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is the main aim of the current research, focused on the evaluation of the
behavior of flax fiber reinforced composites exposed to isothermal adsorption
and desorption cycles, at varying the partial pressure of water vapor (P/Py).
For this purpose, the moisture uptake and the morphology changes of the

composite material and their constituents were in situ monitored through a
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measurement protocol, by using a dynamic vapor sorption (DVS) analysis,
coupled with an environmental scanning electron microscopy (ESEM) visual
investigation. A dependence of moisture uptake and diffusivity on the compos-
ite morphology was clearly detected. In particular, no significant variation in
the morphology of the specimen is noticed at low water vapor partial pressure
(i.e., P/Py up to 5.4%) due to the limited absorption capacity (i.e., lower than
1%). On the other hand, fibers morphology changes at increasing the partial
pressure up to 25.1%, showing a sensitive increase in volume. This phenomenon
becomes much more relevant for high relative humidity values (i.e., ~90%),
reaching more than 6% of absorption capacity.
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1 | INTRODUCTION

and environmental constrains. Natural fibers, for exam-
ple, flax, jute, and sisal, are a green alternative to conven-

The continuous and wide research for advanced sustain-
able materials with a marked ecological footprint has led
to an ever-growing interest on natural fibers reinforced
composites (NFRCs)."? These materials represent a
promising design solution able to combine performances

tional fiberglass. The pros in the design of this class of
materials is the opportunity to preserve a good compro-
mise between strength and toughness.> Furthermore,
cellulosic fibers are usually lightweight (i.e., low density),
cheap, abundant, and sustainable (often available from
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production waste).* This implied a growing development
in ever wider engineering contexts such as the automotive,
aeronautics,é’7 or construction®® sectors. However, their
widespread diffusion is limited by the low interfacial adhe-
sion of the natural fibers with the polymeric matrix'® and
the wide heterogeneity of the natural raw materials which
constrain their performance stability."! Equally relevant
issue is the significant moisture absorption of natural fibers
which negatively affects strength, stiffness, and adhesion
with the hydrophobic matrix, accelerating the premature
degradation of the composite material in wet or humid
environments,'>!3

Increasing knowledge of moisture absorption phe-
nomena and related damage mechanisms is an important
factor to ensure the design and the applicability of natu-
ral fiber-reinforced composites in industrial fields where
they are randomly exposed to variable humidity condi-
tions during their service life.** Moreover, these materials
often operate in environments in which the moisture
absorption is cyclically favored (i.e., humid or wet envi-
ronments) or hindered (i.e., dry environments).

As a consequence, suitable quantitative data on water
vapor diffusion phenomena in NFRCs are critical for
moisture-induced damage predictions. However, these
information are often incomplete due to the wide variety
of environmental conditions and materials."

In particular, a cyclic moisture uptake, characterized
by alternate periods of exposure to wet and dry environ-
ments, leads to severe degradation of the NFRCs. These
materials, due to the variation of moisture content, suffer
swelling as well as shrinking during wet or dry condi-
tions, respectively. The different behavior between the
natural fiber and the polymeric matrix during the absorp-
tion and desorption steps could be the driving force to
trigger NFRC mechanical degradation (e.g., matrix crack-
ing or debonding at the fiber/matrix interface),'®"’

Hence, the prediction of the absorption and desorption
properties of the NFRCs in different environmental condi-
tions, characterized by water vapor partial pressure varia-
tion, represents an important setting for understanding the
absorption and degradation phenomena in this kind of
materials."® In this context, the use of dynamic vapor sorp-
tion (DVS) measurements has recently proved to be an
effective choice in terms of experimental affordability and
scientific value of the analytical approach,'***!

However, an aspect not yet addressed in literature
that the present work wants to focus on, is to evaluate
how the morphological changes that take place in the
composite constituents during the hydration/dehydration
phases can influence the adsorption and desorption phe-
nomena. The use of an in situ morphological analysis
technique of the NFRC at varying humidity environmen-
tal conditions could be a valid tool to meet this need.

