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ABSTRACT

Recently, the growth of plant fiber-reinforced composites (PFRCs) has a great impact on composite research and innovation.
As these materials have various applications in several engineering fields, it would be of great interest to understand the multi-
physical properties of plant fiber composites under real-life conditions. In this context, several efforts have been made to shed
light on the multi-physical properties of bio-composites under synergetic aging environments. For this reason, the current review
examines the hygro/hydrothermal and thermal aging of plant fiber polymer composites. Interestingly, the mechanical and phys-
ical (i.e., morphology chemical composition, crystallinity, thermal stability, moisture absorption...) properties of bio-composites
and their constituents are scrutinized to better understand material response under harsh environments. Several analytical mod-
els (i.e., Arrhenius, time-temperature superposition principle ...) used for predicting the lifespan of the aforementioned materials
are critically reviewed. This review paper is intended to provide new insights into the durability of plant fiber composites with a
view to widespread industrial integration. More importantly, future directions are also provided to trigger new research areas.

1 | Introduction A variety of plant fibers are available and relevant to the com-

Nowadays, global societal awareness regarding environmental im-
pact, sustainability, and the rising energy demand has significantly
increased, highlighting the urgent need for eco-friendly materials
that are durable, biodegradable, and lightweight. A combination of
renewable materials such as plant fibers instead of synthetic ones,
and polymeric matrices has been shown to meet these properties.
Accordingly, over the years, plant fiber composites have been con-
sidered in various engineering fields (e.g., automotive, aeronautics,
aerospace, construction, and wind energy ...) [1-6].

posite industry, including bast fibers (flax, hemp, jute, ramie,
and kenaf, etc.), seed fibers such as coconut and kapok, leaf fi-
bers (abaca, banana, pineapple, and sisal, etc.), grass fibers such
as bamboo and corn, and wood fibers (softwood and hardwood)
[7-9]. Typically, these plant fibers are structurally composed of
multilayered cell walls considered as natural composites. The
cell walls vary in thickness and chemical composition, contain-
ing lignin, hemicellulose, and pectins as a matrix, and cellulosic
fibrils as reinforcement, working together to provide the struc-
tural integrity of plant fibers. Herein, with this complex feature,



Summary

« Hygro/hydrothermal conditions influence the multi-
physical properties of fibers.

« Plant fibers' chemical composition governs their be-
havior under thermal stress.

« Fiber-matrix debonding is a turning point in compos-
ite performance.

« Accelerated aging tests and analytical models help to
predict PFRCs' service life.

comprising a flexible outermost primary cell wall and thicker
secondary wall, the multi-physical properties of plant fibers are
very sensitive to environmental conditions (temperature and
humidity) [5, 10, 11]. However, their intrinsic hydrophilicity
makes them highly sensitive to such conditions and vulnerable
to structural modifications, involving challenges to their long-
term durability in practical applications [7, 12-19]. Eventually,
Le Duigou et al. [13] reported that the multi-scaled architecture
of fibers governs the durability of fibers in a wet environment,
and long-term aging involves many multi-physical degradation
steps. More importantly, Cadu et al. [16] stated that fluctuations
in temperature and humidity stress the multi-walled structure of
fibers and modify their chemical composition. Furthermore, the
crystallinity that is a key parameter determining the mechan-
ical properties is further susceptible to changes in the hot/wet
environment. Thuault et al. [17] reported an interaction between
the moisture and the microfibrillar network of fibers. Even so,
temperature is involved in the modification of the microfibrillar
network during thermal exposure [20]. In addition, the thermal
exposure holds sway over hygroscopic conditions, accelerating
degradation and changing fibers' structural integrity.

Besides, regarding the thermal stability of plant fibers, their
embedding inside a matrix for the formulation of composites
involves using two types of polymeric matrices (i.e., thermoplas-
tics and thermosets). Thermoplastics (e.g., PP, PLA, LDPE, and
HDPE) that soften and thermosets (i.e., epoxy, polyester, viny-
lester, and other phenolic resins) that can be cured below the
temperature of 200°C are the most widely used [9, 21]. Matrices
protect plant fibers from the hot/wet conditions and transfer the
load to reinforcement. However, exposure to these conditions
leads to potential degradation of composites' strength and du-
rability, involving multiple physicochemical degradation mech-
anisms targeting both the polymeric matrix and plant fibers.
These degradation mechanisms were documented in the liter-
ature [9-11, 13, 16, 22-33]. Herein, the issue remains on how
to control the degradation. It alters multiple properties at once:
crystallinity, morphology, as well as mechanical response. Cai
et al. [26] reported an example of these mechanisms in unidi-
rectional flax-reinforced phenolic composites aged over a long
period in water at different temperatures. They affirmed that
damage initiates at different levels of the composite, neither in
the fibers nor the thermoset matrix. Li and Xue [27] confirmed
that the temperature and aqueous environment induce stress
and trigger different degradation mechanisms, noting differ-
ential expansion between flax and epoxy. Moreover, Xian et al.
[32] shed light on an important region in the composite, which is

the fiber/matrix interface. It plays a key role in transferring the
mechanical load when composites are used in outdoor applica-
tions. They showed that with hygrothermal conditions, this part
of ramie/phenolic composites was subjected to most of the stress
and governed degradation over time. Furthermore, some PFRCs
were adopted in certain applications that demand exposure to
hygro/hydrothermal or high thermal conditions, for instance,
in aerospace and automotive structural components where com-
posites are used in fuselage, wings, hood, and control surfaces.
These conditions led to moisture and water ingress, promoted
corrosion at the interfaces, and led to structural failure upon
mechanical loadings [25].

However, with all these challenges faced by composites and
their structural components, understanding their durability
is relevant to the composites industry in terms of predicting
long-term performance, ensuring reliability, and guiding the
development of more resilient and sustainable materials. This
underscores the necessity of developing robust predictive mod-
els to better understand their durability. As research advances,
analytical models have been developed to predict their long-
term performance [34-36], including time-temperature super-
position principles (TTSP) enabling the extrapolation of material
physical property over extended timeframes while accounting
for temperature variations, and the Arrhenius equation, empha-
sizing the degradation rate. Additionally, finite element mod-
eling techniques have provided insights into water diffusion
behavior and mechanical property degradation [37-39]. Indeed,
there is a noticeable lack of comprehensive review articles that
systematically address the durability of PFRCs, particularly in
the context of environmental aging [22, 33, 40]. Most existing re-
view papers deal with the general properties of plant fibers and
their composites. However, there is a lack in the assessment of
their durability, leaving a gap in understanding how plant fiber
composites with their components respond to long-term expo-
sure to hygro/hydro or thermal conditions. Closing this gap will
enable researchers to develop improved materials with greater
resilience to environmental factors.

This review presents a comprehensive analysis of the factors
influencing the long-term performance of PFRCs, with a focus
on the effects of aging under harsh conditions on their physi-
cochemical, morphological, and mechanical properties across
different scales. Predictive modeling techniques and accelerated
aging methodologies are examined to estimate composite lifes-
pan and describe their behavior in hot and wet environments.
The review also outlines future research directions, including
strategies to mitigate PFRC degradation in severe conditions
and the development of advanced simulation tools for more ac-
curate predictions of service life in real-world applications.

2 | Hygro/Hydrothermal and Thermal Aging of
Plant Fiber Composites and Their Constituents

2.1 | Fibers

The surrounding environment is characterized by fluctuations
in humidity and temperature. Those stressors have a promi-
nent effect on fibers' multi-physical properties. The hydrophilic
nature of plant fibers allows high absorbance of moisture that



results in the modification of the properties of their internal
structure. Herein, with prolonged exposure to environmental
stressors, the chemical composition and crystallinity of plant fi-
bers are also susceptible to variations. In fact, extensive research
has been devoted to the impact of various environmental con-
ditions (hygro/hydro and thermal) on plant fibers' mechanical,
physicochemical, and thermal properties, with more concerns
about the effect induced by high temperatures. Table 1 summa-
rizes studies evaluating the physical properties of plant fibers
after exposure to hygrothermal stresses.

Aside from that, the evolution of each of the fiber's properties
after exposure to severe conditions will be described in the next
sections concerning the fibers.

2.1.1 | Moisture Absorption and Swelling

The water sorption behavior of plant fibers offers valuable in-
sights into their hygrothermal characteristics. Several authors
assessed the evolution of plant fiber's saturation moisture content
with the change in relative humidity [10, 47, 53, 57, 58, 61, 64],
and ascertained the mechanisms governing the transport of
water. Based on sorption isotherms of plant fibers, authors ex-
plained that moisture absorption could result from different
phenomena, adsorption in the free hydroxyl groups of fibers and
diffusion by capillarity action. However, the sorption isotherms
of plant fibers (Figure 1) typically exhibited a sigmoidal shape
(type II-isotherm curves according to IUPAC classification),
which represents the adsorption behavior of macro-porous and
non-porous adsorbents [69]. In fact, for plant fibers, three sorp-
tion modes occur [10, 70, 71]. At low relative humidities (below
15%), water molecules bond with the specific sites of plant fibers
(i.e., hydroxyl groups of amorphous cellulose and hemicellulose
or carbonylic and carboxylic groups of pectins) which marks
the slight and linear increase of the saturation moisture content
with relative humidity. Besides, in a range of relative humidities
between 15% and 70%, saturation moisture content continues its
slight increase as water molecules infiltrate easily and in higher
quantities through the hollow part (lumen), the porous structure
of plant fibers, and adsorb to the hydrophilic sites resulting in
fiber swelling. However, above that stage of relative humidities,
water concentration within fibers exceeds a certain threshold
and becomes too important, leading to the formation of water
molecules' clusters in macropores and lumens, and a sharp in-
crease in saturation water uptake. Otherwise, water molecules
bound with cell walls and middle lamellae-free sites through hy-
drogen bonds over the full range of relative humidities. In fact,
most of the absorbed moisture is held in the amorphous areas of
the cellulose, hemicellulose, pectins, and lignin.

Garat et al. [10] have studied the sorption properties of different
plant fibers at 23°C for different ranges of relative humidities
using Dynamic Vapor Sorption (DVS) analysis for relative hu-
midities between 0% and 90%, and the centrifugation method for
the evaluation of Water Retention Value (WRV) (100 RH%). For
all plant species, the sorption isotherms exhibited a sigmoidal
shape (Figure 1), but the moisture content differed between
plant species at 100 RH%. That was attributed to the difference
in the morphological aspect of fibers, especially the amount and
size of open pores and lumens. Indeed, the chemical composition

might also have contributed to the substantial differences in
water sorption of the cell walls. Nettle fiber bundles with a high
amount of pectins exhibited elevated moisture content.

In another study, Jiang et al. [72] evaluated the sorption proper-
ties of flax and hemp fibers at 30°C, highlighting similar sorp-
tion isotherms (type II-isotherm curves). The study suggested
that water bound to the cell walls of fibers could be removed
without high temperature, as the enthalpy of heat sorption
across the full range of relative humidities was greater than the
heat of vaporization of water at 30°C. Additionally, the enthalpy
of heat sorption at relative humidities below 33% was much
higher than at high relative humidities.

Apart from that, few authors were interested in understanding
the moisture sorption behavior inside plant fibers and explor-
ing the diffusion phenomenon involved during their aging in a
hygrothermal environment [70]. Among the models proposed
in the literature, Fick's model was the most used to assess the
diffusion phenomenon, but in certain conditions, Langmuir and
dual-stage Fick's law were suitable when plant fibers exhibited
an anomalous Fickian diffusion. Célino et al. [71] examined
the diffusive behavior of four different plant fibers (hemp, flax,
jute, and sisal) during aging in a hygrothermal environment
(at 23°C/80 RH% and at 23°C/100 RH%). They used the three
models to assess the diffusion kinetics. Fick's law and dual-stage
Fick's law fit well with the moisture uptake of the different fibers
when aged at 23°C/80 RH%. Herein, the dual-stage Fick law al-
lowed determining two Fickian diffusion kinetics. In fact, the
diffusion coefficient was higher for fibers having a high content
of amorphous counterparts such as sisal and hemp, showing val-
ues of 2.14x 10~° mm?/s and 4.00 X 10~% mm?/s, respectively. In
contrast, the diffusion coefficients found for jute and flax were
1.12%x107° mm?/s and 1.19mm?/s, respectively. Besides, the
Langmuir model which considers the two phases of water (mo-
bile water corresponding to capillary condensation and bound
water adsorbed to the free hydroxyl sites) involved during the
exposure of fibers to severe humid conditions (100 RH%) has
suitably captured the moisture uptake of all plant fibers during
immersion.

Furthermore, under hygrothermal or hydrothermal condi-
tions, the absorption of water molecules induces dimensional
changes in plant fibers, predominantly manifested as trans-
verse swelling due to the high sorption properties of the amor-
phous components of fibers such as hemicellulose. This leads
to the orientation of microfibrils. According to Garat et al. [10],
the transverse swelling of various plant fiber bundles follows a
linear trend with RH. Between RHs of 20% and 73%, the cross-
sectional swelling ranged from 20% for palm fibers to over 70%
for nettle fibers, with intermediate expansion for sisal (~42%),
hemp (~49%) and flax (~57%). Additionally, they evaluated the
cross-sectional hygroexpansion coefficients of these fibers under
the same hygrothermal conditions and hydrothermal conditions
using a dimensional analysis apparatus. Nettle exhibited the
highest coefficient of 1.70, while palm fibers showed the lowest
value of 0.42. Intermediate values were recorded for flax (1.67),
sisal (1.49), and hemp (0.92). Under hydrothermal conditions,
these coefficients decreased, exhibiting values of 0.47, 0.84, 0.90,
1.07, and 0.72 for palm, sisal, hemp, flax, and nettle, respectively.
The variability of these coefficients was attributed to differences
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| (Continued)

TABLE 1

Testing
methods

Treatment

Temperature of

Pre-
conditioning

References

Highlights

instrument Duration (h)

RH (%)

exposure (°C)

Fibers

[66-68]

SEM, XRD, FTIR - Oven-heat treatment induced a

Oven 0.25

78% RH at 28.5

28.5,100 and 190

Oil palm empty
fruit bench

decrease in hemicellulose content
leading to an increase in cellulose

content.

fibers (OPEFB)

120

T -
—a— Palm I Formation of water molecule  *
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FIGURE1 | Sorption isotherms of different plant fibers (palm, sisal,
hemp, flax, and nettle) at 23°C adapted from Garat et al. [10] work.

in chemical composition and microfibrillar angle (MFA); fibers
with higher lignin content and larger MFA tend to restrict water
retention and swelling. Similarly, Joffre et al. [73] examined the
local hygroexpansion coefficient of a lignified fiber (softwood)
between 47 RH% and 80 RH% using tomography measurements,
finding a coefficient of 0.45. These findings underline the contri-
bution of fibers' chemical composition to the moisture-induced
dimensional changes, opening interesting perspectives for the
predictive modeling of PFRC durability by incorporating fiber
dimensional changes, which are closely related to the structural
features of the fibers.

