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Abstract: In engineering applications, natural fiber composites must comply with fire requirements
including the use of flame retardant. Furthermore, biocomposites are known to be water sensitive.
Whether flame retardants affect the water sensitivity and whether water absorption affects the fire
behavior and the mechanical performance of biocomposites are the two main topics addressed in
this work. In this study, a flax fiber/epoxy composite flame retardant with 9,10-dihydro-9-oxa-10phosphaphenanthrene-10-oxide (DOPO) or aluminum diethyl phosphinate (AlPi) was aged in humid
atmosphere or by immersion in water. Water absorption kinetics revealed that DOPO induces an
increase in equilibrium water content by approximately a factor of 2 due to its intrinsic hygroscopicity
and/or its plasticizing effect on the epoxy matrix. In contrast, AlPi does not significantly change
the water sensitivity of the biocomposite. Mechanical testing highlighted that, whatever the FR, the
evolution of mechanical properties with ageing is governed by the moisture content. The drop of
elastic modulus was attributed to a decrease in fiber rigidity due to plasticization, while the increase
in tensile strength was assigned to an increase in fiber/matrix friction due to fiber swelling. As
regards flame retardancy, only the highest water contents modified the fire behavior. For the AlPi
containing biocomposite, the water release resulted in an increase by 50% of the time to ignition,
while for the DOPO flame retardant biocomposite the water release was mainly postponed after
ignition.
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1. Introduction
Over the last two decades, natural-fiber-reinforced composites have aroused keen
interest for engineering applications [1,2]. The main sectors that have promoted these
materials are the automotive sector (seat backs, door cladding, parcel shelves, etc.) [3] and
the construction sector (door, window frame, wall panels, etc.) [3–5]. The railway sector and
the aircraft industry have also utilized biocomposites for seats, interior paneling, flooring
and decking [6,7]. Natural fiber composites obviously compete with existing synthetic
fiber composites (glass, carbon, Kevlar, etc.). In the context of current environmental
concerns, biocomposites stand out due to their low carbon footprint as well as their nonhazardous and cheap solutions. Moreover, some intrinsic properties of these materials
such as non-abrasiveness and fatigue resistance are remarkable [8–10]. However synthetic
fiber composites are often superior for their absolute mechanical performance and their
low water sensitivity [11,12]. Among natural fibers, flax occupies a prominent position
for several reasons. First, flax can be cultivated in many countries with temperate and
humid climate. Its growing cycle is short, which makes it a cost-effective crop [13]. Flax
fibers are fine and regular, and they can be easily spun into yarns. Moreover, there is a
traditional know-how in flax weaving and textile production. There has been over the
years considerable improvement in agricultural methods used for flax production that has
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had consequences on the fiber geometry and properties [14]. Additionally, a considerable
amount of work has been dedicated to the modification of flax fibers with physical and
chemical treatments in order to improve the fiber/matrix adhesion and consequently the
mechanical performance [15–18]. Epoxies are often used as a host matrix for biocomposites.
This is justified by their mild processing temperature compatible with natural fibers, the
large range of available processing techniques and the possibility of making this type of
matrix partially bio-based.
Nevertheless, the use of natural fibers in composites shows also some weak points that
have to be overcome or at least considered. One of the major drawbacks of lignocellulosic
fibers related to their hydrophilic nature is their moisture sensitivity. Celino et al. studied
the water sorption kinetics of several natural fibers and highlighted that for flax fibers the
moisture uptake is approximately 62.5% when immersed in water, while it is approximately
12% in humid atmosphere [19]. When used as reinforcement in composite, flax fibers
provoke an additional water uptake that significantly influences the mechanical behavior
of the composite. Bergès et al. showed a decrease of 20% of the dynamic elastic modulus
and an increase of 50% of the damping ratio for an epoxy/flax fiber composite after
hygrothermal ageing at a temperature of 70 ◦ C and relative humidity of 85% [20]. Cadu
et al. mentioned that hygrothermal ageing induced fiber/fiber and fiber/matrix debonding
as well as the plasticization of fibers responsible for the drop of elastic modulus, tensile
stress and strain of their epoxy/flax fiber composite [21]. Working on the same type of
biocomposite, Scida et al. also invoked other mechanisms such as flax fiber reorientation
and matrix plasticization occurring during humid ageing [22]. These detrimental effects
are likely to be attenuated by chemical treatments of the natural fibers as evidenced by Alix
et al. [23,24].
Another drawback of natural fibers with regard to glass or carbon fibers is their
flammability [25]. Their presence in composites modifies the thermal inertia and leads
to a larger amount of fuel compared to inert reinforcement [26]. These changes generally
lead to a decrease in the time to ignition and an increase in the total heat release. Some
positive effects can nonetheless be observed, such as the formation of a char yield that can
to some extent protect the underlying polymer and reduce the decomposition rate [27]. To
fulfill specifications required for applications in industrial sectors such as transportation
and building, biocomposites have to be flame retardant. The fireproofing of these materials
can be achieved either by incorporating flame retardant in the matrix or by grafting or
depositing appropriate molecules at the surface of the natural fibers. During the last
decade, considerable effort has been made to modify the flax fiber surface by grafting
or adsorption of phosphorous species. It was shown that, at equivalent phosphorus
content, surface modification is more efficient than matrix modification in improving the
fire behavior of biocomposites. However, a major bottleneck lies in depositing a large
amount of flame retardant at the fiber surface [28]. As regards the flame retardancy of
the epoxy matrix, many solutions are available [29]. In recent years, great effort has been
made in the use of phosphorous compounds, especially DOPO derivatives and aluminum