On this concern, the aim of this work is to evaluate the
absorption and desorption properties of flax fiber-reinforced
epoxy composites. In particular, DVS measurements were
carried out in a wide relative humidity range (i.e., 0%-90%
RH) on the composite material and its constituents, in order
to evaluate the mechanisms and kinetics of the desorption
and absorption processes. Information on the evolution of
the water vapor diffusion coefficient at varying environmen-
tal conditions were acquired. Finally, an in situ monitoring
of the morphological changes of flax fiber reinforced com-
posites under humid/dry conditions was performed by
using an environmental scanning electron microscopy
(ESEM). This analysis was applied to evaluate the morpho-
logical changes induced by the hydration and the dehydra-
tion of the composite material in an environment with
variable humidity content.

2 | EXPERIMENTAL

2.1 | Materials and methods

Square-shaped (30 cm x 30 cm x 0.335 cm) flax fibers
reinforced panels were manufactured through vacuum-
assisted resin infusion by using a two-stage vacuum
pump model VE 235 D by Eurovacuum (Reeuwijk, The
Netherlands). In particular, each panel was cured at 25°C
for 24 h and post-cured at 50°C for 15 h.

A DGEBA epoxy resin (SX8 EVO by Mates Italiana s.
r.l, Italy) mixed with its own amine-based hardener
(100:30 by weight) and five flax twill weave woven fabrics
having nominal areal weight of 318 g/m* (Lineo, France)
were used as matrix and reinforcement of composites,
respectively.

2.2 | Water vapor adsorption/desorption
measurements

Water sorption isotherm tests (i.e., 30°C) on the compos-
ite laminate and their constituents (i.e., fiber and resin)
were performed using a DVS analysis. In particular, a
thermo-gravimetric dynamic vapor system (model DVS
Vacuum by Surface Measurements Systems, UK) was
used to measure the water uptake at varying the partial
pressure of water vapor (P/P,).?>** The water uptake is
measured using a microbalance (with precision 0.1 pg)
and a dynamic water vapor pressure flow control system
inside the sample holder chamber. In order to avoid con-
densation in the chamber walls, the whole device is
placed inside a temperature-controlled box. Concerning
the adsorption/desorption test set-up, a conditioning step
was configured. At first, the sample (i.e., ~10-20 mg and
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volume ~ 8-16 mm?®) was slowly heated up to 90°C
(i.e., heating rate equal to 1°C/min) and kept at this tem-
perature for 7 h under vacuum (i.e., 10~" Pa) to allow its
complete drying. Then, the chamber was cooled to reach
the setting temperature (i.e., 30°C) and finally an isother-
mal test at 30°C was performed by increasing the partial
pressure of water vapor (i.e., stepwise change of P/P,
from 0.002 to 0.9). During each P/P, step, the partial pres-
sure was kept constant at the set value until the sample
weight reaches the equilibrium. Finally, a reverse step
with a progressive decrease of the partial pressure from
0.9 to 0.002 completed the test cycle. The absorption/
desorption change in mass was calculated according to
the following equation®*:

m(PP/Po) — Mo
myo

w(g/g) = (1)

Where m(Pp/p,) is the equilibrium weight of the sam-
ple at the given water vapor pressure, m, is the weight of
the dry sample.

2.3 | Estimation of the water diffusivity
The change of the water concentration with time can be
obtained with the Fick's second law:

oC 9°C
EZD<W) @)

Where C and D are the water concentration and diffusion
coefficient, respectively, x is the transport direction and t
is the time. For thin films, the solution of the Fick's sec-
ond law for mono-dimensional isothermal diffusion, can
be expressed as:

ZIZan P

n=

4s2

—D(2n— 1)2n2t] )

Where M; and M, are the mass of water uptake at time t
and at equilibrium, respectively, while s is the thickness
of the sample. This expression, for short times, can be
approximated as follows:

M: 4 /Dt
s\ 4)

M, sV =m

This equation is valid for M\/M,, values up to 0.6, where
a linear relationship between M;/M, and +/t
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preserved.”’ Indicating with a the slope of this curve,
the diffusion coefficient can be determined from
Equation (4).