2.1.2 | Crystallinity

Due to the importance of crystallinity on the mechanical per-
formance of plant fibers, various techniques have been used for
its evaluation including Fourier transform infrared spectros-
copy (FTIR), differential scanning calorimetry (DSC), and x-
ray diffraction (XRD). The latter was the most used technique,
providing various methods for studying the crystallinity index
(CrI) [74, 75]. Among these methods, the Segal peak height was
adopted by several researchers due to its simplicity and its suit-
ability to evaluate the effect induced by treatment or exposure
to hygro/hydrothermal and thermal conditions, although, it
is considered to overestimate the values of crystallinity when
compared to other methods (Rietveld method and peak fitting
method). In fact, the pitfall of this method arises from the vari-
ation of the crystal size in the lignocellulosic fibers [74]. The
smaller crystals are generally considered amorphous material
in the XRD pattern. Cellulose exists in two conformations in
plant fibers as Ia and I, but the latter remain the form exist-
ing [76]. Generally, the diffraction of plant fibers shows typical
characteristic peaks of the crystalline cellulose at 110, 110, 120,
200, and 004. Figure 2 demonstrates each of those peaks, in
addition to the amorphous region contributing in the calcula-
tion of CrI by Segal's empirical method (Equation 1) [77], where
L, represents the height of the 200 peak located between the
scattered angles of 26 =22° to 23°, constituting the sum of the
crystalline and amorphous components, and I, correspond-
ing only to the amorphous component and represented by the



intensity at the minimum of about 18° between the 110 and
200 peaks.
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Beyond that, those peaks are subjected to modification when
plant fibers withstand hygro/hydrothermal conditions revealing
achange in crystallinity. Amorphous constituents of plant fibers
become susceptible to leaching, which results in enhanced crys-
tallinity. Interestingly, such observations have been ascertained
in various research studies. Elmoudnia et al. [18] observed such
behavior when exposing a cellulosic fiber for different lengths of
time (0.25, 0.5, 1 h) at 100°C/100 RH%. As illustrated in Figure 2,
the intensity of the peaks corresponding to cellulose revealed
the increase in the relative amount of crystalline cellulose due
to the removal of hemicellulose. Cadu et al. [16] spotlighted
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FIGURE 2 | XRD patterns of cellulosic fibers before and after expo-
sure to hygrothermal conditions (100°C/100 RH%) for different dura-
tions (15, 30, and 60 min) adapted from Elmoudnia et al. [18] work.
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also an increased crystallinity because of the removal of fibers'
amorphous counterparts with the hornification mechanism
when aged flax fiber bundles in cyclic hygrothermal conditions
(humidification for 3.5days at 55°C/90 RH% and drying for the
same period at 55°C/40 RH%). The apparent crystallinity in-
creased by 2.5% during aging, more prominently between the
4th and 9th cycle. Otherwise, in the study of Ezugwu et al. [48],
the crystallinity of various plant fibers (palm, hemp, and flax)
behaved differently when exposed to hygrothermal cycles (hu-
midification for 3h at 100 RH% and drying at 80°C). Indeed, the
XRD diffractogram of palm fibers shown in Figure 3a depicted
1 to 5 peaks depending on exposition to hygrothermal cycles.
Meanwhile, 7 to 8 peaks corresponding to crystalline cellulose
were observed for hemp and flax in Figure 3b,c at 20 values:
14.5°,16.5°20.5° 34.6° 45.0°, and 54.1° for flax, and 14.3°,20.3°,
34.6° 45.0° and 54.1° for hemp fibers. However, both fibers ex-
hibited the common cellulose peak at 22.6° with high intensity,
but the peak between 16° and 17° was well-defined in flax, but
not revealed for hemp. The latter presented a well-distinct cel-
lulose peak at 32.2°. However, the crystallinity of palm fibers
was supposed to remain unchanged with cyclic hygrothermal
conditions as the peak at 21.5° and 34.6° remained stable, but
after 6cycles crystallinity dropped by 13%. Unlike palm, flax
and hemp showed an increase in crystallinity by 19% and 2%,
respectively, after hygrothermal cycles.

Besides, numerous studies have demonstrated that tem-
perature with the time of exposure influences crystallinity
and induces structural changes to the crystalline cellulose
[43, 44, 55, 56, 59, 65, 66, 78—80]. Cellulose I3 exhibits anisotro-
pic behavior upon temperature. This phenomenon is reversible,
as the strain induced by temperature change does not involve
any irreversible mechanism. Guillou et al. [78] demonstrated the
reversibility of this behavior through temperature-controlled
XRD analysis performed on flax fibers subjected to successive
short isothermal exposures (ranging from 25°C to 230°C), fol-
lowed by cooling. Their results showed that the 200 peak in
XRD patterns shifted to a lower angle with increasing tempera-
ture and retrieved its initial position after cooling. Another im-
portant conclusion was that the interplanar distance between
the (200) planes increases with temperature but returns to its
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FIGURE3

| XRD diffraction patterns of three different plant fibers (a) palm, (b) hemp, and (c) flax, undergone cyclic aging (humidification at 100

RH% for 3h and drying for 16h at 80°C) adapted from Ezugwu et al. [48] work.



initial value at 23°C. This behavior can be attributed to the mo-
lecular arrangement of cellulose chains, which enables them to
approach one another and form a complex network consisting
of numerous hydrogen and Van der Waals bonds. Temperature
disrupts these bonds, particularly the weaker ones (Van der
Waals interactions) along the [100] direction, contributing to the
anisotropic thermal expansion of the crystalline cellulose. Dri
et al. [79], using Density Functional theory (DFT) calculations,
demonstrated the temperature-induced thermal expansion of
cellulose. Their findings revealed that thermal expansion is
more pronounced in the lateral direction compared to the [010]
direction. Similarly, Wada et al. [80] experimentally observed
the same trend and noted that cellulose If undergoes a phase
transition near 230°C. Additionally, thermal expansion along
the a-axis [100] reached a value of 9.8x10~° °C~! below the
phase-transition temperature and 19.8 x 107> °C~1.

Regarding the effect of thermal aging on fibers' crystallinity,
Figure 4 shows these changes for a variety of plant fibers for
different exposure times. Langhorst et al. [55, 56] reported an
increased crystallinity in blue-agave fibers after subjection to
high temperatures for 3h. The increase was related to the loss of
hemicellulose. Interestingly, the crystallinity increased until a
temperature of 180°C. However, they stated that the increase in
crystallinity involved an enhancement of stiffness as the mobil-
ity of cellulose microfibrils in the cell walls was reduced at high
temperatures [56]. Furthermore, the increase of crystallinity
was also relevant in sisal fibers exposed for the same duration to
temperatures ranging from 100°C to 300°C, as demonstrated by
Ferreira et al. [59]. They explained such an increase by the occur-
rence of a hornification mechanism, which results in the bond-
ing of cellulose chains to the amorphous counterparts (lignin
and hemicellulose). Despite that, it was revealed that exposure
to high temperatures such as 300°C leads to the degradation of
cellulose, though a drop in crystallinity [81]. Hence, crystallinity
increases in most cases. Carada et al. [65] featured an increased
crystallinity in kenaf fibers exposed for 1h to a temperature of
140°C. Solikhin et al. [67] also observed an increased crystal-
linity in oil palm empty fruit bunch stalk fibers (OPEFB) after
withstanding temperatures (100°C and 190°C) for 15min, as
well as Yun et al. [44], who observed an increased crystallinity
in bamboo fibers that faced high temperatures (120°C, 140°C,
160°C, and 180°C) for 2 h. That was attributed to the production
of ether bonds at high temperatures by condensation reactions
between hydroxyl groups present in the amorphous region of
bamboo fibers. Eventually, Cui et al. [15] spotlighted the effect
induced by exposure to high temperatures for 1h on bamboo
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FIGURE 4 | Effect of thermal stress on the crystallinity index of
plant fibers [43, 44, 55, 59, 67].

crystallinity. In fact, it was stated that the degradation of amor-
phous regions of cellulose and hemicellulose [82], and the re-
arrangement of the cellulose crystalline regions [83] lead to
increased crystallinity. Indeed, exposure to high temperatures
for a long time results in reduced crystallinity. Wu et al. [43] un-
derlined the effect induced by exposure for long periods to high
temperatures on the crystallinity of bamboo fibers. Crystallinity
dropped drastically from the first-faced temperature of 100°C as
water molecules were released and the cellulose crystalline re-
gion was partially removed. Ariawan et al. [62] subjected kenaf
fibers to a temperature of 140°C for different periods (2.5h, 5,
7.5, 10, and 12.5h) and highlighted an increase in crystallinity
values assuming that cellulose molecules were rearranged in-
side the quasi-crystalline amorphous regions [84, 85]. In fact,
exposure for a long period of 12.5h caused a drop in crystallin-
ity since oxidation and dehydration reactions occurred, and that
induced degradation with fiber cells shrinking and reduction of
fiber density [85, 86].

2.1.3 | Chemical Composition

The alteration in crystallinity of plant fibers under hygrother-
mal conditions and thermal conditions is closely linked to their
chemical composition. Plant fiber cell walls are composed of
various components such as cellulose, non-cellulosic polymers
like hemicellulose, water, lignin, protein, and in minor fractions
waxes. Determining these components in plant fibers before and
after their exposure to severe conditions helps in understand-
ing the transformations that occur within the fiber cell walls.
Consequently, several approaches in the literature have been
adopted to analyze these changes and quantify the constitutive
polymers of cell walls [87]. Figure 5 illustrates the methods used
to assess the evolution of the chemical composition. Generally,
FTIR and biochemistry analysis are the most widely used tech-
niques, followed by TAPPI's method and colorimetric analy-
sis. The analysis by FTIR involves monitoring the evolution of
the bands corresponding to functional groups specific to fiber
components [88-99]. Figure 5 shows the corresponding fiber
component for each absorption band. In contrast, biochemical
analysis involves deriving pentose and hexose monosaccharides
which constitute cellulosic and non-cellulosic polymers using
various solvents. These monosaccharides are then quantified
and identified using high-performance liquid chromatography
(HPLC) or Gas chromatography [54, 87]. The determination of
cellulose content is typically based on quantifying its constitu-
tive monomer, glucose. Changes in hemicellulose content are
identified based on the quantities of xylose, mannose, and galac-
tose, whereas pectic substances are characterized by the colori-
metric method. Lignin is quantified separately, usually through
calcination.

Ultimately, the application of these methods has demonstrated
that hygrothermal and hydrothermal conditions significantly
alter the ultrastructure of fibers. This alteration is often char-
acterized by the leaching of non-cellulosic polymers, leading to
an increase in the relative content of cellulose and lignin. For
example, Crespo et al. [19] found that Tepa fibers exposed to
hydrothermal conditions at 150°C for 90min in an autoclave
at a pressure of 430kPa exhibited increases in cellulose content
of 11.68% and 21.31%, respectively. Conversely, the amount of
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FIGURE 5 | Methods used in literature to assess the evolution of plant fiber's chemical composition during hygrothermal aging.

holocellulose (which include amorphous cellulose and hemicel-
lulose) decreased by 3.9%. The degradation of these chemical
components results in the formation of organic acids (e.g., acetic
acid and formic acid), phenolic compounds, and other aromatic
and extractive substances. These organic acids, in turn, catalyze
the hydrolysis of pectins, hemicelluloses, and to a lesser degree
amorphous cellulose. Le Duiguou et al. [13], using the colori-
metric method, observed the release of significant amounts of
polysaccharides corresponding to hemicellulose and pectins
over time during hydrothermal aging at 23°C.

FTIR analysis has been employed to investigate both the bulk
fibers and the soaking solutions after aging in hydrothermal
environments. Analyzing the soaking solution is particularly
useful for detecting the degradation products of fiber cell walls.
Degradation is considered time- and temperature-dependent;
with prolonged exposure and higher immersion temperatures,
the degradation of the amorphous materials that make up the
fibers' primary wall increases. Using FTIR analysis on cellulosic
fibers, Elmoudnia et al. [18] observed a decrease in hemicellu-
lose content after prolonged exposure to hydrothermal con-
ditions at 100°C. Similarly, Li and Xue [27] analyzed soaking
solutions used for aging flax fibers over 17 weeks at 23°C, 37.8°C,
and 60°C, finding evidence of leaching of hemicellulose, non-
esterified pectins, and poorly crystallized cellulose. Cadu et al.
[16] also reported the removal of these constituents from flax
after the 26th week of aging in cyclic hygrothermal conditions
(Lcycle: 55°C/90 RH% for 3.5days and 55°C/40% for 3.5days).
In fact, when fibers feature cyclic hygrothermal conditions, the
leaching effect remains encountered. Ezugwu et al. [48] studied
the effects of cyclic hygrothermal conditions (6 cycles of water
immersion for 3h at ambient temperature, followed by drying
at 80°C) on palm, hemp, and flax fibers. FTIR results revealed
an increase in cellulose and lignin content after several cycles,
attributed to the leaching of hemicellulose and the dissolution of
water-soluble ketones, particularly from palm fibers.

Other studies have explored the effects of high thermal exposure
on fiber chemical composition, focusing on plant fibers such as
flax, bamboo, and wood. Flax fibers, known for their gelati-
nous cell walls and thick S2 layer rich in cellulose (up to 90%),
exhibit different degradation behaviors compared to lignified
and xylan-rich fibers like bamboo and wood. Generally, ther-
mal degradation begins with the removal of pectins, followed
by the degradation of hemicelluloses, cellulose, and lignin.
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In lignified fibers, thermochemical reactions between xylan
groups in hemicellulose and lignin result in crosslinking and
lignin condensation at high temperatures [46, 47, 93]. Cui et al.
[15, 42] demonstrated through FTIR analysis that bamboo fibers
exposed to temperatures ranging from 160°C to 220°C for 1h
showed significant hemicellulose degradation, while cellulose
remained relatively stable. This stability was attributed to the po-
lymerization of free hydroxyl groups in the amorphous regions
of cellulose via oxidation under high temperatures and atmo-
spheric conditions. Similarly, Wu et al. [43] reported increases
in cellulose and lignin content in bamboo fibers exposed to tem-
peratures up to 200°C for 6 h due to hemicellulose removal. For
fibers with gelatinous cell walls, Guillou et al. [78] conducted
biochemistry analysis (acid hydrolysis and gas chromatogra-
phy) on flax fibers subjected to successive thermal exposures
at 170°C, 190°C, 210°C, and 230°C for 20min each. The results
indicated a marked decrease in thermosensitive polymers such
as hemicelluloses and pectins with increasing temperature, par-
ticularly after 190°C. lignin content, measured using spectro-
photometry via the acetyl bromine method, increased by 50%
at 230°C relative to the dry matter of flax fiber bundles, though
overall lignin content remained low in flax fibers.

2.1.4 | Morphology

In hygro and hydrothermal conditions, plant fibers undergo sig-
nificant morphological changes, including surface alterations
due to the leaching of amorphous content, defect development,
and fiber decohesion caused by differential swelling stresses
induced on the cell walls, which can intensify with prolonged
exposure, as effectively assessed through Scanning Electron
Microscopy (SEM). Thuault et al. [17] followed the evolution of
flax fibers’ surface in a hygrothermal environment (20°C/100
RH%). The findings revealed unchanged surface morphology
after 1day of exposure (Figure 6a). Herein, at that period water
seeps through the surface defects and diffuses by capillarity ac-
tion through the lumen and/or the cell wall interfaces. However,
exposure of 7days altered the surface of fibers, as some blisters
appeared (Figure 6b), which were a result of the osmotic pres-
sure generated in the outer wall of fibers. Indeed, after 4 weeks of
aging, cracks were generated on the surface of fibers (Figure 6c)
as the pockets busted and released the pressure. However, Le
Duigou et al. [13] observed the fractured surface of flax fibers
embedded in PLA matrix before (Figure 6d), and after exposure
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FIGURE 6

| Morphological changes of flax fibers aged for 1day at 20°C/100 RH% (a), aged for 7days (b) for 2months (c) in the case study of

Thuault et al. [17]; unaged flax (d), and aged for 2months at 23°C/100 RH% (e) in Le Duigou et al. [13] work.

to hygrothermal conditions (23°C/100 RH%) for 2months. The
observations showed that those aging conditions caused the
nucleation of cracks in the lumen area (Figure 6e). Indeed, the
structural damage was a consequence of differential swelling
stresses generated in fibers' cell walls. Nevertheless, Cai et al.
[26] highlighted splitting of flax fibers surface after exposure to
hygrothermal conditions (60°C/100% RH) for 2 months. Herein,
in Ezugwu et al. [48] work, three types of fibers (flax, hemp, and
palm) were subjected to cyclic hygrothermal conditions (humid-
ification for 3h at ambient temperature/100 RH% and drying for
16h at 80°C). Exposure to 6cycles of hygrothermal conditions
resulted in the collapsing of fibers' surface and decohesion in
flax and hemp. However, in palm fibers, the hygrothermal con-
ditions caused the modification of their cell structure by their
compaction, which was marked by the shrinkage of the lumen.
In addition, flaws were developed in the surface of palm fibers
as silica clusters collapsed.

