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In this work, the composites studied consist of a polyester resin matrix reinforced with
40% by mass of natural jute fibers arranged bidirectionally. Their elaboration was carried
out by the contact molding method. The specimens obtained were then subjected to aging
in natural seawater for different immersion times (90, 180, and 270 days). The evaluation
of the mechanical properties was carried out through static bending tests, allowing to
determine the breaking stress, subsequently used as a reference for the cyclic fatigue tests
in three-point bending. The results obtained, analyzed using the linear Wé&nler curve,
highlighted a progressive decrease in the endurance limit of jute fiber reinforced
polyester (JFRP) composites with the increase in marine aging time. This degradation

of performance is mainly linked to the absorption of chloride and sodium ions, causing
modifications in the chemical structure as well as an alteration in the composition of the

material.

1. INTRODUCTION

Nowadays, car insulation panels and parts like rear trunks,
skid plates, and door and side trim are made from
thermosetting matrix materials reinforced using natural fibers
like jute. In numerous instances, the mutation has already
occurred successfully. Reliability is becoming more and more
important in applications, but this will only be feasible if
composite materials' resilience is better understood. This lack
of knowledge is partly linked to the complexity of mechanical
damage mechanisms in different environments. However,
these materials remain much less reliable than metallic
materials, especially when subjected to cyclic stresses such as
fatigue. In addition, the anisotropy of composite materials
directly influences the fatigue strength and stiffness and gives
very complex failure mechanisms under cyclic loading [1, 2].

Additionally, the mechanical performance of composite
materials under repeated stresses is significantly influenced by
their current anisotropy. Their overall rigidity, which varies
greatly depending on the applied stress, is likewise governed
by this anisotropy, which also conditions their fatigue
resistance by modifying the fracture propagation according to
the fiber directions [3]. At the macroscopic scale, the
mechanical properties can undergo a variation disproportional
to the fatigue load due to microstructural changes in the
material. In addition, fatigue causes a gradual weakening of
the material due to constantly applied loads [4]. The gradual
and localized structural loss leads to residual damage [5]. This
damage mainly depends on the nature of the different
components, the breaking mechanisms, and the fiber/matrix
interface. Bensadoun et al. [6] evaluated and characterized the
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behavior of a flax epoxy composite under cyclic tensile
loading for several reinforcement architectures. The results
showed that the different flax fiber architectures behaved
differently, but the variation in lifetime was less important for
low-magnitude stresses. Alia et al. [7] analyzed the fatigue
response of a polyester composite reinforced with jute fibers
using two lamination orientations (0° and 45°). At lower
stress, matrix cracking dominated, whereas at higher stress,
fiber breakage became the major contributor. Three types of
events were also noted: matrix cracking, fiber/matrix
separation, and finally fiber breakage.

Aging in a marine environment for a long time may cause
chemical degradation of the various constituents,
accompanied by matrix swelling, which is associated with
plasticization and fiber/matrix interface debonding [8-10]. The
phenomenon of chemical degradation mainly concerns the
hydrolysis of the matrix and the interface. During the aging of
composites, the hydrolysis products accumulate in the voids
and defects inside the thermosetting matrix. Over time, these
voids, already filled with water, are then under osmotic
pressure [11]. This pressure subsequently leads to
delamination and degradation of the properties of the aged
material. Furthermore, the matrix plays a particularly
important role because it protects the reinforcements from the
external environment. Its chemical structure determines its
hydrolysis rate and its degradation kinetics [12, 13]. Polyester
resins are the most widely used resins in shipbuilding due to
their low cost and good mechanical properties.

When polyester resins are exposed to marine environments
for an extended period of time, an important physicochemical
phenomenon occurs: saline water molecules gradually
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penetrate into the polymer matrix. The polar groups of
polyester chains specifically, the electronegative oxygen
atoms of the ester and hydroxyl functions and the water
molecules are able to create intense intermolecular hydrogen
bonds as a result of this intrusion [14]. This promotes the
creation of aggregates (sets of solid particles that adhere to
each other) or clusters [15]. Visco et al. [16] confirmed that
increasing the duration of immersion in seawater up to 10
months contributed to the degradation of flexural and shear
modulus as well as the maximum bending stress of polyester
resins. (isophthalic and orthophthalic).