Xl
16

D= (5)

For prismatic shaped samples, an extra water uptake con-
tribution need to be taken into account, using the correc-
tion given by Shen”® in order to determine the real water
diffusion coefficient (Dyeqr):

P (6

Dreal = (1+%+%>2

Dgyp is the water diffusion coefficient determined by
Equation (5). L and W are the sample length and width,
respectively. This analysis approach is quite flexible and
has been applied effectively for both thermosetting
resins'® and natural fibers*” and their composites.*®

24 |
uptake

In situ monitoring of water vapor

ESEM analysis was carried out on flax fiber-reinforced
composites, operating with an accelerating voltage of
10 kV, using isobaric conditions (i.e., 10 Pa) from 25 to
40°C, and at 40°C, in controlled water vapor atmosphere,
from 10 Pa to 800 Pa (i.e., 0.1% to 10.9% of relative
humidity). The sample hydration was forwarded up to
91.3% of relative humidity, dropping the temperature
down to 5°C. At the end of the analysis cycle, the same
conditions of dehydration (P = 10 Pa, T = 40°C) were
repeated. A scheme of the analysis set-up is reported in
Figure 1.

The purpose is to evaluate the morphological modifi-
cation of flax fiber reinforced composites induced by the
moisture uptake during a wet/dry cycle. In particular, six
P/PO steps (RH 0.1%, 5.4%, 10.9%, 25.1%, 91.3%, and 0.3%)
were applied, each one with time duration 60 min.
Details concerning each step are reported in Table 1.

3 | RESULTS AND DISCUSSION

3.1 | Isothermal sorption/desorption test
Dynamic water vapor sorption tests were carried out to
assess the sorption isotherms of the composite laminate
and their constituents (i.e., flax fiber and epoxy resin) at
different water vapor partial pressures. This approach is
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FIGURE 1 ESEM set-up for the humid/dry cycle [Color figure

can be viewed at wileyonlinelibrary.com]

TABLE 1
during the wet/dry cycle by ESEM analysis

Details of the experimental parameters applied

I P (Pa) T (°C) RH (%) Time duration
Step 0 10 25 0.3 30 min
Step 1 10 40 0.1 60 min
Step 2 400 40 5.4 60 min
Step 3 800 40 10.9 60 min
Step 4 800 25 251 60 min
Step 5 800 5 91.3 60 min
Step 6 10 25 0.3 60 min

suitable to assess the increase/decrease of the sample
mass, up to the equilibrium, during the adsorption or
desorption processes, respectively. This can be used to
acquire information concerning the kinetics of the
adsorption/desorption processes, thus providing an addi-
tional improvement of knowledge on their hysteresis
phenomena.*

Figure 2 shows the evolution of the experimental
change in mass as well as the partial pressure P/P, trend,
versus time for a flax bundle sample. It can be observed
that during each pressure step the mass progressively
approaches a plateau value, which indicates that a satu-
ration level was reached. Mass increase and decrease
were observed for absorption and desorption branch,
respectively.

As explained in the experimental section, at first, a
sample conditioning at 90°C followed by cooling at 30°C
under vacuum was applied to acquire a dry material. By
evaluating the absorption cycle, it can be identified a sta-
bilization phase at low P/P, values, where a slight mass
variation occurs due to a coupled water uptake and
desorption. Afterward, a rapid and gradual mass increase
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FIGURE 2 Evolution of mass change and partial pressure of

water vapor (P/P,) steps versus time during adsorption and
desorption cycles for flax bundle sample [Color figure can be
viewed at wileyonlinelibrary.com]

takes place. This effect is greater the higher the partial
pressure of water vapor. Similar consideration can be
argued about the desorption cycle. It is important to
underline that the equilibrium value has not yet been
reached at the end of the desorption cycle and the sample
still exhibits a residual water content of 1.52%, due to a
not complete dehydration process."

