening and
weakening phenomena, is noticeably influenced by its exposure to a wet–dry environment,
exhibiting a progressive transition from low to high values.
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