phosphinates [30]. Wang et al. evidenced that DOPO can react with epoxy and thus
may be considered as a reactive flame retardant [31]. Liu et al. showed that DOPO acts
both in the gaseous and condensed phases [32]. It promotes epoxy charring and acts as
a smoke suppressant. Regarding aluminum phosphinate, Zhong et al. highlighted that
aluminum diethyl phosphinate could reach an LOI of 28.5% and V0 UL94 ranking [33]. Liu
et al. demonstrated that AlPi mainly acts in the condensed phase by increasing the char
yield [34].
Considering the two aforementioned weak points of natural fiber composites, a corollary concern is the ageing of flame retardant biocomposites. From a general point of view,
the durability of FR materials is rarely considered. The pioneering work of Clough deserves
to be mentioned [35,36]. This researcher studied the flammability after radiation-thermal
ageing of halogenated FR-containing formulations used for cables in nuclear plant applications. There is a great variety of ageing conditions including thermal, UV radiation,
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humidity, weathering (i.e., a combination of the three previous conditions), immersion,
contact with organic solvent, ionizing (i.e., γ) radiation and electrical and thermal shocking.
There are no general tendencies regarding the influence of ageing on flammability [37]. In
some cases, ageing leads to a dramatic decrease in flame retardant properties [38]. However,
many other systems appear to be resistant to ageing [39], and in some cases an improvement of flame retardant properties was noted [40]. Hence, the change in fire properties
greatly depends on the FR system and the specific ageing conditions [41].
The most studied phosphorus-based FR is certainly ammonium polyphosphate (APP).
It is used as an acid source in charring and intumescent systems, in combination with a
char source (pentaerythritol or polymer), a blowing agent (melamine) and/or a mineral
filler (char reinforcement). Lesaffre et al. studied the influence of different conditions (UV
exposure, temperature and moisture) on the flammability of a PLA flame retardant with
melamine, APP and organo-modified montmorillonite [42,43]. Even if PLA hydrolysis was
observed (and enhanced in presence of FR fillers), the fire performance were improved
due to the concentration of FR at the surface during ageing and also due to the dripping
promoted by a decrease in molecular weight. APP-based FR systems are not durable
in water immersion. Mangin et al. showed that phosphorus from APP was almost fully
removed from a flame retardant PLA matrix after 3 weeks of ageing in water at 70 ◦ C [44,45].
Therefore, the fire behavior measured in a cone calorimeter worsened. Jimenez et al. studied
an FR epoxy coating deposited as a protective layer on steel [38]. The intumescent FR
system contained APP, melamine and titanium dioxide. Few changes were observed after 1
month in distilled water. However, after one month in salt water, almost all phosphorus
was removed from the coating. APP was transformed into much more soluble sodium
polyphosphates. These species were easily removed from the coating. Melamine was also
affected. Therefore, no more expansion was observed during exposition to a flame burner,
evidencing the total loss of flame retardant properties. Encapsulation of APP was proposed
to limit the degradation and preserve the fire performance [41,46–48]. Nevertheless, to
date, few data are available on the influence of ageing on other common phosphorus FRs,
especially organic ones such as DOPO and aluminum phosphinate.
The present study investigated the hygrothermal ageing of a flame retardant epoxy/flax
fiber biocomposite containing DOPO or diethyl aluminum phosphinate. The novelty of
this work lies in the attempt to investigate interactions between flame retardancy and
humid ageing resistance in natural fiber composites. The first part outlines the study of
the influence of FRs on the water sorption kinetics. In the second part, the effects of water
sorption on the mechanical and fire properties are addressed.
2. Materials and Methods
2.1. Materials
The epoxy resin DER 332 (Ep) was provided by Dow Chemicals (Midland, TX, USA)
with an epoxy equivalent weight of 170 g/eq. Isophorone diamine (IPDA) from SigmaAldrich (St. Louis, MO, USA) with a functionality of 4 was used as a hardener. The mixing
of resin and hardener was carried out at a stoichiometric epoxy/amine ratio of 80 wt% DER
332 and 20 wt% IPDA. Quasi-unidirectional flax fabric UD 360 (Fl) was supplied by Fibres
Recherche Développement (Troyes, France). Its areal weight is 360 g/m2 (weft: 330 g/m2 ;
warp: 30 g/m2 ), and its thickness is 0.4 mm.
Two phosphorous compounds were used as flame retardants (FRs). Aluminum
diethyl phosphinate (AlPi) was purchased from Clariant under the trade name Exolit
OP 930. AlPi is a fine white powder that decomposes over 300 ◦ C. 9,10-Dihydro-9-oxa-10phosphaphenanthrene-10-oxide (DOPO) was purchased from Sigma-Aldrich. DOPO is a
white powder that melts between 116 and 120 ◦ C. The phosphorus contents of AlPi and
DOPO are 23.7 and 14.4 wt%, respectively.
The composites were manufactured using a vacuum infusion process in controlled
atmosphere (50% RH and 23 ◦ C). The resin was heated at 40 ◦ C to obtain a viscosity (of
120 mPa.s) suitable for the vacuum infusion process and then mixed with the hardener
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for 3 min at 400 rpm before the infusion. For fireproof composition, flame retardants were
mixed with the pre-polymer before adding the hardener. The flame retardant content was
adjusted so that the phosphorus content was 2 wt% with respect to the polymer. This leads
to FR contents of 9.5 and 13.9 wt% for AlPi and DOPO, respectively. AlPi was mixed with
the pre-polymer at room temperature for 1 h at 1200 rpm and then degassed for 50 min at
40 ◦ C under vacuum. DOPO was mixed with the prepolymer at 120 ◦ C for 1 h at 600 rpm.
Four plies of fabrics (300 × 300 mm2 ) oriented in the weft direction were infused at
a constant pressure of 100 mbar for 30 min. The composite was then cured at 80 ◦ C for
24 h. No post-curing treatment was performed to avoid any degradation of mechanical
performance as highlighted in a previous paper [49]. The resulting composites contained
30 vol% of fibers. Composite plates (300 × 300 × 3 mm3 ) were then cut into samples of
various sizes depending on the test to be performed and stored at 23 ◦ C and 50 RH%
according to ISO 291 and ASTM D618. The different composites prepared in this study are
listed in Table 1.
Table 1. Composition of the different biocomposites and their Tg before ageing.
Designation