The complete isothermal adsorption and desorption
curves for the composite laminate and its constituents
are shown in Figure 3.

This graph highlights that the isothermal sorption
curve of the flax fiber exhibits a typical sigmoidal shape.*
This curved shape is representative of cellulose-based
materials and can also be generalized to many hydro-
philic materials.”’ In particular, three stages can be
identified,*>**: in the first one (i.e., stage I) at low partial
pressure values (i.e., lower than 15%) the moisture con-
tent at saturation increases linearly with increasing P/Py.
During this phase, the water molecules interact with the
fiber surface due to the preferential high hydrophilic sites
(e.g., hydroxyl functional groups) that therefore trigger
the water absorption. The second stage takes place at
intermediate partial pressure values (i.e., in the range
15%-70%). In this stage, the mass variation trend is char-
acterized by a lower slope in comparison to the first stage.
In particular, the water vapor diffusion could be favored
by the break of the secondary interactions, such as hydro-
gen bonds, between the cellulose macromolecules.®*>*
Consequently, new preferential pathways for a further
permeation of water molecules are generated. The last
stage, for partial pressure values higher than 70%, is char-
acterized by a significant increase of the mass change at
saturation with increasing P/P,. This noticeable water
uptake can be ascribed to the agglomeration of water
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FIGURE 3 Isothermal adsorption and desorption curve at
30°C of composite and its constituents at varying the partial
pressure of water vapor [Color figure can be viewed at
wileyonlinelibrary.com]

molecules with the subsequent formation of clusters of
absorbed water.

Quite interestingly, the adsorption and desorption
curves of the flax fiber have a comparable sigmoidal
shape: i.e., no relevant hysteresis is observed. This sug-
gests the reversible nature of the process also indicating
that the diffusion mechanisms that occur during the
absorption and desorption steps can be considered simi-
lar. Nevertheless, Callum et al.'® suggests that the slight
differences between the adsorption and desorption cycles
may be ascribed to the variation in the contact angle
between the water and the internal surface of the natural
fiber. In particular, the wet internal cavities of the cell
wall interact with an already wet surface during the
desorption cycle. Vice versa, the water film interacts with
a dry surface during the adsorption cycle.

With regard the epoxy resin, it is worth noting that
this polymeric material shows sorption curves almost flat,
mainly due to the hydrophobic nature of the material
and its intrinsically low water vapor permeability.
Indeed, the mass variation is always lower than 1.0%,
thus indicating the low susceptibility to water of the ther-
mosetting polymer.

From the same plot, it is possible to note that a
sigmoidal-shaped sorption isotherm, similar to that
shown by flax fiber, is observed for the composite lami-
nate. Nevertheless, some differences can be highlighted.
Regardless of the partial pressure value, the water uptake
is always lower than that evidenced by the flax fiber due
to the presence of the hydrophobic matrix. Furthermore,
in the stage III (i.e., at high P/P, values), the composite
laminate does not exhibit a marked increase in water
uptake. This behavior is attributable to the shielding
effect of the epoxy matrix that hinders the rapid diffusion
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of the water vapor, thus limiting from a kinetic point of
view the water permeation in the composite laminate.
Moreover, an evident hysteresis can be identified for the
composite laminate. This behavior can be ascribed to the
greater difficulty of the laminate to trigger the diffusion
phenomena. Furthermore, as previously highlighted, the
material does not reach a clear equilibrium condition at
saturation. This finding is confirmed by the presence of
an adsorbed residual water at the end of desorption
phase, due to the diffusion kinetic of water vapor which
is the limiting factor of the process.

As already stated, the composite laminate shows a
clear hysteresis due to a delay in the weight loss during
the desorption branch. It is noticed that the observed
desorption value is always greater than the absorption
one for each P/P, value.