Besides, with high thermal exposure, the structural integrity
and fiber surface are subjected to severe modification. High
temperatures embrittle fibers and induce a loss in the bonding
strength between the non-cellulosic polymers of the plant fibers
and the cellulosic microfibrils, which creates gaps between fiber
cell walls and causes delamination. In fact, the embrittlement of
fibers has been documented in numerous studies. For instance,
Langhorst et al. [55] observed that after 3h of exposure to 180°C,
the fractured surface of blue-agave fibers transitioned from duc-
tile to brittle failure. Otherwise, Ferreira et al. [59] reported that
exposing sisal fibers to temperatures below 200°C for 3 h resulted
in thermal deformation, leading to the formation of cracks, voids,
and structural shrinkage in the middle lamellae. At 250°C, the
internal structure of sisal fibers became more fused and com-
pacted, with reduced porosity. Exposure to that temperature
induced a phenomenon similar to the fusion between the mid-
dle lamellae and the secondary wall of the fibers, known as the
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plastification-vitrification process. However, at 300°C, cracks
appeared in fiber cells, attributed to the loss of bonding between
lignin and cellulosic fibrils. Differently, Cui et al. [42] explored
the microstructural changes of bamboo fiber bundles extracted
from different regions (inner, outer, and middle) in the radial
direction of the stem after 1h of exposure to high temperatures
(160°C, 180°C, 200°C, and 220°C). The embrittlement of fibers
was obvious after exposure to high temperatures. Herein, fiber
bundles extracted from the outside region exhibited a serrated
fractured surface with exposure of a large amount of fibers,
below the temperature of 200°C revealing the ductility of fibers
before the thermal exposure. It was reported that high tempera-
ture causes the degradation of fibers' main constituents, which
results in weak bonding between the different layers of the cell
walls. Recently, Cui et al. [15] have discovered such behavior
when subjected bamboo samples to temperatures (160°C, 180°C,
200°C, and 220°C) for 1h. The delamination of the cell walls
was obvious at 160°C. However, at 180°C, the sublayers of the
secondary wall of fibers were delaminated since hemicellulose
degraded and volatile compounds were released, leaving gaps
between the layers and causing their shrinkage. Eventually, at
that stage of temperature, cellulosic microfibrils were exposed,
but above 220°C, they were less and shorter due to twisting, cel-
lulose degradation [100], and the softening of lignin. Such mod-
ification in the microstructure of fibers with high temperature
begins with the weakening of the adhesion between lignin car-
bohydrate complexes (LCC), then between LCC and cellulosic
microfibrils [101]. Wu et al. [43] reported unaltered surface mor-
phology in short bamboo fibers exposed to high temperatures
for a period of up to 6 h. Indeed, exposure for a long time to high
temperatures was shown to develop mainly cracks and the deg-
radation of cellulose. As observed by Oliveira et al. [102], cracks
developed along fiber length in a fique fabric after exposure for
72h and 120h to a temperature of 170°C, and with prolonged
exposure, microfibrils were exposed at the surface and collapsed



afterward. This was explained by the depolymerization of hemi-
cellulose. However, Ariawan et al. [62] reported the removal of
waxy and fatty substances after the subjection of Kenaf fibers
to a temperature of 140°C for different durations (2.5, 5, 7.5, 10,
12.5h) [8].

2.1.5 | Mechanical Properties

Despite the influence of factors such as the position of fiber ex-
traction, plant growth conditions, chemical composition, and
the processing methods used for extraction [8, 32, 47-50, 103],
studies have shown that the mechanical behavior of plant fibers
is also significantly affected by hygro and hydrothermal envi-
ronments [87, 104-107]. Specifically, changes in crystallinity
and chemical composition under extreme conditions govern
their mechanical response. Tensile tests conducted on fiber bun-
dles or elementary fibers have provided deeper insights into this
behavior. Interestingly, their response to mechanical loadings
reveals three types of humidity- and time-dependent stress-
strain curves, as illustrated in Figure 7. The first type (Type I)
represents fibers with elastic behavior; the second type (Type II)
exhibits elastoplastic behavior. The third type (Type III), which
is common among most lignocellulosic fibers, demonstrates an
unusual pattern characterized by an initial non-linear region
during the early loading stage, followed by a region where the
tangent modulus increases progressively until failure. This phe-
nomenon is often associated with an accommodation mech-
anism. Several hypotheses have been proposed to explain the
non-linearity of this curve [12, 54, 108, 109]. The initial non-
linear region is attributed to shear deformation within the
amorphous regions and hardening due to the reorientation or
modification of the MFA. Additionally, the presence of defects
and dislocation zones within the ultrastructure of elementary
fibers contributes to this behavior. These mechanisms may also
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FIGURE 7 | Typical stress—strain curves of plant fibers at ambient
temperature; Type I with the elastic response, Type II corresponding to
elastoplastic deformation, and Type III with an accommodation phe-
nomenon (elastic deformation at the beginning related to the shear
stress-induced to amorphous cellulose and hemicellulose, non-linear re-
gion assigned to the alignment of amorphous cellulose, and final elastic
stage corresponding to the reorientation of the cellulosic microfibrils).
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lead to the breakage of intermolecular bonds between the amor-
phous components of the cell wall and the cellulose microfi-
brils, resulting in stress-induced crystallization, a phenomenon
where crystallization occurs in response to mechanical loading.
Studies on flax and hemp fibers have demonstrated that these
stress-strain curve types are dependent on humidity levels.
Placet et al. [106] conducted a quasi-static tensile test on single
hemp fibers at varying relative humidity (10%, 25%, 50%, and
80%) and a temperature of 23°C. They found all three types of
stress—strain curves, with type III being the most prevalent. As
RH increased, the proportion of Type III curves also increased.
Additionally, several studies highlighted the effects of hygro
and hydrothermal conditions on tensile strength, modulus, and
fracture modes of fibers. The hydration state of fibers, swelling,
and plasticization of cell walls play crucial roles in determining
their mechanical properties [7, 10, 106, 110]. Garat et al. [104]
examined various plant fibers under different hygrothermal
conditions at 23°C and observed that cell wall saturation and
plasticization led to a decrease in Young's modulus as RH in-
creased, primarily due to the flexibilization of the cellulose net-
work. They also found that the hydration state, specifically, the
saturation of hydroxyl groups governs the strength and strain at
failure. Both properties increased until a saturation threshold
(between 50 RH% and 73 RH%). Similarly, Thuault et al. [17]
observed an increase in the tensile strength of flax fibers with
RH up to 68 RH%, while Van Voorn et al. [111] reported a similar
trend in flax and sisal fibers up to 70 RH%. Placet et al. [106] also
noted an increase in the strain at failure of hemp fibers as RH
increased from 2.34% at 10 RH% to 2.67% at 80 RH%. Guicheret-
Retel et al. [107] studied the creep behavior of single hemp fibers
under hygrothermal conditions (20%, 40%, 60%, and 80% RH at
20°C), concluding that humidity activates the viscoelastic prop-
erties of fibers and increases both primary and secondary creep
strain rates.

Extended exposure to fluctuating hygro and hydrothermal
conditions has been shown to degrade mechanical proper-
ties [16, 17, 48, 112]. Prolonged exposure can lead to ultrastruc-
tural degradation, including defect formation, microfibrillar
network disorganization, and increased porosity due to high
relative humidity. Cadu et al. [16] observed a 30% reduction in
the tensile strength of flax fiber bundles after cyclic aging (hu-
midification at 55°C/90 RH% for 3.5days, followed by drying at
55°C/40 RH% for the same period). The tensile strength stabi-
lized after 13 cycles (equivalent to 52 weeks), while Young's mod-
ulus decreased by 40% between the 4th and 13th cycles, likely
due to the development of internal flaws such as decohesion.
Ezugwu et al. [48] reported similar degradation in palm fibers
exposed to cyclic hydrothermal conditions, with a 10.93% re-
duction in tensile strength after a single cycle (3h immersion at
room temperature, followed by 16h of drying). They also noted
that fibers with lower luminal porosity, such as flax and hemp,
demonstrated greater resistance to strength loss compared to
palm fibers.

Indeed, plant fibers are expected to endure prolonged mechan-
ical stress and environmental variability when reinforcing
composite materials. Several studies have shown that cyclic
loading combined with varying hygrothermal environments
induces mechanosorptive phenomena, where fiber deformation
accelerates under repeated loading and environmental stress,



increasing fiber strain. Guicheret-Retel et al. [107] observed this
effect in tensile creep tests on single hemp fibers under cyclic hy-
grothermal conditions (80 RH% to 15 RH%). Other studies have
suggested that cyclic loading at constant RH affects fiber me-
chanical behavior by diminishing the non-linear response and
reducing strain; an irreversible phenomenon that stiffens the
fibers over time. Huguet et al. [105] confirmed the occurrence of
such a mechanism when examining the mechanical response of
flax fiber bundles by cyclic tensile test in hygrostatic conditions
(23°C and 50 RH%). They suggested that the modification of the
MFA, dislocations like defects, or crystallization contributes to
the stiffening effect and the disappearance of the non-linearity
response of fibers after 3 cycles.

Apart from that, extensive studies were conducted to study the
effect of thermal exposure on the mechanical performance of
plant fibers. They also ascertained that the response of plant
fibers to mechanical load varies after subjection to high tem-
peratures [15, 78]. Gourier et al. [54] analyzed the tensile prop-
erties of a batch of flax elementary fibers 23°C/48 RH% after
thermal exposure for 8 min at temperatures (140°C, 190°C,
and 250°C). The results revealed two types of stress—strain
curves (Type II and Type III) but with more dominance of the
Type III curve. In fact, it was inferred that flax fibers main-
tained their stability within that time of exposure to these
temperature ranges. However, after exposure to 250°C, the
tensile behavior changed, and the three typical stress-strain
curves were observed with homogeneous distribution. That is
because of the evolution of the cell wall structure involving
a decrease in the polysaccharidic matrix's flow and conse-
quently of the microfibrillar alignment. With that, important
structural changes within the fibers occur, resulting in het-
erogenous stress distribution and defect generation. However,
we mentioned before that the non-cellulosic polymers in
the cell wall (lignin, hemicellulose, and pectins) are highly
modified by temperature as they have a low glass transition
temperature [113-116]. In this context, Baley et al. [12] have
reported a decrease in tensile strength of about 44% after ex-
posure to a temperature of 105°C for 14 h, but the stress—strain
curve remained unchanged after the thermal exposure and
exhibited the Type III curve (see Figure 8a). Teixeira et al.
[60] performed tensile tests on different types of fibers (hemp,
curaua, and sisal) before and after thermal exposure for 24h
at temperatures of 100°C, 150°C, and 200°C. The stress-strain
curves of curaua and hemp fibers which have small micro-
fibrillar angle (MFA) corresponded to the Type I curve illus-
trated in Figure 8b,c, with brittle behavior, whereas that of
sisal fibers exhibited the Type III curve. After exposure to
100°C, the tensile behavior of all fibers remained the same, but
after 150°C, the stress—strain curve of sisal fibers exhibited a
brittle behavior (Type I) curve. Langhorst et al. [55] evaluated
the tensile properties of blue-agave fibers exposed to 180°C
for 3h. A brittle failure occurred in fibers at that temperature
after they showed a bilinear-plastic behavior (Type II) before
thermal exposure. Eventually, Cui et al. [42] investigated the
tensile behavior of bamboo fiber bundles after conditioning
for 1h at different temperatures (160°C, 180°C, 200°C, and
220°C), and observed though, stress-strain curves similar to
(TI) type implying brittle failure. However, from all those re-
search works, it is obvious that high temperatures embrittle
plant fibers and modify their internal structure.
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Regarding the variations in mechanical properties, such as ten-
sile strength and modulus, of plant fibers when exposed to high
temperatures out of the range of relative humidities. Figure 9
illustrates the findings. Teixeira et al. [60] have found that the
thermal exposure to 100°C of curaua, hemp, and sisal fibers
for 24h enhances their tensile strength by 94%, 18%, and 6%,
respectively, as at that temperature there was a loss of mois-
ture. Meanwhile, Young's modulus increased for all fibers. The
thermal exposure above that temperature resulted in a loss of
strength but an improvement of elastic modulus. However, the
latter was affected when the fibers were exposed to a tempera-
ture of 200°C. Ferreira et al. [59] have reported also an enhance-
ment of elastic modulus by 15% after exposure of sisal fibers to
temperatures below 150°C for 3h. Besides, the water loss leads
to the densification of the fiber structure implying interactions
between hydroxyl groups of the different cell walls resulting in
improved mechanical performance [117]. Indeed, after exposure
to high temperature of 250°C, sisal fibers' mechanical properties
were depleted. Rong et al. [84] have also pointed out that expo-
sure of sisal fibers to 150°C for 4h improves mechanical per-
formance. Apart from that, Langhorst et al. [55] have reported
that thermal exposure of plant fibers results in the creation of
uniform defect distribution inside fibers. They conducted ten-
sile tests on agave fibers before and after their exposure to a
high temperature of 180°C for 3h and studied also the effect
induced by the gauge length. In fact, the tensile properties of
fibers that were not thermally exposed exhibited a decrease
with the increasing gauge length. That is because of the “size
effect phenomenon” [118, 119], which became more prominent
in large fiber volumes. Flaws and serious defects are more en-
countered. However, thermal exposure loosens this phenome-
non as flaws become more developed inside fibers resulting in
size-insensitive tensile properties. Interestingly, Carada et al.
[65] have found that an exposure of kenaf fibers to a temperature
of 140°C for 1h results in an improvement of tensile strength
by about 7%. Whereas, at higher temperatures tensile properties
decreased, more prominently above 200°C. Eventually, thermal
exposure affected tensile modulus and resulted in its decrease.
However, Ariawan et al. [62] subjected kenaf fibers to tempera-
ture of 140°C for different durations (2.5, 5, 7.5, 10, and 12.5h).
An evaluation of their tensile properties revealed that exposure
to that temperature for up to 10h enhances tensile strength and
modulus by 23.5% and 16.8%, respectively, but drops down for
extended time. Likewise, Cao et al. [63] have found that the ten-
sile strength of kenaf fibers decreases after 10h of exposure to
150°C. Otherwise, Cui et al. [42] have also reported a gradual
decrease in the tensile strength of bamboo fiber bundles after
subjection to temperatures above 160°C for 1h. Specifically, the
tensile strength was reduced by approximatively 55% at 220°C,
attributing this to the degradation of cellulose and hemicellulose.
Interestingly, the elastic modulus increased by 29%. The inter-
nal mechanical properties were further assessed using nanoin-
dentation tests, which showed that both Young's modulus and
hardness of fiber cell walls improved by 17.17% and 30.56%, re-
spectively, from average values of 15.96 GPa and 0.36 GPa. It was
suggested that under tensile loading, bamboo fiber cell walls
undergo interlayer sliding governed by three successive mecha-
nisms: (i) the formation of hydrogen bonds between the free hy-
droxyl groups of cellulose molecular chains, (ii) their breakage,
and recombination as load increases, and eventually (iii) debond-
ing of covalent bonds (C-C and C-0), leading to molecular chain
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FIGURE 8 | Effect of temperature on the mechanical response of flax fibers (a) adapted from Baley et al. [12] work, hemp (b), curaua (c), sisal (d)
adapted from Teixeira et al. [60] work, and bamboo fibers (e) adapted from Cui et al. 42 work [42].

scission. This process results in the collapse of the cell wall and
the fracture of individual fibers, along with the disintegration
of the crystalline cellulose skeleton [120]. Additionally, several
studies have investigated the changes in the mechanical proper-
ties of flax fibers following thermal exposure. Gourier et al. [54]
subjected flax fibers to temperatures of 140°C, 190°C, and 250°C
for 8min, and found a slight alteration of tensile strength and
modulus at temperatures of 140°C and 190°C, but a prominent
decline of about 68% in strength and about 31% in elastic modu-
lus at 250°C. Baley et al. [12] observed a decrease of about 42% in
strength, and about 8% of elastic modulus after 24 h of exposure
to 100°C. Thuault et al. [17] investigated the tensile properties
of flax fibers after exposure to both low and high temperatures,
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ranging from —40°C to 140°C, for 4h. The results indicated a re-
duction in tensile strength at subzero temperatures, attributed to
the hindrance of the plasticizing effect induced by water when
its molecules were frozen. Additionally, the tensile strength
decreased slightly at 40°C and significantly at 140°C, where it
dropped by 58.5%. In contrast, the elastic modulus remained un-
affected across the temperature range of —40°C to 20°C, main-
taining a consistent value of approximatively 50 GPa. However,
beyond 60°C, it declined to 27GPa and then stabilized. The
observed stiffening of the amorphous phases was attributed to
water release, which limited microfibrils disorientation and led
toincreased brittleness as temperature rose. Furthermore as pre-
viously discussed, the deterioration in mechanical performance
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FIGURE9 | Effect of temperature on tensile strength (a) and stiffness (b) of different plant fibers [12, 17, 42, 54, 55, 59, 60, 62, 63, 65, 84].

above 60°C may be linked to the removal or softening of fiber
amorphous components with low glass transition temperatures,
such as lignin (80°C-100°C) [113], hemicelluloses (60°C-138°C)
[114], and pectins (—25°C to 20°C) [115, 116].