Several studies have been conducted regarding the
degradation mechanisms of polyester resin composites aged in
seawater [17-19]. They observed that exposing thermoset
composites in seawater causes plasticization of the polymer
matrix, which manifests itself in a decrease in rigidity and an
increase in the deformability of the material. At the same time,
the hydrolysis of the ester bonds contained in the polyester
resin is accelerated by the presence of dissolved salts and by
the slightly alkaline nature of saltwater. Plasticization and
hydrolysis enhance molecular mobility and induce
modifications in the polymer microstructure, thereby
facilitating the continuous ingress of water into the network.
Poor adhesion between the fibers and the matrix produces
voids around the fibers in natural fiber composites that lead to
higher water intake [20]. Cellulose fibers, which are highly
hydrophilic, allow water absorption and significant weight
gain [21-23]. In addition, the mechanical characteristics of the
aged material are inevitably changed by water absorption.
Indeed, after 2736 hours in seawater, a jute/polyester
composite's interlaminar shear strength decreased by almost
62% [24]. This drop in resistance is mainly due to the
penetration of water between the layers of the material and the
degradation of the jute/polyester interface. Moreover, the
diffusion of water inside the voids and microcracks of a
composite is strongly linked to the nature of the surrounding
medium. Akil et al. [25] confirmed that the diffusion
coefficient of a jute/polyester composite immersed in seawater
is less important than in distilled and acidic water. Seawater
salts (especially sodium chloride) exert a significant influence
on the diffusive behavior of composite materials. The presence
of these ions tends to slow the penetration of water into the
polymer matrix, which results in a reduction of the kinetic
parameters associated with the absorption process [26]. The
mechanical properties of composite materials (in particular,
the flexural strength and flexural modulus of elasticity)
decreased with increasing immersion time in seawater. This is
due to the high absorption capacity of the jute fiber after
exposure to an aqueous environment [27]. Furthermore, the
maximum bending deformation increases as the length of time
immersed in seawater increases. This phenomenon can be
attributed to the reduction in cellulose proportion of jute fibers
within the composites, a direct consequence of the moisture
uptake, but it also results in the fibers becoming more flexible
after the material's plasticization effect [28].

This experimental work aims to investigate the influence of
marine aging on the fatigue resistance of polyester matrix
composites reinforced with jute fibers by applying the cyclic
test in three-point bending. The objective is to better
understand the durability of this type of material when exposed
to marine environments, given the growing interest in natural
fibers as an environmentally friendly alternative to synthetic
fibers. This material was fabricated by the manual lay-up
technique with a fiber mass content of approximately 40%.
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The fatigue curves were established by using Wohler's linear
equation, which makes it possible to deduce the lifetime of the
materials tested for several periods of immersion in seawater.

2. MATERIALS AND METHODS

Figure 1 shows a flowchart illustrating the steps taken in the
experimental process of this study. The contact molding
technique was wused to manufacture JFRP composites.
Rectangular plates with a nominal thickness of 4 +£ 0.2 mm can
be manufactured via this method, using three layers of
bidirectional jute fibers impregnated with polyester matrix
resin (Polylite 420-852), with a fiber volume percentage of
roughly 40%. The reinforcement used, made of jute fibers, has
distinct mechanical and physical characteristics. Its specific
gravity, a key measurement for thin-layer materials such as
textiles, is 0.88 kg/m?. Regarding its intrinsic density, this
displays an average value of 1300 kg/m®. Mechanically, this
natural fiber reinforcement is characterized by a modulus of
elasticity of approximately 50 GPa, indicating significant
rigidity. In addition, its capacity to deform before breaking is
limited, with an elongation at break of only 1.6% [19, 20]. As
for the polymer matrix chosen to constitute the composite, it
is a polyester resin. This has a density of 1110 kg/m?, slightly
lower than that of water. Its modulus of elasticity, reflecting
its inherent rigidity as a solid material, is significantly lower
than that of jute fibres, at 2350 MPa. Finally, the intrinsic
mechanical strength of this resin is approximately 72 MPa
[21].