Figure 4 shows the trends of the hysteresis percentage
(i.e., identified as the percentage difference between the
mass variations measured during desorption and absorp-
tion branches) versus the water vapor partial pressure for
the composite and its constituents. From this plot, it can
be noticed that the flax fiber shows hysteresis percentage
values within the range of 0.5%-1.0%. This behavior
could be due to a mechanical damaging experienced by
the fiber during the sorption cycle.'® In particular, when
the cell structure of the flax fiber absorbs the water vapor,
it swells. More in detail, the absorbed water molecules
exert pressure in the cellular structure of the fiber. When
the water is desorbed, the stresses on the cell wall relax,
thus leading to its shrinkage. This shrinkage is due not
only to the capillary forces acting inside the cell structure
of the natural fiber, but also to the presence of lignin that
favors the collapse of the microcapillaries.*®

From the same plot, it can be noticed that the hystere-
sis percentages shown by the epoxy resin are the lowest
among the investigated samples, regardless of P/P,
values. This finding is due to the very low sorption capac-
ity of the thermosetting resin.

On the other hand, it is important to underline that the
composite sample presents significantly higher hysteresis
values than those shown by each constituent (i.e., fiber and
resin). This behavior can be ascribed to the synergistic
action of the absorption and desorption phenomena (such
as structural swelling and capillary condensation) that take
place on the constituents, which influence the sorption
capacity of the composite laminate.*® The natural fiber,
embedded in the thermoset matrix, is constrained in mobil-
ity. Consequently, the fiber-matrix interface plays an impor-
tant role in the stress distribution due to swelling and
relaxation phenomena that occur during the absorption
and desorption phases, respectively. The consequence is an
amplification of the sorption hysteresis. Furthermore, water
vapor mass diffusion phenomena at the fiber-matrix
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interface can take place during the hydration and dehydra-
tion phases. These can influence the sorption process for
capillary condensation and the related kinetic mass diffu-
sion issues.

In order to have further insights on this behavior,
Figure 5 compares the weight change of neat resin, flax
fiber, and composite during pressure drop in the partial
pressure step at P/P, = 0.7 during absorption (Figure 5a)
and desorption (Figure 5b) branches. The mass variation
when the pressure step is applied is considered as origin
of the measurement. The epoxy resin does not show a sig-
nificant mass change in both steps (i.e., the green curve is
almost parallel to x-axis), confirming the low water per-
meability of the thermoset material."”

It is worth noting that the change in mass, due to
water sorption, is always significantly faster for flax fiber
bundles than the composite. The fibers reach a plateau
both in the absorption and desorption steps in about
2000 s. Vice versa, the composite showed a monotone
curve with a progressive increase (for absorption step in
Figure 5a) without reaching a stabilization up to 8000 s.
The water uptake, at the end of the absorption step at
P/Py equal to 0.7, is more relevant for flax fibers
(i.e., 1.19%) compared to the composite laminate
(i.e., 0.75%). A similar behavior can be found during the
desorption step (Figure 5b). However, in this step the
mass change experienced by the flax bundles at equilib-
rium is equal to —1.89%, significantly lower than that of
the absorption one (i.e., 1.19%).

Furthermore, it can be noticed that the composite has a
faster desorption kinetic, reaching a plateau in the mass
change equal to —0.77% at about 6000 s. This value is
almost similar to that evidenced during the absorption step.

This behavior can be ascribed to the hydrophobic
nature of the epoxy matrix that absorbs almost near to
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FIGURE 5 Change in weight of composite and its constituents

during pressure drop at P/P, = 0.7 in (a) absorption and
(b) desorption steps [Color figure can be viewed at
wileyonlinelibrary.com]

zero water content during both steps. The higher lower
affinity of the epoxy matrix to water in comparison to the
natural fiber implies two effects on the composite. The
first one consists in the shielding effect of the matrix. It
reduces the water diffusion capacity of the composite,
also preventing swelling and shrinking of the fiber that
represents the hydrophilic constituent of the composite
laminate. At the same time, the long residence time of
the water (i.e., also after drying cycles) can favor soften-
ing phenomena.*’

The diffusion coefficient values both for the compos-
ite and the flax fiber at varying the water vapor partial
pressure are reported in Figure 6. Due to the low sorption
capacity of the epoxy resin, the related data are not
included in the plot.