2.1.6 | Thermal Stability

Thermogravimetric analysis has been widely used to evaluate
the thermal stability and composition of plant fibers. In fact, to
the best of the author's knowledge, few studies considered the
thermal stability of plant fibers after aging [43, 48, 56, 121].
However, it is known that the TGA of plant fibers exhibit three
to four distinct weight-loss stages. The first stage, occurring
below 150°C, is attributed to the evaporation of moisture and
other volatile compounds. The second stage between 200°C
and 350°C, involves the decomposition of hemicellulose and the
initial degradation of cellulose. The third stage, from 350°C to
500°C, is characterized by the significant degradation of cel-
lulose and lignin. In some cases, a fourth stage above 500°C
can be observed, which is associated with the decomposition
of residual lignin and the oxidation of char in an aerobic atmo-
sphere. Indeed, the examination of the thermal stability of plant
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fibers after subjection to harsh conditions provided information
about their durability. Interestingly, Wu et al. [43] have observed
the three weight loss stages for bamboo fibers at 30°C-100°C,
200°C-350°C, 315°C-400°C related to water loss, decompo-
sition of hemicellulose, cellulose, and lignin, respectively;
However, the thermal stability of bamboo fibers exposed to high
temperatures below 220°C for 6 h remained unaltered since the
shoulder peak in TGA corresponding to hemicellulose degrada-
tion remained unchanged. The thermal stability was affected
after exposure of fibers to temperatures above 220°C, as demon-
strated by the decline in the shoulder peak corresponding to
hemicellulose degradation and the shifting of cellulose peak at
360°C to lower temperatures, but the effect induced by thermal
exposure wasn't more pronounced. Whereas, Langhorst et al.
[56] observed improved thermal stability after exposing agave
fibers to high temperatures for 3h.

Ezugwu et al. [48] stated the three stages of weight loss in flax,
hemp, and palm fibers, and ascertained the effect induced by
hydrothermal cycles (1 cycle: humidification in water for 3h at
room temperature and 16h of drying at 80°C) on the thermal
stability. Hydrothermal conditions significantly affected hemp
and palm fibers' thermal stability but slightly affected that of



flax fibers. The DTG of the latter fibers revealed that hydrother-
mal cycles maintained the cellulose degradation peak constant.
On the other hand, the cellulose degradation peak of hemp
shifted from 330°C to 375°C with the increase in hydrothermal
cycles while its mass loss increased significantly. For palm fi-
bers, hydrothermal cycles caused the reduction of the mass loss
due to water evaporation, which was revealed by the rise in the
DTG curve. Also, the DTG of palm fibers revealed two distinct
peaks of hemicellulose that were absent in hemp and flax fibers.
However, hydrothermal cycles caused a shifting of the hemicel-
lulose and cellulose degradation peaks from 260°C to 298°C and
from 350°C to 375°C, respectively. Such a shift was a result of
the partial decomposition of lignin and hemicellulose. Thus, the
thermal stability was improved.

One can note that the affectivity of the thermal stability by hygro
or hydrothermal conditions is governed by the anisotropic ther-
mal expansion of fibers, which results in modifications to the
fiber microstructure. Saidane et al.'s [20] study showed that flax
fibers present an anisotropic behavior upon hygrothermal con-
ditions (50 RH% and different temperatures). They highlighted
an important evolution of the transverse coefficient of linear
thermal expansion (75%5x107K™!) over the longitudinal co-
efficient of linear thermal expansion (=1.240.1 X 10~°K~'). This
behavior is attributed to the hierarchical microstructure and
anisotropic properties of the cell wall components. Indeed, the
differential behavior underscores how moisture and tempera-
ture interact to alter fiber microstructure and consequently,
their thermal stability.

2.1.7 | Degradation Mechanisms of Fibers: A Summary

Literature surveys have claimed that hydrophilic plant fibers un-
dergo significant degradation mechanisms when operated in se-
vere conditions comprising different temperatures and humidity
levels. Exposure to a hygro or hydrothermal environment invokes
stresses to plant fiber cell walls, initiated by moisture adsorption
in the non-cellulosic polymers, followed by diffusion in/between
internal cell walls or in lumen and pores. However, continuous ex-
posure to stress manifests in swelling, stiffening, and enhanced
crystallinity. Otherwise, extended exposure aggravates moisture-
induced stress, leading to the disorganization of the cellulosic
fibrils and modification of the fiber's structural integrity. Both
stiffness and crystallinity become susceptible to alteration. Indeed,
long-term aging permits reaching a certain threshold of degrada-
tion, emerging in the leaching of amorphous constituents, and
the development of flaws between microfibrils. Aside from that,
a high operating temperature might involve different degradation
mechanisms in fibers that depend on plant fibers' ultrastructure.
Fibers with gelatinous cell walls lose their mechanical perfor-
mance to high temperatures. In contrast, fibers with lignified cell
walls experience many chemical reactions at elevated tempera-
tures, namely condensation. Besides, exposition for a few minutes,
accounting hours to temperature levels ranging from 200°C to
300°C, invokes the release of volatile compounds and hemicellu-
lose. However, temperatures exceeding 300°C result in the degra-
dation of the main components (i.e., cellulose and lignin). In fact,
such degradation is also reached when aging fibers for a long time
in a hygro or hydrothermal environment. Indeed, the damage is
more prominent when cellulose degrades, leaving pores and voids
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inside fibers. In this context, the degradation mechanism of plant
fibers is summarized in Figure 10. It also englobes the variation in
the multi-physical properties to exposure time and hygro or hydro-
thermal, and high thermal conditions.

2.2 | Matrices and Composites

From what concerns matrices and composites, numerous research
studies have performed accelerated tests under extreme hygro or
hydrothermal conditions, providing valuable insights into the dif-
ferent degradation mechanisms that can occur during the service
life of a composite. Hygro/hydrothermal aging is defined largely
by three parameters: intensity of thermal loads, the extent of mois-
ture uptake, and the aging time [22]. Hence, it was demonstrated
that the absorbance of moisture or water sorption alters the me-
chanical properties at multiple levels, which deteriorate when the
damage becomes evident at the fiber-matrix interface. In the early
stages of aging, changes in the polymeric matrix, such as plasti-
cization, may be encountered, and with prolonged time, these
effects can worsen, leading to matrix cracking, molecular chain
scissions, and hydrolysis [24, 29, 122-124]. Additionally, the dete-
rioration of the fiber-matrix is accompanied by swelling of fibers,
and that, as previously discussed, might involve the generation of
osmotic pressure inside fiber cell walls and causes the leaching of
the amorphous counterparts such as pectins, hemicelluloses, and
some poorly crystallized cellulose, exacerbating the degradation
of composites. Table 2 provides a summary of studies using accel-
erated aging tests (hygro and hydrothermal aging) to analyze the
multi-physical properties of PFRCs. However, their findings re-
vealed various degradation mechanisms regarding the polymeric
matrix used, the amount of reinforcement, and the manufacturing
process used for their elaboration. Herein, hygro and hydrother-
mal aging were shown to nucleate the damage from the interfacial
region separating fibers from the matrix.

In the following sections, the variations of the mechanical and
physical properties of PFRCs during aging in hygro and hy-
drothermal environments will be thoroughly detailed and dis-
cussed individually.

2.2.1 | Moisture Absorption

Recently, several research authors have assessed the moisture
absorption kinetics of plant fiber composites under different en-
vironmental conditions [29, 131, 132]. They have explained that
water molecules may diffuse through the matrix, the hollow
structure of the plant fiber (lumen) as well as by capillary along
the fiber-matrix interfaces, inducing damages to bio-composites
by creating different stresses within both the matrix and fi-
bers. In fact, the evaluation of the kinetic parameters of water
absorption at different temperatures allowed authors to assess
the diffusion mechanism involved during the aging process of
composites as it follows a Fickian behavior, relaxation model,
or other diffusion mechanisms [24, 26, 133-136|, and also to ev-
idence the effect caused by temperature on the diffusion behav-
ior of bio-composites. Figure 11 illustrates different diffusion
behaviors encountered in polymeric composites. Fickian diffu-
sion remains the main form of diffusion encountered in compos-
ite and polymeric materials. It is characterized by rapid moisture
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FIGURE 10 | Degradation mechanisms of plant fibers to temperature and physical properties evolution upon thermal and hygro/hydrothermal

exposure.

uptake at the initial stages proportional to the concentration gra-
dient of moisture and an equilibrium plateau when no damage
occurs to the composite material (Figure 11a). Figure 11b shows
a diffusion involving the relaxation of the molecular chains of
the polymeric matrix and the interfacial region between fiber
and matrix with plasticization of both fibers and matrix. The
moisture uptake at the initial stage is similar to Fickian diffu-
sion, characterized by rapid increase. Hence, due to relaxation,
moisture uptake slows down and increases gradually. However,
such diffusions might involve time-dependent structural dam-
age (Figure 11c-e). A two-step diffusion (Figure 11c) englobes
the initial stages of diffusion (rapid increase in moisture uptake
and equilibrium stage), with the occurrence of structural dam-
age with matrix cracking, which creates another pathway for
moisture to diffuse at the later stages. Indeed, such a phenom-
enon might also be encountered simultaneously after the rapid
increase in moisture content when the voids are big enough in
the matrix, allowing an ease of fiber swelling. Herein, prolonged
exposure to harsh hygro or hydrothermal conditions could alter
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the chemical properties of both fiber and matrix, inducing hy-
drolysis to the polymeric matrix and leaching of the amorphous
constituents of plant fibers (hemicelluloses, pectins...), result-
ing in an anomalous diffusion (decrease in moisture uptake)
(Figure 11e).

Li and Xue [27] have reported a diffusion behavior following
Fick's law for both epoxy matrix and unidirectional flax fiber re-
inforced epoxy composite laminates aged in hydrothermal con-
ditions at different temperatures (23°C, 37.8°C, and 60°C), with
rapid absorbance of water during the first stages followed by an
equilibrium plateau. Otherwise, in the same conditions of aging
((23°C, 37.8°C, and 60°C)/100 RH%), Cai et al. [26] observed a
deviation from the normal diffusion for unidirectional flax fiber
reinforced phenolic composites, which involved the viscoelas-
tic effects of the phenolic matrix and caused the creation of free
volume that allowed a gradual increase in moisture uptake after
the first stage of rapid diffusion. However, a high temperature
invoked during aging can damage composites and result in a
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decrease in water uptake with the occurrence of chemical dam-
age. In fact, in both studies above, a high temperature of 60°C
affected the water uptake at the later stages due to the hydrolysis
of the matrix, deterioration of the fiber-matrix interface, and the
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loss of the main components of fibers. Eventually, Habibi et al.
[130] found also a decrease in water uptake after aging of a flax/
epoxy composite for 25days in a water bath maintained at 45°C.
However, not only temperature can lead to chemical damage in



plant-fiber reinforced composites, but also the medium of aging.
For instance, Ma et al. [31] investigated the hydrothermal aging
behavior of bi-directional plain woven jute fabric/epoxy com-
posites immersed in tap water at 20°C and 40°C for 180days.
A rapid moisture uptake was observed during the first 2weeks
[32, 137], followed by a plateau between 30 and 45 days, indicat-
ing water absorption in accordance with Fick's law. The corro-
sive nature of the tap water induced hydrolysis of both fibers and
epoxy matrix, leading to a decline in weight gain after reaching
saturation.

Other factors such as the architecture of the reinforcement and
the quality of the resin might also affect the behavior of mois-
ture uptake during aging. As observed by Shi et al. [28], the
moisture uptake of twisted bamboo fibers/epoxy composites
aged for 30days in different conditions (at 70°C/85 RH%, and
at (20°C and 70°C)/100 RH%) exhibited two-step or many step
diffusion during aging. Hence, defects in the epoxy matrix (i.e.,
voids and cracks) facilitated the diffusion of water which bonded
with its free amine and hydroxyl groups in its molecular chains.
Afterward, a consecutive phenomenon occurred, beginning
with the retention of water at the interface, then sorbed with the
help of the twisted architecture, the lumen, and the free adsorp-
tion sites of fibers [138-140]. Interestingly, such diffusion be-
havior (two-step diffusion) was also reported for flax/bio-epoxy
aged for 30days at 45°C/75RH% in Moudood et al. [24] work, as
well as in Jiang et al. [29] work, where they have aged an injected
molded jute/PLA composite for 56days in a test chamber filled
with deionized water maintained at 50°C after pre-conditioning
in air for 24h at 40°C. Water uptake showed a rapid increase
after 7days due to the diffusion mechanism [141, 142], without
reaching saturation between 7 and 28 days. Herein, the nucleat-
ing effect of pores caused a notable increase once again in the
absorption rate.

Many authors based their conclusions on determining the diffu-
sion mechanism and the kinetic parameters in composites based
on Fick's law prediction. The logarithmic fitting of Equation (2)
allowed determining the value of n, which permits inferring the
mode of water uptake.

—L=k.t" )

m

SE

Where M, represents moisture uptake at time t, M maximum
moisture uptake, k and n represent the kinetic parameters. The
value of n determines the diffusion mechanism. Values close
to 0.5 indicate Fickian diffusion, while those between 0.5 and
1 reflect non-Fickian behavior. Consequently, n values equal to
or greater than 1 correspond to a relaxation-controlled mech-
anism. Nevertheless, the 1D mathematical representation of
Fick's law (Equations 3 and 4) was applied to approximate the
water diffusion in the composites.

M _,_38 i ;exp[—(Dx[>7[2X(2n+1)2] ©)

M, T = (2n+1)? h?
2
D% X<Mtxh> _ mk? @
(4M,,)? NG (4.M,,)*

where h is the initial specimen'’s thickness (mm), D is the dif-
fusion coefficient through thickness (mm?/s) and could be ob-
tained from the slope of the initial part of the curve or calculated
using Equation (4), and k’ represents a constant obtained from
the slope of M,= f(\/t/h).

Interestingly, the determination of diffusion coefficient and
maximum moisture uptake established a conclusion about the
effect of temperature on water absorption kinetic parameters.
As demonstrated in Table 3 representing the obtained maxi-
mum moisture uptake and diffusion coefficient in several study
cases that performed accelerated aging tests on composites in a
hygro and hydrothermal environment. It was inferred that an
increase in aging temperature impacts the diffusion coefficient
and the saturation value of moisture uptake. In most of stud-
ies [26-28, 31, 50, 144], temperature accelerated diffusion and
increased maximum water uptake because of the development
of cracks and interfaces inside composites, promoting more pro-
nounced water uptake. Figure 12a illustrates this tendency for
flax/epoxy composites aged in hydrothermal conditions at 23°C,
37.8°C, and 60°C. Otherwise, in the study case of Gil-Castell
[30], maximum water uptake fluctuated when aging composites
at different temperatures (from 65°C to 85°C), which might be
due to temperature-induced viscoelastic effects to the thermo-
plastic matrix (PLA) in composites. This is explained by the fact
that with an increase in the immersion temperature, a soften-
ing of the matrix may occur, especially near the glass-transition
temperature. That leads to increased chain mobility and facili-
tates moisture diffusion. Otherwise, the elastic response to this
behavior causes structural adjustments, leading to variations in
moisture absorption.

Besides, Jiang et al. [29] have analyzed the water absorption be-
havior of injected molded jute/PLA composite specimens when
aged for 56days in a test chamber filled with deionized water
maintained at 50°C after pre-conditioning in air for 24 h at 40°C.
The water absorption test during that aging time exhibited three
different stages of weight gain. The first stage (7days) showed
a rapid increase in water absorption in agreement with Fickian
prediction [141, 142], indicating that water penetrated the in-
ternal structure of jute/PLA through a diffusion mechanism.
Thereby, at the second stage (between 7 and 28 days), the water
absorption curve deviated from Fickian behavior without reach-
ing saturation. In the third stage, the absorption rate exhibited
a notable increase once again, which was attributed to the nu-
cleating effect of pores. Besides, an increase in temperature was
reported to alter the diffusion behavior and invoke more than
three stages of diffusion for plant fiber-reinforced PLA com-
posites. That was explained by the development of surface mi-
crocracks through which water seeps into fibers and induces
their swelling, resulting in a capillarity phenomenon. Though,
with a rise in temperature, such mechanisms are accelerated.
Similarly, Gil-Castell et al. [30, 122] have reported such a phe-
nomenon during the aging of sisal fiber-reinforced PLA compos-
ites in distilled water at temperatures between 75°C and 85°C.