Stages of experimental work
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Figure 1. Flowchart of the experimental process



In order to assess durability in the marine environment, the
samples are subjected to an accelerated ageing process by
prolonged immersion. They are placed individually in a bath
of natural seawater, taken specifically from the Annaba coastal
area, located on the Algerian east coast, to ensure
representative environmental conditions. Three distinct
exposure durations are studied: 90, 180 and 270 days. When
each specific immersion period expires, the corresponding
samples are carefully removed from the marine bath.
Immediately after their extraction, any surface moisture is
removed by careful wiping. The samples are then subjected to
a thorough drying phase using blotting paper, continued until
weight stabilization is reached, indicating the complete
elimination of residual free water. At the same time, it is
imperative to maintain the biological and chemical activity of
the marine environment; To do this, the seawater in the bath is
renewed periodically throughout the experiment. The weight
gain is then determined for each aging duration by evaluating
the difference between the final dry mass and the initial mass
of the sample, according to the calculation defined by Eq. (1).
An average of five identical test specimens, subjected to the
same conditions, is used for each interval (90, 180, 270 days),
thus ensuring the statistical reliability of the reported results.

w=[(W; - W) /W] x 100% (1)
where, W; represents the specimen’s pre-immersion mass, Wy
is the specimens denotes its stabilized dry mass after a given
period in seawater, and p is the weight gain.

The following symbols will be used for the composites
under study for ease of presentation, clarity, and
comprehension: JFRPO: jute fiber reinforced polyester in the
unaged state; JFRP9O0: jute fiber reinforced polyester subjected
to 90 days of environmental conditioning; JFRP180: 180-day
aged jute fiber reinforced polyester; JFRP270: jute fiber
reinforced polyester after 270 days of aging.

Using the Zwick/Roell universal machine (Figure 2),
unaged prismatic JFRP specimens with dimensions of a length
of 80 mm, a width of 15mm, and a thickness of 4mm are
subjected to the static flexural test (three-point) and the
repeated load test (fatigue) in conformity with ASTM D-790-
17 standard [29]. The error rate of the test is 1%. The load is
applied in the middle of the specimen until failure, the distance
between the two supports being L=64mm.

Figure 2. Machine used in 3-point bending and cyclic fatigue

Every sample used in the cycle fatigue test was loaded and
unloaded at various stresses using a sine wave signal, and the
stress ratio R, which measures the ratio of minimum stress to
maximum cycling stress, was set to zero. Both aged and
unaged JFRP composite materials were examined in the
samples. Using a loading/unloading frequency of 1.25 Hz, the
JFRPO, JFRP90, JFRP180, and JFRP270 composite samples
subjected to varying percentages of maximum load of the
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static breaking stress value: 80%, 70%, 60%, 55%, 45%, 35%,
and 25% of the static breaking stress value in the three-point
bending test. By using a low frequency, any secondary effects
that may arise from the material's heating can be avoided. The
average relative humidity during the fatigue testing was
between 60 and 70%, and the ambient temperature was around
25°C. For every loading level, at least six specimens were
examined.

3. RESULTS AND DISCUSSION
3.1 Moisture uptake

When JFRP specimens are submerged in seawater, water
diffuses and penetrates the material through a process known
as capillarity action, which may result in weight increase.
However, in terms of limiting saturation and the deterioration
of the different material constituents, the aging time controls
the kinetics of water absorption. The weight gain p (%) for the
various aging times may be calculated using Eq. (1) because
all of the samples aged in seawater have the same size and
dimensions.