By observing this graph, it is evident that D depends
appreciably on the water partial pressure. In particular, a
progressive raise of the diffusion coefficient of the flax
fiber can be noticed when a humidity increase is
observed, starting from dry condition. A maximum is
reached at intermediate humidity range (40%-70% RH).
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Afterward, a decrease of D values for higher partial pres-
sure takes place. Similar trend is also reported in the lit-
erature for analogous natural fibers and composites.*®**

This initial trend at low P/P, values is caused by the
plasticization of the material (i.e., increase of the free vol-
ume) that favors the mass diffusion phenomena.*” At the
same time, the decrease of the diffusion coefficient found
for higher water vapor partial pressure can be mainly
ascribed to the water molecules clustering that forms
aggregates.®

Furthermore, the comparison between the flax bun-
dle and composite clearly shows that the water diffusion
coefficient decreases of about half decade for the NFRC
than the flax bundle.

This finding suggests the presence of a shielding bar-
rier over the fiber surface, represented by the thermoset-
ting resin that embeds the fibers, thus limiting the
diffusion process.

As concern the composite, a gradual increase of the
diffusion coefficient can be noticed at increasing the par-
tial pressure. This behavior could be associated with the
capillary condensation phenomena which take place at
high water vapor partial pressure and which contribute
to the diffusion kinetics of water at the fiber-matrix inter-
face in the composite material.

The D values observed for the flax fiber and the compos-
ite vary around 4.6 x 10°° mm?®/s and 1.8 x 107° mm?/s,
respectively. These data are in accordance to other literature
results on similar experimental tests of flax based composite
laminates.*>*

Furthermore, noticeable differences are found by
comparing the trend of the diffusion coefficient in the
absorption and desorption phases. Concerning the flax
fiber bundle, D is high (i.e., 7.8 x 10°® mm?/s) during
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the adsorption phase at high P/P, values. Vice versa, it
can be noticed that the diffusion of water vapor is kineti-
cally favored during the desorption phase for low P/P,
values (i.e., the highest value equal to 6.9 x 10~° mm?®/s
is reached at 30% RH). The transition occurs at about
40% RH, mainly due to a significant decrease of the diffu-
sion coefficient in the adsorption phase for low partial
pressure values. On the other hand, the D value during
the desorption phase remains relatively constant by
reducing the partial pressure (i.e., average value equal to
1.8 x 10~° mm?/s in 30%-90% RH range).

The results about the kinetics of water vapor diffusion
in the composite clearly suggest that even if the fibers are
embedded in the thermosetting resin, which offers a
shielding effect, mass diffusion phenomena remain rele-
vant. Local hydrophilic fiber exposure as well as surface
defects and fiber-matrix interface are active sites in diffu-
sion phenomena, thus indicating that this issue remains
relevant for this class of materials in the whole water
vapor partial pressure range.

3.2 |
uptake

In situ monitoring of water vapor

In order to assess both the morphology changes of the
natural fiber and its interaction with the epoxy matrix
during the absorption and desorption phases, and in situ
monitoring of the morphological evolution of the com-
posite was carried out both in a wet and dry environ-
ment. For this purpose, an environmental electron
scanning microscopy analysis was used applying a whole
humidity cycle in a composite sample.

Figure 7 shows the bending fracture surfaces of the
composite at different values of the water vapor partial
pressure. In particular, Figure 7a, referring to the speci-
men in the dry state (i.e., RH = 0.1%), shows the surface
fracture portion in which a fiber pull-out occurred. In
more detail, this figure evidences the irregular geometry
of the natural fibers, having diameter in the range 15-
28 pm. At the same time, they present irregular rough-
ness in addition to noticeable variability in the cross-
section dimension (Point 4 in Figure 7a). Furthermore,
Points 1 and 2 evidence some local discontinuities in cor-
respondence of the fiber-matrix interface. This suggests a
weak adhesion between flax fibers and the surrounding
epoxy matrix. Point 3 also indicates the presence of small
defects and rivers in the matrix, related to the crack prop-
agation in the thermosetting matrix.