Matrix
(vol%)

Flax
(vol%)

FR
(wt% of Matrix)

Tg (Dry)
(◦ C)

EpFl
EpFl-AlPi
EpFl-DOPO

70
70
70

30
30
30

0
9.5
13.9

142
147
114

2.2. Methods
2.2.1. Ageing
Hygrothermal ageing was performed in a Weiss climate test chamber. Tests were
mainly carried out at 70 ◦ C and relative humidity (RH) of 50%, 65% and 85% (i.e., water
activity aw of 0.5, 0.65 and 0.85). These conditions were chosen to accelerate ageing without
modifying the mechanisms and because data were already available for comparison [20].
Additional tests were performed at 90 ◦ C/85 RH% for EpFl-AlPi and 40 ◦ C/85 RH% for
EpFl-DOPO. These conditions are justified in a later section. Ageing was performed for
up to 30 days. Moreover, as a comparison, hydrothermal ageing was also carried out by
immersing samples in deionized water at 70 ◦ C.
Water uptake was measured by weighing the samples periodically at room temperature using a precision balance. Relative water uptake Wt was determined as follows:
Wt =

m t − m0
m0

(1)

where mt is the mass of the sample at ageing time t while m0 is the initial mass. The results
correspond to the mean value of at least 3 repeats.
Water sorption kinetics was analyzed considering Fick’s ideal diffusion. In this model,
diffusion is supposed to be driven by water concentration gradient. In a one-dimensional
case, at a constant temperature, diffusion in the direction normal to the surface is described
as follows:
 2