Considering the medium of aging, it was shown that high hu-
midity levels allow high moisture uptake in composites. Such
observation was asserted in the study of Xian et al. [32], where
they conducted aging tests in three different relative humid-
ity conditions (50 RH%, 85 RH%, and 98 RH%). This was also



TABLE3 | Water absorption kinetics (diffusion coefficient and maximum moisture uptake) of different PFRCs.
Weight (wt%)
or volume Maximum The kinetic Diffusion
(V%) fraction moisture parameter coefficient
Case study Composites of fibers Aging conditions uptake (%) (n) (X10~% mm?/s)
Li and Xue [27]. Flax/Epoxy 37V% 23°C/100 RH% 7.245 0.5450 1.414
37.8°C/100 RH% 8.652 0.4750 3.525
60°C/100 RH% 9.365 0.5710 11.924
Cai et al. [26] Flax/phenolic 65V% 23°C/100 RH% 15.9 0.3542 1.09
resin 37.8°C/100 RH% 16.6 0.2676 2.73
60°C/100 RH% 18.3 0.1531 7.30
Mejri et al. [127] Wood/HDPE 40wt% 60°C/100 RH% 9.95 — —
Gil-Castell et al. Sisal/PLA 30wt% 60°C/100 RH% 9.4 — —
[30,122] 65°C/100 RH% 8.7 — 16
70°C/100 RH% 10.4 — —
75°C/100 RH% 9.3 — 21
80°C/100 RH% 6.3 — —
85°C/100 RH% 10.3 — 22
Ma et al. [31] Jute/Epoxy — 20°C/100 RH% 6.43 — —
40°C/100 RH% 6.48 — —
Habibi et al. [130] Flax/Epoxy 40V%£1.8% 45°C/100 RH% 12.8 — 2.06
Shi et al. [28] Bamboo/Epoxy — 20°C/100 RH% 12.4 0.4460 4.083
70°C/100 RH% 21.2 0.3030 6.246
70°C/85 RH% 5.65 0.3590 4.227
Moudood et al. [24]  Flax/Bio-epoxy 37wt% 45°C/75 RH% 2.57 — 2.17
Xian et al. [32] Ramie/ 40.4wWt% Ambient/50 RH% 0.73 — 5.50
Phenolic resin Ambient/85 RH% 2.09 — 2.08
Ambient/98 RH% 4.40 — 0.83
Depuydt et al. [140] Bamboo/Epoxy 40V% 30°C/32 RH% 1.8 — —
30°C/75 RH% 6.6 — —
30°C/84 RH% 6.8 — —
Sanjeevi et al. [143] Calotropis 25wt% Ambient/100 RH% 3.6 0.5584 9.41
gigantea and 35Wt% 41 0.5300 11.26
Areca fine/
Phenol- 45wt% 4.3 0.5688 11.47
formaldehyde

confirmed by Depuydt et al. [140] for bamboo/epoxy compos-
ites aged in different humidity levels (32 RH%, 75 RH%, and
84 RH%) at 30°C. Herein, it is worth also mentioning that the
weight fraction of plant fibers inside composites plays also a key
role in the retainment of water. A high amount of fibers leads
to high moisture uptake [30, 122], thus accelerating the dif-
fusion process. Figure 12b illustrates this behavior for hybrid
Calotropis gigantea and Areca fine fibers reinforced phenol-
formaldehyde composites aged for 10days at room temperature.
The maximum moisture uptake increased from 3.6% at 25wt%
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of fibers to 4.1% at 35wt% of fibers. However, it increased to
4.3% with 45wt% of the reinforcement. Additionally, the diffu-
sion coefficient increased with fiber content from a minimum of
9.41 mm?/s to 11.47 mm?/s.

2.2.2 | Crystallinity

The effect of temperature and humidity on PFRC's crystallin-
ity can vary significantly depending on whether the matrix is
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semi-crystalline or amorphous. For those with semi-crystalline
matrices such as PLA, PP, PA, and HDPE, temperature and
humidity result in crystallinity changes. Exposure to hot and
humid conditions enhances their crystallinity. This is because
heat can facilitate the reorganization of polymer chains into
more ordered structures [145], while humidity acts as a plasti-
cizer, reducing the glass transition temperature and allowing
more mobility of the polymer molecular chains. For instance,
Gil-Castell et al. [30] experienced an increase in the crystallinity
of sisal fiber/PLA composites after exposure to humid conditions
(aging at 85°C above the glass transition temperature of PLA)
when evaluated through XRD analysis. Sisal fibers acted as nu-
cleating agents, promoting the formation of larger crystalline
domains in the amorphous region of the PLA matrix. However,
that was observed for PLA composites reinforced with a less
weight fraction of fibers. Moreover, Neat PLA showed a similar
trend. Such results were confirmed by the XRD patterns that
depicted for the aged specimens intensified peaks correspond-
ing to lattice planes of crystalline domains of PLA (200)/(110),
(203), and (210) for 26 values 16.8° 19.1°, and 22.6°, respectively.
They also depicted a reduced signal (halo) corresponding to the
amorphous region in PLA.

Differently, using another technical method (Differential
Scanning Calorimetry (DSC)), Gil-Castell et al. [122] evaluated
crystallinity in a previous work on sisal/PLA composites aged
under the same conditions and showed a similar trend. Yu et al.
[128] also used DSC to evaluate the crystallinity of short ramie
fiber reinforced PLA composites after aging at a temperature
of 60°C in a water bath. Interestingly, crystallinity increased
after aging. An increase was related to a reduction in molecular
weight and plasticization of PLA by water through chain scis-
sions in the molecular chains of the amorphous region.

In addition to other degradation mechanisms, hygrothermal and
hydrothermal aging at high temperatures contribute to the dem-
olition and reduction of the amorphous areas in semi-crystalline
polymer matrices [146-148]. This degradation primarily occurs
through chain scission and hydrolysis reactions, which paradox-
ically can lead to an increase in crystallinity. Falkenreck et al.
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[146] observed this phenomenon in polyamide (PA) aged under
hydrothermal conditions for 168h at temperatures of 23°C,
50°C, 70°C, and 90°C. DSC results revealed an increase in crys-
tallinity from an initial value of 27.3% to 31% at 90°C. Similarly,
in PP-based composites, Marquard et al. [148] demonstrated that
hydrolysis reactions occurring predominantly in the amorphous
regions contribute to an increase in crystallinity following expo-
sure to UV and hygrothermal aging at 80 RH% for over a month.
Furthermore, Bazan et al. [149] reported that high aging tem-
peratures facilitate molecular chain rearrangement in HDPE
matrices, resulting in enhanced crystallinity. This increase in
crystallinity, although initially counterintuitive, often leads to
changes in the mechanical performance of these materials, po-
tentially enhancing stiffness while reducing ductility due to the
diminished amorphous phase content.

Apparently, composites with amorphous matrices respond dif-
ferently to temperature and humidity. Amorphous resins do not
have a melting point and lack a crystalline structure. However,
a change in the crystallinity of their composites may engage a
change in crystallinity at the scale of the plant fiber. In fact, there
is a lack of knowledge concerning the variations in crystallinity
for plant fiber-reinforced amorphous matrix composites [11].

2.2.3 | Chemical Composition

The structural properties of the polymeric matrices and their
based composites are highly affected by temperature and the
hygro or hydrothermal conditions. Based on FTIR analysis,
these properties were examined in many studies. Besides, an in-
crease in temperature was shown to result in degradation of the
polymeric matrix and the plant fibers embedded into it in com-
posite materials, involving a change in the chemical structure,
such as the breakdown of cellulose and hemicellulose in fibers,
and the oxidation or thermal degradation of the polymeric ma-
trix [150-154]. Rousseau et al. [126] have ascertained through
FTIR the effect induced by thermal aging on flax/PP compos-
ites' structural properties. The PP matrix lost its stabilizers due
to the evaporation of ester groups [155] after 50days of aging.



Meanwhile, aging for 252days resulted in a thermo-oxidation
reaction initiated in a small number of sites in the amorphous
region of the PP matrix [151, 152, 156]. As demonstrated by
FTIR, the fibers were exposed after such damage. The peaks
corresponding to peresters or lactones, carbonyl function, and
ketones appeared at 1775cm™!, 1730cm~, and 1715cm™}, re-
spectively, and eventually the intensity of the peak correspond-
ing to lignin at 1640cm™! increased.

Temperature and humid environments have more pronounced
effects on composites' structural properties and their constitu-
tive materials. FTIR analysis has shown that these conditions
can cause alterations in functional groups of both the polymeric
matrix and fibers, leading to oxidation and hydrolysis reac-
tions. Rousseau et al. [126] have also investigated the changes in
structural properties of the thermally compressed flax/PP com-
posites during aging in distilled water at 70°C. Hydrothermal
aging caused the degradation of PP and its oxidation [157, 158],
revealed by FTIR analysis that showed a decrease in the band
corresponding to the carbonyl function (C=0) at 1730cm™" over
aging time. As a consequence of matrix degradation, flax fibers
were exposed. Thus, a peak corresponding to lignin appeared
and its intensity increased after 30days of aging [159].

Differently, Jiang et al. [29] used the approach of analyzing the
soaking solution to get valuable insights into the changes in
structural properties occurring when exposing PFRC to com-
pletely humid conditions. They compared the FTIR spectrum of
deionized water used as a soaking solution before and after aging
jute/PLA composites at 50°C. They observed no changes after
7days. Herein, after 42days, a chemical degradation occurred
in the composite material, and hemicellulose was hydrolyzed
as several peaks corresponding to jute fibers and PLA were de-
picted. At a wavenumber of 1186cm™!, the band corresponding
to C-O stretching revealed that PLA oligomer diffused into the
solution. Eventually, the peaks corresponding to cellulose and
hemicellulose (C-O-C and C-O stretching) were at 1100cm™!
and 1062 cm™!, respectively.

Eventually, Cai et al. [26] analyzed the soaking solution used for
the aging of flax/phenolic composites at 60°C. After 16 months
of aging, the phenolic resin began to deteriorate, as demon-
strated by the peaks observed in FTIR spectra at 1505cm™,
1364cm™!, 1150cm™, and 1004cm™!, corresponding to the vi-
bration of aromatic rings. Indeed, after 36 months, flax fibers
were altered since the intensity of the peak at 3408 cm,™ cor-
responding to water, was intensified, and peaks corresponding
to fibers appeared at 1046cm™' and 1654cm™'. Obviously, the
hydrothermal conditions caused the deterioration of the pheno-
lic resin and the leaching of the amorphous constituents such as
hemicelluloses, pectins, and some poorly crystallized cellulose
into the solution.

Differently, Mejri et al. [127] showed that no chemical degra-
dation occurred in birch fibers/HDPE composite when hydro-
thermally aged at 60°C and dried at 65°C, inferring that HDPE
composites undergo just a fatigue mechanism [160, 161].

Although there are limited studies investigating the impact of
high temperature and hot/wet conditions on the chemical prop-
erties of PFRCs, it could be inferred from the existing research
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that chemical degradation primarily depends on the polymeric
matrix used, as it serves as a crucial barrier, determining the
extent to which the composite material can resist chemical
changes under such conditions. Besides, the matrix’s ability to
prevent moisture ingress and withstand thermal stress plays
a critical role in maintaining composites’ structural integrity.
Hence, the selection of an appropriate polymeric matrix is es-
sential for enhancing the durability and performance of PFRCs
when exposed to harsh environmental conditions.

2.2.4 | Morphology

The high temperatures significantly impact the morphology of
PFRCs, particularly affecting the matrix. Techniques such as
Scanning Electron Microscopy (SEM) and x-ray tomography re-
veal that high temperatures can cause void formation and fiber-
matrix debonding. Using SEM, Oliveira et al. [102] observed
some of these microstructural changes in fique fabric-reinforced
epoxy composites induced by accelerated aging at 170°C. The
findings revealed fiber breakage and pullout, tearing, debris,
and matrix collapsing, as well as fiber-matrix debonding as a re-
sult of thermal oxidation [129].

The synergetic effect of temperature and humidity exacerbates
morphological degradation in PFRCs leading to interfacial
debonding and matrix cracking. Such observation was ev-
idenced in many studies [5, 27-29, 127, 129]. A great example
of the effect induced by the hydrothermal environment on the
microstructure of a composite was shown by Jiang et al. [29]
through x-ray tomography and SEM observations (Figure 13).
PLA and jute fibers showed great compatibility at the inter-
face (Figure 13a) with negligible porosity (0.05%) before aging.
However, after exposure to humid conditions at 50°C, the micro-
structural changes were obvious by the formation of gaps at the
fiber-matrix interface (Figure 13b) and an increase in porosity
revealing matrix cracking (Figure 13c).

Eventually, through SEM, Gil-Castell et al. [30] observed that
aging in water at a high temperature of 85°C induces changes
in the cryo-fractured surface of sisal fibers reinforced PLA com-
posites, with the same observation of the weakening of the fiber-
matrix interface. In fact, PLA texture changed from smooth to
rough due to the crystallization induced after exposure to humid
conditions. Mejri et al. [127] also highlighted the weakening of
the interface and collapsing of the matrix and pullout of fibers
in HDPE thermoplastic composite reinforced with short birch
fibers after aging at a high temperature (60°C) in distilled water
when observing the fractured surface after fatigue test. The
same damage was also observed by SEM in plant-fiber compos-
ites with a thermoset matrix, in the fractured surfaces of twisted
bamboo fibers and jute fibers reinforced epoxy composite aged
in distilled water at different temperatures (20°C and 70°C) as
observed by Shi et al. [28] (Figure 13d,e), as well in jute, kenaf,
and hemp fiber-reinforced epoxy composites after aging at (95°C
and 97% RH) [129]. Li and al. [27] also observed interface weak-
ening and matrix cracking when comparing SEM micrographs
of unaged (Figure 13f) and aged flax/epoxy composites aged
for 17weeks in hydrothermal conditions at 23°C (Figure 13g),
37.8°C (Figure 13h), and 60°C (Figure 13i). Indeed, in the same
conditions of aging but for a long period (2years), Cai et al.
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highlighted the deterioration of fibers, interface debonding, and
matrix cracking in a phenolic composite reinforced with flax fi-
bers (Figure 13j,k). Otherwise, high temperatures were shown
to induce the same damage to PFRCs with the weakening of the
interface and matrix cracking, as demonstrated by Rousseau
et al. [126] when performing thermal aging of flax/polypropyl-
ene composite at 120°C (Figure 131).

2.2.5 | Mechanical Properties

The mechanical properties of PFRCs are significantly influ-
enced by hygro and hydrothermal environments. Exposure to
high temperatures can lead to the degradation of the matrix, fi-
bers, and their interfacial regions, leading to a reduction in the
composite's overall strength and stiffness. In hot/wet conditions,
water molecules act as plasticizers when infiltrated through the
molecular chains of the polymeric matrices and reach the fibers
[13, 127, 159, 162], causing a differential swelling. Additionally,
high temperatures cause differences in thermal expansion
between the polymeric matrices and fibers, weakening their
interfacial adhesion [13, 163-165]. In fact, the thermal and hy-
groscopic mismatches develop stresses at the interface during
the service life of composites. For instance, Le Duigou et al. [163]
investigated the contribution of flax fiber hygroscopic expansion
to interfacial stresses in Maleic Anhydride grafted polypropyl-
ene (MAPP)/flax composites conditioned in different hygro-
thermal conditions and demonstrated that hygroscopic stress
notably exceeds thermal-induced stresses. The hygroscopic
radial expansion coefficient (defined as the strain € induced by
variation of 1% of moisture content) was measured at 1.14 ¢/Am,
considerably higher than the thermal expansion coefficient of
78 X107 ¢/°C. Furthermore, in another study, Le Duigou et al.
[164] showed that thermal stresses generated by differential ther-
mal expansion and polymer shrinkage during polymerization
induce radial pressure that prestresses the fibers. This prestress
can damage fiber surface components, weakening interfacial
adhesion between fiber cell wall layers and even the fiber/ma-
trix interface. Their results showed that the friction strength de-
creases with the loss of interfacial interactions. However, even
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though the hygroscopic stress overtakes the thermal stress, the
hygroscopic stress highlighted in that study was very low as fi-
bers were prestressed by temperature.