Figure 3 highlights a notable mass gain of the samples as a
function of the duration of immersion in natural seawater,
confirming a positive temporal relationship between exposure
to the corrosive environment and mass absorption. The change
in weight of the sample at this stage is evidently shown in this
figure where the weight gain could be seen at the early days of
seawater exposure and significantly increased to day 30,
indicating that the moisture diffusion and quick water
penetration had occurred in the materials. But water absorption
did not contribute much in the final 90 days.

This is probably because the seawater's big salt molecules,
predominantly NaCl, which slow down the diffusion process
in the matrix of the composite materials, resulting in lower
kinetic absorption parameters. This tendency may be
associated with the hydrolysis mechanism of jute fiber
cellulose.

¢ Experimental data

Polynumial fit

Weight increse rate u ( %)

2
v = -0.0002x> + 0.0626x + 1.2804
1 RZ =0.9234
4] T 1 T T |
0 30 60 90 120 150 180 210 240 270 300

Immersion time (day)

Figure 3. Weight gain curve for JFRP immersed in water

In seawater, cellulose hydrolysis tends to happen much
more noticeably than in unsalted water. Moreover, in seawater,
the electronegativity of the solution significantly impacts how
diffusion process, leading to the swelling of jute fibers, which
then carry a notably positive charge [30]. It appears that the
jute fiber's increased swelling in seawater can be linked to the



interaction between its cellulose chains and the hydroxide
groups (OH"). High concentrations of these OH" ions within
the jute fibers may can cause swelling stresses due to
overdistension and subsequently rupture the fibers [31].

As noted in previous paragraph, this variation of behavior is
best fitted through a second-order polynomial curve, which is
depicted in Figure 3. The best-fit curve is described with the
formula: y =-0.0002x% + 0.0626x + 1.2804 , with a
correlation coefficient of 0.96.

3.2 Bending properties of the no-aged specimens

The breaking strength, maximum deformation, and modulus
of elasticity are measured in the three-point bending test,
which improves comprehension of the behavior and response
of the composite material under static loading. The JFRP
bidirectional composite's stress-strain curves are displayed in
Figure 4. It is evident from these graphs that the tested samples
experienced deformation up to rupture that was proportionate
to the applied bending load. This observed linear correlation
between the applied stress and the resulting deformation
characterizes the elastic characteristic of the material, where
the mechanical response rigorously follows Hooke's law.
However, the slope of the curves decreases progressively with
the increase in the bending load due to the beginning and
development of the damage, which appears as microcracks at
the level of the polyester matrix and which can move in any
direction in the composite matrix. Then, the microcracks and
the damage develop with increasing the intensity of the load,
leading to an accumulation of damage that ultimately causes
the sudden rupture of the tested sample. The breaking point
corresponds to the stress and the maximum bending strain.

The use of stress-strain curves generated during mechanical
tests on JFRP composites leads to the calculation of average
flexural properties, in particular the:

Ultimate bending strength: o, = 85 MPa

Elasticity module: E = 4650 MPa

100 4

60

Stress (MPa)

40 1

T
1:5 2 25 3
Strain (%)

Figure 4. S-S curve of non-aged JFRP material

3.3 Fatigue failure behavior

The cyclic fatigue test in three-point bending was used to
determine the service life under various environmental
circumstances to determine the effect of seawater on the
mechanical properties of the test specimens manufactured
from jute polyester composite material. Because of their high
hydrophilia, jute fibers can absorb a lot of moisture while
aging in seawater. Indeed, the fiber content, which is around
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40% in the material, studied JFRP having a weight of 5%, 7%,
and 7.3% for seawater immersion times of 90 days (JFRP90),
180 days (JFRP180) and 270 days (JFRP270), respectively.