Figure 7b shows the fractured surface of the compos-
ite in wet condition (i.e., exposed for 1 h at 91.3% RH).
Overall, these images evidence clear differences between
the morphologies of the composite under dry and wet
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conditions. At first, the diameter of flax fibers signifi-
cantly increases, due to the swelling phenomenon induced
by the water vapor absorption. In particular, the thin fibers
(i.e., diameter ~ 15 pm) show a diameter increase of about
20% after the exposition to the wet environment. Con-
versely, larger fibers (i.e., diameter ~ 28 pm) exhibit a varia-
tion in their diameter of about 12%. These different
increments are attributable to the fibrils distribution in the
microstructure of the fiber, which constitute a rigid skeleton
that hinders the volume expansion induced by the water
absorption.Furthermore, fibers have a smoother and more
regular surface after the composite exposition to the wet
environment. Indeed, Point 4’, referred to a local thin cross-
section, shows a natural fiber with an almost smoot and
regular shape.

Further interesting considerations can be drawn by
analyzing the fiber-matrix interface areas (Points 1" and
2). Due to the highly relevant swelling phenomenon for
the hydrophilic fiber in comparison to the hydrophobic
matrix, a better interlocking between the fiber and the
matrix can be highlighted. In particular, Point 1’ shows
that the fiber/matrix interfacial discontinuity disappears.
This is due to the natural fiber expansion confined within
the rigid matrix channel. However, in Point 2/, referred
to a more irregular interfacial area, the diameter increase
of the fiber is not sufficient to compensate the mismatch
between fiber and matrix in the dry phase (Point 2). Con-
sequently, a slight irregular interface remains even at the
end of the hydration cycle at 91.3% of RH. Therefore, the
differential expansion in wet state between fiber and
matrix plays a key role on the interfacial properties of the
composite, thus affecting both the absorption and lami-
nate performance in aged conditions.*"*** The matrix also
absorbs water vapor and undergoes a surface swelling as
evidenced by the smoother and more regular surface
(i.e., Point 3’ in Figure 7b) than dry one (i.e., Point 3 in
Figure 7a).

Figure 8 is proposed to better relate the dynamic vapor
measurements with the in situ morphological investigation
carried out by ESEM. In particular, the isothermal absorp-
tion curve for the flax fiber bundle is related with the

FIGURE 7 SEM
micrographs of composite
fracture surfaces under (a) dry
(RH 0.1%) and (b) wet

(RH 91.3%) conditions [Color
figure can be viewed at

M,

wileyonlinelibrary.com]

®

Mass variation (%)

PIP, (%)

FIGURE 8
isothermal adsorption curve at 30°C for flax fiber bundle at varying

In situ monitoring of composite morphology and

the partial pressure of water vapor [Color figure can be viewed at
wileyonlinelibrary.com]

morphological changes induced on the composite by the
progressive absorption of water vapor. From this graph, it is
possible to notice that no significant variation in the surface
morphology occurs for partial pressure values up to 5.4%.
On the other hand, the specimen surface shows a noticeable
increase in the volume of flax fibers at intermediate partial
pressure values (i.e., 25.1%), due to their relevant hydro-
philic behavior and high absorption capability. This phe-
nomenon becomes much more relevant for high relative
humidity values, as confirmed by the exponential increase
of the mass variation for high P/P, values (see in Figure 8
the SEM image at 91.3% RH).

Figure 9 relates the mass variation of the absorption
versus swelling curve at the different analyzed partial
pressures. The swelling index of the natural fiber was cal-
culated as 100 (d; —do)/do. Where d, and d; are the fiber
diameter in dry and in ith water vapor partial pressure
conditions, respectively. By this way, the swelling can be
calculated at increasing P/P, values, using information
shown in Figure 8.