Besides, many studies reported the reduction of the mechan-
ical properties with changes in the response to mechanical
load. Depuydt et al. [140] examined the mechanical perfor-
mance of unidirectional bamboo fiber-reinforced epoxy com-
posites aged for 6 weeks in different hygrothermal conditions
(32 RH%, 75 RH%, and 84 RH%) at 30°C. Figure 14a shows the
stress—strain curves obtained for the unaged and aged com-
posites. Their findings revealed an enhancement of the tensile
strength with the flexibilization effect induced in bamboo fi-
bers by moisture increase. They suggested that the reduction
in stiffness and the increased strain were involved in such a
phenomenon rather than the swelling of fibers. Furthermore,
Xian et al. [32] revealed that the mechanical response of the
thermally compressed ramie fiber-reinforced phenolic com-
posite changed after 6 months of aging in various relative
humidities (50 RH%, 85 RH%, and 98 RH%) (see Figure 14b).
The stress-strain curves presented an elastoplastic behavior
for the different RHs, with increased strain at break, and re-
duced strength and stiffness upon RH. Interestingly, several
studies have ascertained that the turning point in PFRCs'
mechanical performance (tensile, flexural, fatigue, and im-
pact properties) is the weakening of the fiber-matrix interface
[5,64,126,130,166-168]. As reported by Rousseau et al. [126],
the weakening of the fiber-matrix interface and matrix crack-
ing caused a decrease in bending and impact properties of
thermally-compressed flax/PP composites aged in severe con-
ditions (70°C/100 RH%). Both strength and elastic modulus
decreased from the first stages of aging (10days). The plasti-
cization phenomenon was also evidenced in the flax/PP com-
posites as demonstrated by the increase of the strain at failure.
Mejri et al. [127] evaluated flexural properties of short wood
fibers reinforced HDPE composites at different stages of aging
at 60°C/100 RH%. Eventually, the rise of the flexural strain
demonstrated that the HDPE composites were plasticized.
Herein, both flexural strength and modulus of the compos-
ites decreased by 50.81% and 47.24%, respectively, after aging.
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Stress-strain curves of (a) unaged and aged bamboo/epoxy composites for 6 weeks in different hygrothermal conditions (32 RH%,

75 RH%, and 84 RH%) at 30°C [140]; (b) unaged and aged ramie/phenolic composites for 6 months in different hygrothermal conditions (50 RH%, 85

RH%, and 98 RH%) at ambient temperature [32].
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The plasticization effect observed in these composites, based
on PP and HDPE matrices, is primarily attributed to mois-
ture absorption at the fiber scale. Although PP and HDPE are
inherently hydrophobic, water infiltrates the fiber structure
through capillary action facilitated by cracks in the matrix,
defects, and the sensitivity of plant fibers to water. This leads
to fiber swelling and plasticization. Furthermore, Jiang et al.
[29] have stated the plasticization of PLA matrix when inves-
tigated the evolution of the tensile properties of jute fibers re-
inforced PLA composites under a hydrothermal environment
(50°C/100 RH%). Thus, during the first week of aging, strain
at failure increased from 1.4% to 2.3%. Herein, tensile strength
and elastic modulus decreased by 12% and 14.6% respectively,
but as long as composites were exposed for a prolonged time
(28 days) to such conditions, strength, stiffness, and strain at
failure depleted drastically. Again, because of the weakening
of the interfacial adhesion between jute fibers and PLA ma-
trix, and the collapsing of the matrix by the nucleated cracks
resulting from the swelling of fibers and their propagation
after the fiber's shrinkage.

From what concerns, plant fiber-reinforced thermoset poly-
meric composites. Hydric conditions were shown to induce the
same effect (plasticization). Ma et al. [31] have found that the
epoxy matrix in the jute/epoxy composite was plasticized for the
first period of immersion in water at temperatures of 20°C and
40°C. Herein, tensile strength and elastic modulus leveled off
over aging time. Besides, increasing temperature exacerbated
composite degradation as differential stresses were generated at
both the matrix and fibers after swelling, and with the develop-
ment of osmotic pressure inside fibers, the soluble substances
were leached over time until the 180th day of aging. Despite this,
the tensile stress-strain response remained non-linear and sim-
ilar for aged and unaged samples [32, 169, 170]. Though, aged
samples exhibited a softer behavior due to accumulated damage.

In another study case, Habibi et al. [130] evaluated the tensile
properties of non-woven flax mats/epoxy composites at differ-
ent temperatures (50°C and 75°C) after aging at 45°C/100 RH%.
Indeed, during aging in a hydrothermal environment, tensile
strength and modulus decreased during the rapid increase in
water uptake and then remained stable. However, evaluating
tensile properties (strain at failure) at higher temperatures re-
vealed the plasticization phenomenon induced by temperature
on the epoxy matrix. Besides, temperature drastically affected
tensile strength and modulus. They dropped by 45% and 35% at
50°C and by 75% and 53% at 75°C, respectively.

Cai et al. [26] asserted a combination of phenomena occurring
during the aging of unidirectional flax/phenolic composites for
3years in hydrothermal conditions at different temperatures of
23°C, 37.8°C, and 60°C. During the first linear increase of water
uptake (8 weeks), tensile strength and modulus decreased by
37% and 38.5% after aging at 23°C, by 27% and 47% after aging at
37.8°C, and 27.7% and 57% after aging at 60°C, respectively. Such
a drop in mechanical performances during that period was ex-
plained by the deterioration of the fiber-matrix interface as a re-
sult of water molecules infiltrating through the composite, which
caused the swelling of flax fibers, induced localized stresses at
fiber cell walls, and changed their microfibrillar angle. Indeed,
after the water uptake in the composite approached saturation,
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the tensile properties were enhanced slightly as water seeped
through the capillaries and the spaces between fibrils, result-
ing in the reorientation of flax microfibrils [164], though the
plasticization of fibers. Meanwhile, after saturation, amorphous
constituents of fibers deteriorated, and the phenolic matrix was
degraded. That resulted in the stabilization of tensile strength
and modulus after aging for 3years at 23°C and 37°C. In another
way, after aging at 60°C, another mechanism was involved. The
fiber network structure was destroyed with the molecular chain
stretches induced by moisture absorption, which caused a de-
pletion in tensile strength and modulus of about 76.7% and 47%,
respectively.

Otherwise, Li and Xue [27] have observed an increased tensile
strength of the unidirectional flax-reinforced epoxy composites
within the first weeks of aging in hydrothermal conditions at
23°C, and its stabilization after reaching moisture equilibrium.
An increase was ascribed to the high mobility of epoxy macro-
molecular chains that induced post-crosslinking reactions [171].
Contrary to those aged at high temperatures (37.8°C and 60°C),
tensile strength degraded slightly without stabilization, and
drastically at a temperature of 60°C.

Other research studies have confirmed that exposure to high
temperatures and humidity conditions induces the degradation
of plant fiber composites. As reported by Shi et al. [28], the me-
chanical properties of twisted bamboo fibers/epoxy composites
were sensitive to temperature more than relative humidity, af-
firming that the fiber-matrix interfacial bonding is significantly
affected by temperature rather than humidity, as demonstrated
by the decrease in the shear properties. Moreover, the epoxy
matrix was more sensitive to the harsh hydrothermal environ-
ment. Herein, the drop in the mechanical properties was more
prominent when specimens were immersed in water at 70°C.
The tensile strength of twisted bamboo fibers/epoxy composites
decreased by 13.2%, 38.7%, and 29.0% when immersed in water
at 20°C, at 70°C, and in thermostatic and hydrostatic environ-
ments (70°C/85%), respectively. Similarly, the flexural strength
decreased by 23.1%, 40.8%, and 29.0% under the same conditions.

Cadu et al. [16] also examined tensile properties of a thermally-
compressed flax/epoxy composite after humidification (90 RH%
for 3.5days)/drying (40 RH% for 3.5days) cycles at a moder-
ated temperature of 55°C. The findings revealed stable tensile
strength and strain at break for up to 26weeks. Thereafter,
tensile strength decreased slightly by 12%. Otherwise, elastic
modulus decreased from the 1st week (Ist cycle) until the 4th
week by 8%, then stabilized. Despite that, a slight decrease in
tensile modulus, it was proven that no damage occurred at the
fiber scale.

The evaluation of the frictional properties of jute, hemp, and
kenaf fiber-reinforced epoxy composites after aging at 90°C and
97% (RH) for 30days revealed a decrease in the critical normal
load for all the varieties [129]. It decreased by 14.39%, 57.84%,
and 37.3% for jute, kenaf, and hemp-reinforced epoxy compos-
ites, respectively. Such a difference in behavior was ascribed to
the chemical composition of fibers that differs from one to an-
other. Furthermore, the hemp fiber-reinforced epoxy compos-
ite exhibited better scratch resistance after hygrothermal aging
as the penetration depth of the indenter was lower. In fact, the



high temperature of aging caused a decrease in the resistance
of penetration, which is related to the matrix cracking and the
weakening of the fiber-matrix interface [172]. Otherwise, the
fracture toughness of all the bio-composites was depleted over
aging time.

Additionally, one can note that the plasticization induced by
hygro and hydrothermal conditions in PFRCs is initially re-
versible. Early exposure leads to water absorption, causing
temporary softening and swelling, which subside upon drying,
restoring mechanical properties [17, 27]. However, prolonged
exposure triggers irreversible changes, such as fiber/matrix
debonding, microstructural damage, and the leaching of fibers’
amorphous components. At this stage, the composites' proper-
ties cannot fully recover, marking a transition from reversible to
permanent degradation.

Another point to mention is that the high temperature of aging
could lead the thermoset matrix in composites to degradation in
2 steps [173]. The first step involves a post-curing reaction which
could consolidate resin and improve the mechanical properties.
Meanwhile, the second step engenders prominently a degrada-
tion and loss of the mechanical properties. Furthermore, in cer-
tain severe conditions, the synergetic effect of temperature and
oxygen is encountered. Generally, the thermal-oxidative aging
results in three stages of degradation for thermoset resin. The
dominance of polymer viscoelastic behavior and stress relax-
ation at high temperatures is prominent in the first stage, but
within the second stage, the matrix shrinks (decrease in free
volume), and its elastic modulus changes with exposure to the
thermo-oxidative environment [174]. Thereafter, some microc-
racks are developed on it [175].

Oliveira et al. [102] have evidenced the effect induced by ther-
mal aging on the thermo-mechanical properties of a fique fabric-
reinforced epoxy composite at 170°C for different durations (0,
72,120, and 140h). Using DMA analysis, it was proven that the
mobility of molecular chains of the polymeric matrix and for the
composites depended on the time of exposure and temperature.
The chain mobility increased during the glassy/rubbery transi-
tion when composites were aged for 72h at 170°C, and that was
marked by the highest storage modulus (E") observed [176]. The
latter decreased after 240h of aging which marks the decrease
in composite's viscoelastic stiffness, and that was ascribed to the
degradation of the fiber-matrix interface, as confirmed by SEM
observations. Furthermore, the glass transition temperature
(Tg) of both the epoxy matrix and composites was affected. It
increased by 45°C after aging for 120h.

In a study evaluating the compressive properties (strength and
elastic modulus) of epoxy matrix exposed to thermal aging at
different temperatures (90°C, 110°C, 120°C, 130°C, and 180°C)
for different durations (1 to 16days) [177], it was inferred that a
low aging temperature such as 90°C enhances the mechanical
properties by contributing to the curing of the resin. Meanwhile,
its free volume might decrease (physical aging). Differently, at
higher temperatures, degradation overcomes the post-curing
stiffening. Epoxy specimens aged at 110°C exhibited an increase
in elastic modulus after 1day, then decreased as oxidation oc-
curs. While above the temperature of glass transition, the me-
chanical properties were significantly depleted.
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Furthermore, in real-life applications, PFRCs are often sub-
jected to both hygro or hydrothermal conditions and mechanical
loading simultaneously, which can significantly influence their
properties. While factors such as temperature, moisture, radia-
tion, and mechanical stress individually contribute to material
aging and potential degradation, their combined action can in-
tensify these effects. Studies investigating the coupled influence
of water and mechanical stress primarily on thermoset compos-
ites have highlighted that applied mechanical loads accelerate
water diffusion within the polymer matrix, thereby hastening
physicochemical aging mechanisms and potentially initiating
additional degradation processes [22, 178, 179]. To illustrate this
effect for thermoplastic composites, Regazzi et al. [178] inves-
tigated the thermo-hydro-mechanical aging of twin-screw ex-
truded PLA composites reinforced with varying fiber contents
(10wt% and 30wt%) through creep tests at 20°C and 35°C. Their
results showed that aging temperature led to a loss in elastic
properties, particularly with high fiber content. They demon-
strated a strong synergetic effect between mechanical load and
water immersion, which significantly reduced the composites’
lifetime, but limited defect development (such as crazes) within
the PLA matrix. Otherwise, higher immersion temperatures
promoted material ductility. Moreover, the presence of fibers
was found to mitigate environmental stress cracking mecha-
nisms and extend the time to failure.

Indeed, studies investigating the property changes of natural
fibers reinforced composites to temperature are very scarce.
However, for most, it was shown that above the glass transition
temperature (7,) of the polymeric matrix, composite strength
and stiffness reduced [180]. Meanwhile, the interface between
fiber and matrix could undergo various aggressive reaction
changes when subjected to high temperatures [181], by generat-
ing differential thermal expansion between fibers and the poly-
mer matrix. Indeed, the effect of temperature on tensile strength
and modulus is more intense for unreinforced materials than
for composites [182, 183]. Generally, those tensile properties
were also shown to decrease with temperature for thermoplas-
tic composites, especially near the glass transition temperature
(Tg) [184, 185], while the strain at fracture increases above that
temperature because of the rise in the mobility of the molecular
chains of the polymeric matrix.

2.2.6 | Thermal Stability

The thermal stability of PFRCs is significantly influenced by
exposure to high temperatures and hot/wet conditions. Despite
the limited research in this area, thermogravimetric analysis
(TGA) has provided valuable insights. TGA typically reveals a
five-stage degradation process in PFRCs: Evaporation of water
in the matrix or fibers, degradation of hemicellulose in fibers,
degradation of cellulose and lignin, degradation of the poly-
meric matrix, and degradation of char. Insights from TGA after
aging indicate that the onset temperature for a 5% weight loss
is a critical parameter for evaluating the influence of aging on
thermal stability. Gil-Castell et al. [30] have examined the ther-
mal stability of sisal fibers reinforced PLA composites before
and after aging at 85°C based on TGA. Eventually, the degrada-
tion of composites occurred in five stages, with evaporation of
water retained by the matrix and fibers in the first stage, then



degradation of hemicellulose between temperatures 222°C and
315°C in the second stage [186]. From that latter temperature
to 400°C, the third and fourth stages occurred with decompo-
sition of both cellulose and PLA matrix. In the later stage from
380°C to 500°C, the char formed during previous decomposi-
tion degraded. Indeed, a comparison of the onset degradation
temperature (T,,) between composites and PLA matrix revealed
that the presence of fibers results in a decrease in the onset deg-
radation temperature because of hemicellulose degradation and
the small molecular weight of PLA matrix present in compos-
ites [122]. Aside from this, the onset degradation temperature
of those composites decreased after hydrothermal aging since
hydrolytic reactions occurred at the fiber-matrix interface and
resulted in peeling, delamination, and exposure of fibers.

Mejri et al. have also investigated the thermal behavior through
TGA of thermally compressed HDPE composites reinforced by
40wt% short birch fibers being hydrothermally aged at 60°C
and dried at 65°C. Eventually, findings have revealed the deg-
radation of composites following the five stages. However, after
aging, an insignificant change was observed when comparing
the temperature at which there is a 5% weight loss (T,,) in TGA.
Though, it leveled off from 266°C to 261°C.

The resistance of PFRCs to thermal conditions is significantly
influenced by aging in hygro and hydrothermal environ-
ments. This is evident as the onset degradation temperature
demonstrates sensitivity and a marked decrease post-aging.
Consequently, there is a critical need to optimize these compos-
ites by enhancing their stability and durability under varying
environmental conditions. Gil-Castell et al. [30] have proposed
the use of a coupling agent in the formulation of PLA composites
reinforced by sisal fibers, and they achieved improved thermal

0)

Voids

L
e Matrix
plasticization
Fiber and swelling
Matrix Fiber swelling

stability after hydrothermal aging because the coupling agent
aided in the formation of crystals around fibers and acted as a
barrier [187], and even improved the adhesion along the fiber-
matrix interface. Despite that, further research is essential to
develop strategies that mitigate these impacts, ensuring thermal
stability and performance of PFRCs for a long service life.