Using Wohler's linear equation 6 = A - B log(N¢) , the
endurance curve of experimental test results for all specimens
tested in cyclic fatigue for varying age durations in seawater
may be plotted (Figure 5), where Nris the accumulated cycles
to rupture, A and B correspond to material-specific constants,
and o is the highest stress applied in cyclic fatigue. For each
of the aged polyester jute composite materials, the values of
the endurance curve's two coefficients, A and B, could be
determined using a linear regression calculation. The
laboratory endurance limit was determined at 105 cycles for
practical reasons. Table 1 compiles the values of the
correlation coefficient R and the coefficients A and B for each
material aged in seawater. The specimens' rate of degradation
during cyclic fatigue testing is displayed by the A/B.

Table 1. Parameters A and B of the Wohler (S-N) curves

Material JFRPO  JFRP90  JFRP180 JFRP270
B 110.33 106.84 99.60 96.53
A 15.60 15.78 16.09 16.40
R 0.96 0.94 0.95 0.95
A/B 0.14 0.15 0.16 0.17

It is evident from Figure 5 that the cyclic fatigue test
experimental points are widely distributed throughout all
tested composites. The non-uniform distribution of fibers in
the specimens and defects in the material (pores,
manufacturing flaws, machining, and demolding) are the
primary causes of this dispersion. However, the endurance
limit of a JFRP composite decreases with increasing aging
time in a marine environment. The weakest slope of the
Woéhler curve is that of the unaged composite (JERPO), with a
degradation rate of around 14.14% (Table 1).
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Figure 5. S-N curve of jute/polyester composites after
exposure to seawater
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Figure 6. Endurance limit depending on JFRP composite
loading level

Increasing the aging period in seawater causes this rate to
rise. Indeed, within the first ninety days, the aged composite
material (JFRP90) exhibits a fatigue life reduction rate of 2%
to 11% in comparison to the unaged composite JFRPO, and for
all loading levels in cyclic fatigue (Figure 6). Furthermore,
when compared to the unaged composite JFRPO, the JFRP180
composite exhibits a total decrease rate of 11% to 22% over
the period of 180 days of marine aging. Finally, the aged
composite JFRP270 exhibits the most notable decrease rate,
ranging from 21% to 32% over 270 days. Therefore, even
though the applied stresses are insignificant, the fatigue life
degradation rate gradually increases with increasing
immersion time in seawater. The presence of seawater in the
material may certainly modify the fibers' and polyester
matrix's properties as well as the interface between the two,
which might occur in a deterioration of the material's
mechanical properties when it is being utilized [28].
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Additionally, the humidity expansion coefficients of the jute
fiber and the polyester matrix differ, which leads to a
dissociation of the interfacial region between fiber and matrix
and eventually results in a reduction in fatigue resistance
(Figure 7) [32].

Dry fibers

(a) Dry fibers of JFRPO

N R

' (c) Fiber after ffacture of JFRP270
o e o - B |

= -

= - S
_(d) Fiber after fracture of

&

(e) Darﬁaged interface nd delaination of JFRP270
Figure 7. Scanning electron microscope micrographs of the
tested composite material (jute/polyester)

Water diffusion in composites is influenced by salinity,
water  temperature, manufacturing  processes, and
environmental factors such as humidity and temperature. The
amount of salt present in seawater's structure, especially
sodium chloride, has a significant impact on how water is



absorbed and diffused. Physical and chemical aging occur
when the jute/polyester composite material (JFRP) is
submerged in seawater. Structural relaxation or solvent
absorption are examples of changes in the spatial arrangement
of macromolecular networks that cause physical aging without
changing their chemical makeup. Chemical aging results from
a chemical attack that may change the molecules' chemical
composition and damage the composite's different
components by dividing polymer chains, which in turn causes
cracks and microcracks in the material. Furthermore, a
chemical attack on the resin's ester bonds, the reactive groups
mostly responsible for the degradation and leaching that occur
in polyester resins, occurs concurrently with chemical aging
brought on by extended contact with water [33]. Following
saturation, the polyester resin typically degrades chemically
and physically, exhibiting non-Fickian behavior, notably loss
of cohesion fiber/matrix and matrix microcracks (Figure 7(e))
[34].