Consequently, Figure 9 has the aim to quantify the
correlation between swelling and variation in mass
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FIGURE 9 Mass variation versus swelling curve of flax bundle

sample during isothermal adsorption step at different P/P, values
[Color figure can be viewed at wileyonlinelibrary.com]

during the absorption of water vapor. There is a monoto-
nous increase in mass absorption as the swelling varies,
confirming that a common physical process (water vapor
absorption) originates these phenomena. There is no linear
correlation between these parameters. The sorption mass
variation increases significantly at increasing swelling. This
is justifiable considering that the swelling is a linear param-
eter, while the mass variation is a volumetric parameter. By
analyzing Figure 9, it can be, furthermore, observed that
the geometric variation of the fiber becomes relevant
already at low water vapor absorption values. The 2% water
absorption implies a cross-section variation of the fiber of
5%, sufficient to influence the interference of the fiber inside
the rigid resin cavity in which it is embedded.

This confirms that the adsorption and the release of
water vapor in NFRCs is associated with diffusion phe-
nomena in their constituents at the interface. Flax fibers
are interesting and promising materials in NFRC design.
However, the present results confirm that it is necessary
to pay attention to a limited durability in humid or wet
environments due to differential swelling or shrinkage
phenomena between the composite constituents, which
can affect its long-term stability. Potentially, even short
exposure cycles in a humid environment can leave per-
manent consequences in the composite even at the end
of a long drying period. Certainly, a future development,
aimed to better relate the absorption and desorption phe-
nomena of water vapor to variable wet-dry cycles and
how these affect the residual properties of the composite,
is a good refining approach able to have a further
improvement of knowledge in this research context. Fur-
ther studies could be addressed in order to minimize the
degradation issues that occur during aging in wet/humid
environments on natural fiber composites. In this case, a
potentially effective strategy can be represented by

Applied Polymer_wiLEy-l 2o

tailoring the surface properties of the fiber, for example,
by means of surface treatments, in order to increase
hydrophobicity and limit swelling phenomena.

4 | CONCLUSION
The main aim of the present paper is to investigate the
absorption and desorption properties of flax fiber-
reinforced epoxy composites. To this scope, DVS mea-
surements were performed in a wide range of relative
humidity (i.e., 0%-90% RH) on the composite material
and its constituents, thus evaluating the mechanisms and
kinetics of the desorption and the absorption processes.
Furthermore, an in situ monitoring of the morphological
changes of the composite under humid/dry conditions
was performed by using an ESEM.

The experimental results allowed to reveal important
findings and to draw interesting conclusions. In particular:

« A dependence of moisture uptake and diffusivity on
the composite morphology was clearly detected. The
composite material evidenced an intermediate trend
between its constituents (i.e., the hydrophobic epoxy
matrix and the hydrophilic flax fibers), showing a max-
imum in the water absorption of about 6%.

« The hysteresis shown by the flax fiber during the
desorption phase, became more accentuated for the
composite material. This characteristic can be ascribed
to the synergistic action of structural swelling and cap-
illary condensation, which occur on the constituents
and consequently influence the absorption and desorp-
tion capacity of the laminate.

« The ESEM investigation highlighted greater swelling for
thinner flax fibers (i.e., 20%) than for thicker ones
(i.e., 12%). Specifically, the great swelling was experi-
enced only at high relative humidity values (i.e., ~90%),
coupled with a noticeable variation in the composite
mass mainly due to high water absorption of flax fibers
(~14%). On the other hand, the matrix was mainly sub-
jected to a superficial swelling, which played a funda-
mental role especially at the interface with the fiber.

Overall, this survey protocol allowed to better understand
the behavior of natural fiber-reinforced composites under
humid/dry conditions in order to optimize their perfor-
mances and better use them in large-scale applications,
thus transforming them into consolidated structural
materials.
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