2.2.7 | Degradation Mechanisms of Composites:
A Summary

In summary, the degradation mechanism of PFRCs seems to
be complex. Herein, based on the findings above concerning
the changes in the global properties of composites (mechani-
cal, structural, or morphological) when aging composites in a
simulated aging environment, a degradation mechanism is pro-
posed and illustrated in Figure 15. From the first stages of aging,
moisture of the surrounding environment seeps into composites
through voids and molecular chains of the polymeric matrix,
which could lead in many cases to plasticization and breakdown
of intramolecular hydrogen bonds, resulting in the addition
of free volume where moisture could be held. However, when
moisture is driven into plant fibers, a difference in swelling be-
tween fibers and matrix occurs, leading to localized stress in
the interface. Hence, fiber swelling promotes the nucleation of
cracks and more pathways for moisture absorption. Indeed, at
that stage, temperature could induce thermal stress to matrices
and fibers and provoke shrinkages and crack propagation, which
alters mechanical properties. Again, with the synergetic effect of
temperature and humidity, as well as prolonged exposure, ma-
trix hydrolysis occurs because of the molecular chain's scission;
meanwhile, temperature exacerbates degradation by developing
cracks inside fibers and removing their binding materials.
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FIGURE15 | Schematic illustration of the degradation mechanism of PFRCs under hygro and hydrothermal conditions. (1) Diffusion of moisture

through the voids and polymeric chains of the matrix. (2) Matrix plasticization and diffusion of moisture through interfaces by capillaries inducing

fiber swelling. (3) Nucleation of cracks as result of differential swelling. (4) Weakening of fiber-matrix interface and crack propagation. (5) Matrix

and fiber hydrolysis.
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3 | Service-Life Prediction Using Analytical
Models

The development of plant fiber-reinforced composites for appli-
cations that require lightweight and durable materials is quite
challenging. The understanding of the mechanical behavior of
these during their operation would be of great interest. However,
compared to composites reinforced with synthetic fibers like
carbon and glass, there is limited knowledge about the dura-
bility of plant fiber-reinforced materials. The assessment of the
degradation mechanisms of composites during their service life
is required. Hence, it is essential to adopt accelerated protocols
that are suitable for understanding the progressive damage that
attends to composites and induces a failure or a loss in their
performance and links between them and the service environ-
ment exposure time for the long term via analytical models. In
fact, the prediction of the property changes of the plant fiber-
reinforced composites is relevant in terms of the technical appli-
cation of the material and providing a shred of evidence to rely
on it during its period of usage. In this section, the analytical
models used to predict the mechanical behavior of composite
materials are scrutinized.

3.1 | Mechanistic Model

It uses continuum mechanics and the non-equilibrium thermody-
namic concept to methodologically investigate the effect of differ-
ent degradation modes on materials’ mechanical behavior [188].
However, the durability response of PFRCs in their life service
typically depends on several parameters, mainly moisture and
temperature. It is identified based on the chemical composition
changes, physical and mechanical aging, either by their combi-
nation [189]. As described by Mulenga et al. [190], in humid con-
ditions, there is an interaction between the elastic and inelastic
deformation, water diffusion, and propagating damage. With the
variety of constitutive models introduced by continuum damage
mechanics, it is possible to get more insights into the mechanical
damage occurring for fiber-reinforced composites. Helmholtz free
energy formulation of a material for isothermal deformation and
water absorption processes can be assumed as in Equation (5).

¥Y=¥C,C,,a,,a, ©)
Where C represents the modified right Cauchy-Green deforma-
tion tensor, the C, is the molar concentration of water molecules
in the composite and could be obtained using Equation (6).
However, o, and a, are introduced to describe respectively the
effect of damages induced by water absorption and external
loading, and v represents a parameter of the material (i.e., curing
degree of the thermoset matrix).

©)

For the formulation of the constitutive equations, Helmholtz's
free energy function is decomposed into two parts, one consider-
ing the mechanical energy caused by deformation and one con-
sidering the chemical energy by water diffusion [188], as shown
in Equation (7).

w=wC, Cpay, @ = PreenCs Co a1, @5 + 94i5iC, @)
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@mech Tepresents the mechanical energy caused by deformation
while @4 represents the chemical energy driving the water dif-
fusion. However, based on the continuum theory, it is possible to
report degradation caused by water absorption in short or long
PFRCs by establishing an internal parameter and introducing
its kinetics. The internal parameters are determined based on
the water absorption behavior obtained when aging composites
in hygro or hydrothermal environment. The kinetic parameters
are obtained by fitting the experimental data using theoretical
models.

Tianetal.[191] integrated two internal variables into the Helmholtz
free energy and energy dissipations with a non-equilibrium ther-
modynamic framework reflecting respectively the effect of mois-
ture absorption and hydrolysis reaction to study the constitutive
behaviors of composites and to develop a model for the long-term
hydrothermal aging of an unidirectional natural fiber reinforced
composite. The elastic responses were analyzed based on the the-
oretical model, and the results obtained agreed with experimental
observations of the elastic modulus responses for long-term aging
(Figure 16). Furthermore, in their recent studies [38], a nonlinear
constitutive model for natural fiber-reinforced composites under
hygrothermal aging was established considering the elastic and
inelastic strains, dimensional instability due to swelling, and hy-
drolysis reaction. Changes in composite properties like matrix
cracking, interfacial debonding, and the microstructural proper-
ties of plant fibers were pointed out in the model. Meanwhile, the
influence of aging temperature on composites’ elastic response
was a point of focus. Besides, the theoretical model described well
the evolution of elastic modulus with dependency on temperature
and corroborated well with experimental data.

3.2 | Empirical Models
3.2.1 | Gunyaev Model
Gunyaev model is one of the main models used to predict the

mechanical degradation of plant-fiber reinforced composites
during long-term aging based on short trials [28, 192, 193]. It
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phenolic composites aged at 60°C and 85 RH% [191].



considers both material properties and environmental factors.
In this model (Equation 8), the composite's strength (S) after
aging for t hours is expressed as a function of the initial strength
(S,), aging time (1), curing degree of composite (1), material and
environmental parameter (1), crack propagation resistance (3),
and external environmental corrosion (6). The prediction of
composites’ service life by this model requires conducting an
accelerated aging test. The residual strength obtained through
the experiments can be described thereafter with the Gunyaev
semi-empirical mathematical model.

S=Sy+n(1—e*)—pIn(1+00) ®)
Shi et al. [28] applied this model to evaluate the evolution of
bending properties of twisted bamboo fiber/epoxy composites
and jute fiber composites undergoing accelerated hygrothermal
(70°C/85 RH%) and hydrothermal (20°C and 70°C) aging over
periods ranging from 1 to 90days. Herein, composites were as-
sumed to be completely cured (n=1), and their critical residual
bending strength was set at 70% and 50%. Their findings are pre-
sented in Table 4. This model allowed inferring that the bend-
ing strength of those composites will be reduced progressively
over time, retaining about 40%-50% of their initial properties
over time (in 5 and 10years) when exposed to harsh environ-
mental conditions. However, composites subjected to hydrother-
mal aging at low temperatures exhibit long service life. In fact,
the projected service duration has not been contrasted with the
performance of composites exposed to genuine hydrothermal
environments.

Differently, Wang et al. [192] extended this model to consider
various environmental factors encountered in the environment
rather than temperature and humidity, as the Gunyaev model
failed to predict the long-term performance of a flax/epoxy com-
posite based on an accelerated aging test.

TABLE 4 |
composites based on bending strength [23].

Results of service life prediction of the filament wound

Residual
Residual strength 50% strength 70%
Bending Bending
strength strength Time
Samples (MPa) Time (days) (MPa) (days)
TBF/ 52.71 1269 73.79 96
EP—20
TBF/ 52.71 101 73.79 15
EP—70
TBF/ 52.71 514 73.79 46
EP—70/85
JF/EP—20 57.17 185,050 80.03 2171
JF/EP—70 57.17 118 80.03 69
JF/ 57.17 1514 80.03 187
EP—70/85
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3.2.2 | Arrhenius Model

The Arrhenius theoretical model is one of the primary models used
for predicting the long-term behavior of fiber-reinforced compos-
ites, based on short-term data from accelerated aging tests. This
model assumes that a single dominant degradation mechanism
remains constant over time and temperature during the aging pro-
cess [34-36]. Nevertheless, the temperature is known to accelerate
degradation; meanwhile, PFRCs were shown to undergo various
degradation mechanisms. Hence, in many cases, the Arrhenius
equation is often combined with other theoretical models, such as
the linear model, to predict the durability of composites. Besides,
the linear model is a phenomenological representation of test data
but lacks assumptions regarding degradation mechanisms. In
this model (Equation 9), a parameter (Y) representing the prop-
erty retention versus aging time (t) at different temperatures (T)
is linearly regressed. In fact, an acceptable regression value (R? of
at least 0.80) allows combining the linear model with Arrhenius.
However, at this stage, the Arrhenius plot may be constructed as
a function of inverse absolute temperature for various percentages
of property retention. Hence, determining the time to reach given
levels of property retention at each of the aging temperatures could
be ascertained by substituting various property retention values
into the plotted regression equations (Equation 9).

Y=at+b 9
However, the time shift factor (TSF) which measures the acceler-
ation factor between two temperatures, can also be used to assess
the degradation process. It is given by the relation (Equation 10).

e (2-2)

Where E|, is the activation energy, R is the gas constant, T, and
T, are the absolute temperatures that can be obtained from
Arrhenius plots. Wang et al. [189] found that the Arrhenius-
based predictions were reliable for short conditioning.

1 1

T (10)

Eventually, various researchers employed such models mainly
in synthetic fibers-reinforced composites being aged at high
temperatures and humid conditions over extended periods.
For instance, Ghabezi and Harrison [36] investigated the long-
term durability of glass fiber-reinforced epoxy composites and
carbon-reinforced epoxy composites in artificial seawater (3.5%
salinity) for 6 months at low and high temperatures using both
experimental and analytical models. They applied the Arrhenius
equation in conjunction with the linear model to predict tensile
strength retention following accelerated aging. For glass-epoxy
composites, tensile strength retention after aging at 60°C for 45,
90, and 180days was 78.67%, 74.3%, and 72.42%, respectively,
corresponding to a lifetime of 792, 1584, and 3167 days at 12°C.
Similarly, carbon/epoxy composites retained 89.32%, 86.17%,
and 80.35% of their tensile strength over a real lifetime period
of 831, 1662, and 3323 days at 12°C. It is important to note that
the performance of these composites has not been tested over
such an extended real lifetime period. In fact, the linear model's
prediction accuracy decreased over time, leading researchers to
consider non-linear models.



A non-linear model was proposed, accounting for the observa-
tion that the degradation rates are initially high but decrease as
exposure time increases. This model assumes that debonding
at the interface is the primary cause of composites degradation.
The non-linear relationship for tensile strength retention is
given by Equation (11) or alternatively by Equation (12):
_! )
T
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where 7 represents the fitted parameter, and Y, represents
the tensile strength retention (%) at infinite exposure time.
By assuming Y, =72% for glass/epoxy composite and 80%
for carbon/epoxy composites, the non-linear model better fit-
ted experimental data. The estimated acceleration factor for
carbon/epoxy composites at 12°C was 20.3, predicting tensile
strength retention of 89.32%, 86.17%, and 80.35% over aging
periods of 913, 1827, and 3654 days at 12°C. For glass/epoxy
composites, the time-shift factor was 67.26, corresponding to
tensile strength retention of 78.68%, 74.3%, and 72.42% over
3027, 6054, and 12,107 days, respectively. Again, the relevance
of the predicted lifespan of composites was not confirmed by
actual aging time.

Thus, in a comparison between the three models, Arrhenius
with the linear model and the two non-linear models, it was
found that the linear model and the first non-linear model were
inadequate for predicting composite lifetime beyond 2years. In
contrast, the second non-linear model provided accurate predic-
tions, converging on realistic values of Y | consistent with exper-
imental results at 22°C over 180days.

3.2.3 | Time-Temperature Superposition Principle
(TTSP)

The time—-temperature superposition principle (TTSP) is an em-
pirical method used to predict the long-term behavior of poly-
meric composite materials under extreme temperatures based
on short-term test data. This method is suitable for thermo-
rheologically simple materials, where temperature is used to
shift isothermal segments of a response function, such as creep
compliance, along the time scale to construct a master curve re-
corded at a reference temperature T, .. TTSP enables the exten-
sion of the time scale beyond the practical limits of conventional
testing, providing an accelerated testing methodology [194].
The response function such as creep compliance is expressed by
Equation (13).

t
S(ﬂqﬁ)=5<nm»;:> (13)
t

Yang et al. [195] applied TTSP to predict the creep behavior of
bamboo fiber-reinforced PLA composites using a short-term ac-
celerated creep test and DMA, which enabled testing over a wide
temperature range. Creep compliance curves were generated for
the duration of the test at different temperatures and were then
shifted along the time scale using a shift factor («,) derived from
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TTSP. The determination of this shift factor can be performed
using either the Williams-Landel-Ferry (WLF) equation or
the Arrhenius equation, depending on the temperature range.
The WLF equation is suitable for polymers at temperatures
near and above their glass-transition temperature (Tg), typically
when tested in the range from T, to T,+100°C. Conversely, the
Arrhenius equation is used for polymers tested at temperatures
below T,

In Yang et al.'s study [195], the WLF equation was not appropri-
ate due to the melting behavior of the PLA matrix in the tem-
perature range of 60°C to 160°C. Therefore, the shift factor («,)
was calculated using the Arrhenius equation (Equation 14):

af 1

E(_

1

(14)
Tref

logoxp = Z\T

) xloge
where o represents the horizontal shift factor, E, the activation
energy of the glass transition relaxation (KJ/mol), T, represents
the reference temperature (K). T, at different frequencies was
determined from the peak of tan é curves obtained by mean of
DMA, whereas E, was calculated from the slop of In(f) versus
1/ Tg according to Equation (15).

d(in(f))
()

where f is the frequency (Hz), and T, is the glass transition tem-
perature. A linear regression was then used to determine E,,.
Using the estimated shift factors, the creep compliance master
curves of the composites were modeled with the Findley power
law (Equation 16).

E,=-R

a

1s)

S(t)=S, +at” (16)
where S(¢) is the time-dependent compliance, (S,") represents the
instantaneous elastic compliance, a and b are material-specific
constants, and t represents the elapsed time.

Although TTSP is a useful method, it has some limitations in
terms of prediction accuracy, as small variations in shift fac-
tors can lead to discrepancies in long-term predictions at room
temperature.

In another way, Cui et al. [196] investigated the service life of
ethylene propylene diene monomer (EPDM) rubber using accel-
erated aging tests at temperatures ranging from 70°C to 130°C.
The tensile strength was evaluated, and they evidenced the non-
Arrhenius behavior of this material by combining Arrhenius
and TTSF extrapolations, indicating that the activation energy
of the material is not constant across temperature ranges. This
highlighted the inadequacy of the Arrhenius equation for pre-
dicting the aging of EPDM. To better capture the material's be-
havior, the Mooney-Rivlin equation was employed to analyze
the effects of aging temperature and time on the crosslinking
density of the elastomer. This approach allowed for the identifi-
cation of temperature points where activation energy shifts, pro-
viding more accurate insights into the long-term aging process
of EPDM.



3.3 | Finite Element Analysis (FEA)

The FEA is one of the main modeling and simulation tools
that have been used to predict the multi-physical properties of
PFRCs. It can mathematically compute specific properties of the
resulting composite material and conduct virtual experiments.
However, most of the research focused on predicting the me-
chanical properties, while few investigated moisture absorption
and thermal properties [37, 197-200]. Multiple simulation tools
were utilized, such as ABAQUS, COMSOL, ANSYS, and so on.
Each of these platforms was suitable for a function. ABAQUS
seemed advantageous from what concerns geometry modeling,
englobing a wide range of materials, and has reasonable control
in meshing [40]. Furthermore, ANSYS has a very flexible work-
bench and automatic meshing. Its material library consists of
reactive material, creep, viscosity, viscoelasticity, elasticity, plas-
ticity, etc. [37]. Indeed, these tools require parameters such as the
material properties (elastic modulus, Poisson's ratio), fiber size,
volume fraction, mesh size and type as inputs to define a repre-
sentative volume element (RVE). For the analysis of the multi-
physical properties, many theoretical theories were involved.
Among them, the rule of mixture (ROM) was used to predict the
elastic properties of unidirectional fiber-reinforced composites
[201, 202], Halpin and Tsai-based models were mainly used to
predict the tensile strength [198, 203]. Hirsch's model promoted
the best prediction of Young's modulus. However, Fourier's heat
conduction equation was suitable for predicting the thermal be-
havior of composites, and Fick's law for moisture absorption.
Nevertheless, Hashin's model was convenient for predicting
damage or failure criteria.