In addition, by accelerating the creep deformation and stress
relaxation, the seawater in the jute/polyester composite can
result in residual stresses and influence the mechanical fields.
The bonding region between fiber and matrix is also affected
by hydrolysis (Figure 7(a), (b)), and the chemical attack results
in osmotic pressure, which damages the jute fibers and the
fiber-matrix bond. As a result, the aged composite material
(JFRP270), which is destroyed, has shorter jute fibers and
yarns before failure than the unaged composite material
(JFRPO) (Figures 7(c) and (d)). It is essential to highlight that
the main cause of hydrolytic breakdown in composites is water
diffusion within the material, which results in humidity
absorption and, perhaps, increasing molecular mobility, and
decreasing the stiffness of the polyester resin.

The density and direction of the fibers and microcracks,
which seem to be influenced by both the loading and the
conditioning states of the specimens, are typically combined
to define the state of fatigue damage. The mechanisms of
matrix microcracking, debonding at the interface region
between the jute fiber and polyester matrix, and fiber
loosening and fracture are the main causes of the onset and
accumulation of damage in composites (see Figure 7(e)). The
speed and progression of this damage are highly dependent on
the material's microstructure and the applied loading mode.
According to numerous studies, the different phases of damage
under cyclic loading are similar to those observed under static
loading, although they differ in terms of timing and intensity.
Material degradation begins with the first fatigue cycles and
gradually intensifies until it ultimately fails. Furthermore, the
concept of "total destruction" no longer seems sufficient to
characterize the failure criterion in these materials. Combining
acoustic emission methods with real-time microscopic
monitoring techniques would allow for better identification of
the key mechanisms of fatigue damage. This would help to
define a more relevant failure criterion and to reduce the
dispersion of experimental data on the lifetime of composites.

4. CONCLUSIONS

The immersion of a JFRP polyester jute composite material
in seawater results in progressive water absorption, which is
accompanied by volumetric expansion and swelling of the
specimens and a significant increase in their mass over the
immersion time. The resulting phenomenon is mostly caused
by water molecules diffusing across the fiber/matrix interface
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and within the polymer matrix. However, the existence of salt
ions, such as sodium (Na*), chloride (CI"), magnesium (Mg?"),
sulfate (SO4*"), calcium (Ca?"), and potassium (K*), slows
down the absorption of water by the studied composite, which
prevents the immersed composite from reaching the saturation
limit during immersion in seawater of 270 days. Furthermore,
the diffusion process is significantly impacted by the
electrochemical properties of the saline solution in saltwater,
specifically its high electrolyticity (the presence of highly
mobile dissolved ions).

The static three-point bending test makes it possible to
characterize the JFRP composite material by extracting and
plotting the stress-strain curves. These curves exhibit linear
behavior until rupture, reflecting the fragile and elastic nature
of this material. However, the slope of the curves gradually
decreases with increasing bending load. This is mainly
attributed to the creation of internal damage, which leads to
the appearance and development of microcracks in the
polyester matrix. The primary cause of these microcracks is
the difference in swelling between the fibers and the matrix
(the jute fibers swell more because of their hydrophilic
character, while the matrix absorbs water and expands).

Marine aging of a JFRP composite leads to a reduction in
cyclic fatigue life. Indeed, the composite aged in seawater for
270 days (JFRP270) presents a rate of degradation of the
endurance limit of up to 33%, compared to the unaged
composite material JFRPO. This degradation is essentially due
to the presence of salts, which affect the different
compositions of the jute/polyester composite by cutting the
chains connecting the reinforcement and the matrix and,
consequently, creating defects and microcracks in the material.

The introduction of salt water in the polyester resin and jute
fiber composite is not limited to a simple absorption
phenomenon: it can also completely modify the state of
internal stresses within the composite material. By penetrating
the matrix and the fibers, the water induces a differential
swelling between the two constituents (polyester matrix and
jute fibers), which generates localized residual stresses within
the fiber/matrix interface. These stresses are added to the
mechanical stresses applied externally, thus modifying the
distribution of mechanical fields in the composite.
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