However, to the best of the author's knowledge, there have been
only a few studies focusing on predicting the aging behavior
of PFRCs because of the complexity of the physicochemical
changes encountered during aging in hygro or hydrothermal
environments [39, 197, 198, 204]. For instance, Jain et al. [197]
investigated the moisture diffusion in agave fiber-reinforced
epoxy composites under various hygrothermal conditions. In
the pre-processing step, they considered the length of fibers and
diameter, which were assumed to be homogeneous and isotro-
pic. However, the Fickian FEA used matched the experimental
results perfectly, and the 3D model created in ABAQUS soft-
ware effectively verified the model.

Regazzi et al. [198] developed a thermo-hygro-mechanical
model to describe the evolutionary behavior of short flax fiber-
reinforced PLA composite under service conditions using the
finite element analysis software COMSOL Multiphysics. This
model accounted only for the irreversible mechanisms encoun-
tered during hygro or hydrothermal aging, such as swelling and
plasticization. The simulated results aligned with experimental
data from hydrothermal aging tests conducted at 20°C but de-
viated from the experimental outcomes at higher temperatures
of 35°C and 50°C. The researchers applied the Halpin-Kardos
homogenization model to predict the influence of moisture on
the local elastic modulus. Figure 17 presents a schematic rep-
resentation of the model's construction. Moisture diffusion was
modeled using a two-stage diffusion process, incorporating
the content of free water molecules (1), bound water molecules
(N), the probability per unit time of free molecules becoming
bound (y), and the probability per unit time of bound molecules
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FIGURE 18 | Experimental dynamic elastic modulus (markers) and

simulated flexural modulus (dashed lines) of PLA and flax/PLA com-
posites with different fiber content (10wt% and 30wt%) during im-
mersion in water at different temperatures (20°C, 35°C, and 50°C) in
Regazzi et al. [198] work.

becoming mobile (). Swelling was modeled by relating local
strain variations to moisture content, with an orthotropic swell-
ing tensor defined by three swelling coefficients (K,,), (K},), and
(K,,), representing swelling along the x, y, and z directions, re-
spectively. Additionally, plasticization was assessed by analyz-
ing the dependency of the local elastic modulus on composites’
moisture content. Figure 18 illustrates the predicted results
compared with experimental data based on this model.

This type of model showed accuracy in predicting the short-
term behavior of PFRCs in service conditions, but as a matter



of fact, there is a need to develop new models that are capable
of simulating the behavior of composites even when multiple
damages occur. Recently, Gholami et al. [39] developed a finite
element model to predict the hygrothermal degradation of com-
posite material properties using ABAQUS software. The ap-
proach coupled Python scripts with a FORTRAN-coded UMAT
subroutine. Model validation was achieved by comparing results
with existing experimental and analytical data. Moisture distri-
bution was predicted using a finite difference solution of Fick's
law, considering the temperature-dependent coefficient of dif-
fusion. Changes in elastic and hygrothermal properties across
the composite thickness were analyzed based on temperature
and humidity effects on the glass-transition temperature. The
model studied stress, moisture distribution, and property varia-
tions in symmetric cross-ply [0/90/90/0] and asymmetric angle-
ply [20/—20/45/—45] laminated composites under transient and
steady-state hygrothermal conditions.

3.4 | Artificial Intelligence (AI)

In recent decades, machine learning-based artificial intelligence
(AT) methods have emerged as powerful tools for predictive
modeling, offering the ability to make decisions without explicit
programming. These methods have increasingly been applied to
enhance predictive models in the manufacturing and durabil-
ity analysis of composite materials, especially for complex ap-
plications. Among the various AI techniques, neural networks
have shown high accuracy in solving non-linear and dynamic
problems. Michel and Marcos-Meson [205] applied the neural
network for service life prediction of a concrete composite re-
inforced with synthetic steel fibers. The study demonstrated
that the integration of physics-based models with data-driven
approaches can optimize and predict the performance of com-
plex physical systems. However, despite their effectiveness, neu-
ral networks are often trained with high accuracy on specific
datasets (achieving over 99% classification accuracy), yet they
remain limited by their inability to incorporate fundamental
physical principles such as material history, physical invari-
ance, and conservation laws. These limitations are particularly
critical when predicting degradation mechanisms such as fiber
degradation or hydrolysis in PFRCs.

Despite these challenges, several studies have utilized artificial
neural networks (ANNSs) to predict water absorption behavior
in PFRCs without considering the evolution of physical proper-
ties during aging. For instance, Belaadi et al. [206] predicted the
water diffusion behavior in epoxy composites reinforced with
different fractions of Washingtonia fibers using the response
surface methodology (RSM) and ANN. They refined the nu-
merical model with a genetic algorithm to estimate water up-
take, addressing Fick's law behavior. Their approach employed
a multilayer perceptron (MLP) with backpropagation, optimiz-
ing the hidden layer neurons using the lowest root mean square
error (RMSE) and correlation coefficient to enhance accuracy
and mitigate overfitting or slow convergence. The dataset was
partitioned into 70% for training, 15% for testing, and 15% for
validation, ensuring model reliability. Similarly, Saaidia et al.
[207] applied ANN models to predict the water absorption be-
havior of sisal and jute biocomposites, while Ighalo et al. [208]
employed ANN modeling to predict water absorption behavior

in polystyrene (PS) reinforced by bamboo fibers. Beyond stand-
alone predictive modeling, AI has also been integrated with
other analytical techniques to enhance the assessment of aging
effects on the multi-physical properties of PFRCS. Drouhet
et al. [204] combined AI with micro-computed tomography
(micro-CT) to study water-aged and cyclically wet/dried hemp/
Elium biocomposites (39.7% + 1.6% fiber volume fraction). Using
the Trainable Weka Segmentation 3D plugin, Al improved com-
posite visualization after the micro-CT scan, enabling damage
quantification.

4 | Future Trends and Prospects

PFRCs are increasingly recognized as the materials of the future.
They have emerged as versatile materials spanning different in-
dustrial applications demanding performance and eco-friendly
materials. However, a significant barrier to their broader adop-
tion lies in their durability. Hygro and hydrothermal stress trig-
gers several degradation mechanisms in plant fibers, driven by
swelling and shrinkage, plasticization, and leaching of amor-
phous constituents. When embedded in composite, these mech-
anisms pose a critical issue and emerge in debonding between
fibers and matrix, causing ultimate structural damage and im-
pacting composites' load-bearing capacity.

In response to these challenges, researchers tested various
treatments to enhance the adhesion between the hydrophilic
plant fibers and the hydrophobic polymers. Among these,
alkali treatments [209, 210], the acetylation process [2, 9],
coupling agent incorporation [211, 212], coatings [213], and
grafting techniques [2, 9], have substantially improved fiber-
matrix chemical and physical bonding, dimensional and ther-
mal stability [30, 122], and reduced moisture absorption of
composites. Although these treatments could have beneficial
effects, suitable use of green solvents or enzymatic treatments
speeding biological reactions and targeting components such as
lignin, hemicellulose, and pectins is recommended to achieve
areduced usage of chemicals, energy, and water, as well as pro-
moting sustainability and circular tenets [214]. Additionally,
recent studies have demonstrated that radiation-based treat-
ments, such as electron beam and gamma irradiation, offer
promising alternatives by enhancing fiber-matrix adhesion
through radical-induced crosslinking without the need for ad-
ditional chemicals, thus supporting eco-friendly and scalable
industrial applications [215-218].

Plant fibers exhibit variability in their physical properties due to
factors such as extraction methods, plant origin, and more. In
this context, breakthrough technologies involving genetic trans-
forming techniques could be developed to standardize and op-
timize these properties, thereby enabling plants with improved
fiber output, with capabilities including resistance to UV, tem-
perature, and even antibacterial characteristics [214, 219].

The degradation of PFRCs during aging frequently involves
the collapse of the matrix by plasticization and hydrolysis re-
actions. Neglecting this issue could severely undermine the
performance of PFRCs. Additionally, sustainability remains a
critical concern. Therefore, relying on bio-based polymers must
provide a more sustainable alternative for the development of



PFRCs [214, 215]. Bio-based polymers derived from natural re-
sources are considered a greener substitute for petroleum-based
polymers. Indeed, cellulose, starch, and PLA have garnered at-
tention due to the important properties that they can provide to
composites [214, 220, 221].

To support the sustainable development and broader adoption
of PFRCs, it is essential to integrate life cycle assessment (LCA)
with techno-economic analysis (TEA), particularly concern-
ing the end-of-life phase after material aging. These combined
approaches allow for a holistic evaluation of long-term perfor-
mance, energy consumption, environmental impact, and re-
source use. By assessing how PFRCs degrade over time and the
implications for disposal, recycling, or repurposing, LCA and
TEA help identify viable end-of-life strategies while ensuring
responsible management of natural resources and minimizing
environmental burdens [222].

Otherwise, creating high-performance composites that fulfill the
needs of the industry and can endure an aggressive operational
environment necessitates the advancement of manufacturing
technologies tailored to plant fibers, enabling improvement of
surface quality, mitigating moisture absorption, and promoting
good interfacial adhesion with the polymeric matrices [215].
Differently, integrating nanomaterials such as nanocrystalline
cellulose (NCC) [216, 219, 223-226], or graphene-based materi-
als offers exciting potential to strengthen composites, improve
fiber/matrix adhesion and adsorption capabilities, promoting
their use in emerging technologies including hydrogen storage
or transportation [227].

Eventually, the exploration of such applications represents an
exciting frontier in PFRC research. Applications in automotive,
aerospace, renewable energies, or marine environments [228],
and even in health products require composites that are not only
resistant to environmental factors but also to more extreme con-
ditions such as radiation, corrosive media, and thermal cycling.
Therefore, understanding the influence of these conditions on
the multi-physical properties of PFRCs is critical for developing
advanced materials meeting the stringent demands of high-
performance applications [24, 123, 229, 230].

The recyclability of biocomposites remains a challenge, es-
pecially as the hygro and the hydrothermal aging alter fiber
and matrix properties, complicating end-of-life processing
[222, 231]. Fully bio-based composites offer a sustainable al-
ternative, but effective recycling requires understanding deg-
radation effects on methods like composting and pyrolysis
[232]. While these processes enable material recovery, they
may also generate toxic byproducts. Thus, further research is
needed to optimize recycling strategies that balance environ-
mental impact and sustainability.

Aside from that, looking ahead, developing sophisticated ana-
lytical models that simulate the long-term behavior of PFRCs
under various environmental stressors is a promising avenue
for future research. Such models will enable more precise
predictions of composite durability by accounting for factors
like moisture diffusion, mechanical fatigue, thermal cycling,
and UV exposure. These advancements will provide engineers
with the tools needed to design PFRCs that are not only robust
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but also tailored to specific operational environments [36]. By
facilitating the creation of highly durable, high-performance
composites, these models will play a pivotal role in securing
the confidence of industries in PFRCs, thereby accelerating
their transition from niche materials to mainstream industrial
applications.

5 | Conclusion

The scope of the current review is to gain new insights into the
degradation mechanisms of PFRCs and to shed light on the
empirical models used to predict their service life. Exposure
to harsh environments may inevitably influence the dura-
bility of PFRCs when used in demanding and structural ap-
plications. In this context, the multi-physical properties of
plant fibers and their reinforced composites in outdoor envi-
ronments are exhaustively discussed. Herein, the correlation
between the microstructural, physicochemical, and mechan-
ical properties of fibers and composites is scrutinized to shed
light on their degradation pathways. Consequently, changes
in internal structure and crystallinity drive the evolution of
the overall properties of plant fibers after being subjected to
hygro and hydrothermal aging. Interestingly, the fiber swell-
ing and matrix plasticization reversibly decrease the mechan-
ical properties of PFRCs, leading to significant fiber pull-out
and debonding. Microstructural damage is developed in both
fibers and matrix when the internal stresses are big enough.
More importantly, the leaching of amorphous components at
the fiber-matrix interfaces becomes active, resulting in re-
duced shear strength. In fact, the development of cracks mod-
ifies the water vapor diffusion kinetic from Fick to anomalous
diffusion. The current paper also discusses the analytical
models (i.e., mechanistic models, time-temperature superpo-
sition principle...) combined with accelerated aging data, in-
tending to gain an in-depth knowledge of the expected service
life of composite materials. Nevertheless, limited attention
has been devoted to understanding the influence of low and
cryogenic temperatures on the durability of PFRCs. Similarly,
research studies into freeze-thaw aging cycles remain limited.
This would be of great interest for assessing their potential for
aeronautic applications and hydrogen storage. This highlights
the need for future research to be directed towards the afore-
mentioned gaps.

Although various research surveys have been carried out on
PFRCs, there are still some unsolved technological and sci-
entific questions. This paper highlights the critical need for
more targeted research to bridge the different knowledge
gaps. As the environmental issues of PFRCs are not the pri-
mary focus of this paper, they nevertheless represent crucial
dimensions that must be considered. Herein, further research
studies are required to explore eco-friendly alternatives to tra-
ditional polymers. A thorough understanding of the durabil-
ity of plant fiber-reinforced bio-resin composites is required.
It is therefore of the utmost importance to strike a balance
between maintaining long-term durability and promoting
eco-sustainability. Consequently, adapting research to the
specific requirements of industries must catalyze relevant
breakthroughs in material science, addressing other specific
challenges in this field.



However, this study highlights the critical need for more tar-
geted research to fill the knowledge gaps identified, particularly
concerning the behavior of each plant fiber's constitutive layers
when exposed to hygro-and hydrothermal stress, and eventu-
ally, there is a need for research investigating the aging of plant-
fiber composites in real conditions during years. Indeed, more
research needs to focus on developing a model describing the
durability of PFRCs, which would consider the different degra-
dation mechanisms faced in particular by PFRCs.

Nomenclature

¢ the modified right Cauchy-Green deformation tensor

Cy molar concentration of water molecules in the composites

Paite chemical energy driving the water diffusion

@mech ~ Mmechanical energy caused by deformation

Al artificial intelligence

ANN artificial neural network

D diffusion coefficient through thickness (mm?/s)

DFT density functional theory

DTG differential thermogravimetric analysis

E' storage modulus

E, activation energy

EP epoxy

EPDM ethylene propylene diene monomer

f frequency

FEA finite element analysis

FTIR Fourier-transform infrared spectroscopy

h initial thickness (mm)

HDPE  high-density polyethylene

HPLC  high-performance liquid chromatography

JF jute fibers

K., the swelling coefficient characterizing swelling in the x
direction

K. the swelling coefficient characterizing swelling in the y
direction

K. the swelling coefficient characterizing swelling in the z
direction

LCA life cycle assessment

LCC lignin carbohydrate complexes

LDPE  low-density polyethylene

MAPP  maleic anhydride grafted polypropylene

MFA microfibrillar angle

MLP multilayer perceptron

M, maximum moisture uptake

MSE mean square error

M, moisture uptake at time ¢

n the content of free water molecules

N the content of bound water molecules

NCC nanocrystalline cellulose
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OPEFB oil palm empty fruit bunch

PA polyamide

PFRC  plant fiber-reinforced composites

PLA polylactic acid

PP polypropylene

PS polystyrene

R gas constant

RH relative humidity

RMSE root mean square error

ROM rule of mixture

RSM response surface methodology

RVE representative volume element

S composite strength

S() time-dependent compliance

S, initial composite's strength

Sy instantaneous elastic compliance

SEM scanning electronic microscope

t aging time

TAPPI  Technical Association of the Paper and Pulp Industry

TBF twisted bamboo fibers

TEA techno-economic analysis

Tg glass-transition temperature

TGA thermogravimetric analysis

T ot reference temperature

TSF time shift factor

TTSP time-temperature superposition principle

WLF William-Landel-Ferry

WRV water retention value

XRD x-ray diffraction

Y property retention

. shift factor

crack propagation resistance

B the probability per unit time of bound water molecules be-
coming mobile

y the probability per unit time of free water molecules becom-
ing bound

i curing degree of composite

0 external environment corrosion

A material and environmental parameter

v material parameter

T fitted parameter
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