∂C ( x, t)
∂ C ( x, t)
=D
(2)
∂t
∂x2
where C is the water concentration, t the ageing time and D the diffusion coefficient,
assumed to be a constant. For a slab of thickness h, with an initial moisture concentration
constant within the sample and environment moisture concentration at the boundaries
constant all over the test, the solution for C(x,t) was given by Shen et al. [50]. The water
absorption weight can be calculated by integrating the water concentration over the slab
thickness. The relative water uptake resulting from this integration is given by Equation (3).
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−(2n + 1)2 Dπ 2
1
8 ∞
exp
t
1 − 2 ∑ n =0
π
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(3)

where Wt is the relative water uptake at time t and W∞ is the relative water uptake at
saturation or equilibrium water content (EWC). In the following, n = 20 was used to fit the
experimental results.
For short time moisture
exposure, it has been shown that the relative water uptake
√
varies linearly with t according to Equation (4):
4
Wt = W∞
h

√

r

D√
t
π

(4)

Therefore, the diffusion coefficient can be determined from the slope k of Wt versus
t curve according to Equation (5).


kh
D=π
4 W∞

2
(5)

2.2.2. Glass Transition
Dynamic mechanical analysis (DMA) was performed to assess the glass transition
temperature of the composites, which was assimilated to the main relaxation temperature
Tα . Tests were carried out using the single cantilever bending mode at a frequency of
5 Hz with an imposed peak-to-peak displacement of 5 µm. Specimen dimensions were
44 × 10 × 3 mm3 . Tα was determined at the peak of tan δ curve.
2.2.3. Mechanical Properties
The elastic modulus of composites was determined using a non-destructive impulse
excitation technique described in more detail in [51]. The same samples were tested after
different ageing periods. Composites samples of dimensions 250 × 25 × 3 mm3 were
excited using a shock hammer, and the induced vibrational response was recorded using
an accelerometer. Two weights of 86 g were fixed to the specimen ends in order to shift
the first “tension–compression” mode natural frequency in the measurement range of
the accelerometer (100–900 Hz). Weights were supposed to be integral with the bar. The
longitudinal elastic modulus E was determined using Equation (6):
ρL2 f 2
E =  12

(6)

β1
π

with β 1 being the lowest positive solution of Equation (7):
β 1 tan β 1 =

m
M

(7)

where M is the total additional weight (172 g); L, m and ρ are the length, mass and specific
density, respectively, of the specimen and f 1 is the first “tension–compression” mode
natural frequency. The relative standard deviation of this test was assessed to be 1.4%.
Uniaxial tensile tests were performed on an MTS testing machine (model Criterion
C45.105) equipped with a 100 kN load cell. The tests were performed at a constant displacement rate of 1 mm/min. The deformation was measured using an MTS laser extensometer
(Model LX500) with a precision of 1 µm. Sample dimensions were 250 × 25 × 3 mm3 for
the composites following the ISO 527 standard. Taking into account the bilinear behavior
of composites at low strain, Young’s modulus was determined between 0.5 and 0.8% of
strain according to a procedure defined in a previous paper [49]. Tensile strength as well as
elongation at break of composites were also determined. Results correspond to the mean
value of 4 repeats.
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2.2.4. Density
The specific density was measured using a Micromeritics Helium pycnometer (AccuPyc 1330 model). Results correspond to the mean value of 4 repeats.
2.2.5. Fire Properties
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The fire behavior of composites was assessed using a Fire Testing Technology (FTT)
Cone Calorimeter. Tests were performed in accordance with the ISO 5660-1 standard.
The specimens (100 × 100 mm section, 3 mm thickness) were horizontally exposed to an
With KHofHenry’s
solubility,
L the Langmuir capacity constant, bL the Langmuir af2 . Time toAignition
irradiance
50 kW/m
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by using the formalism previously described in Equations (4) and (5).

Figure 1. Water sorption kinetics at 70 ◦ C in humid atmosphere for EpFl, EpFl-AlPi and EpFl-DOPO.
Figure 1. Water sorption kinetics at 70 °C in humid atmosphere for EpFl, EpFl-AlPi and EpFl-DOPO.
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Figure 2 represents the equilibrium water content (EWC) in composites as a function
of water activity aw at 70 ◦ C. EWC of biocomposites can be compared to the EWC of their
components. At aw = 0.85 and T = 70 ◦ C, EWC of the non-flame retardant biocomposite
(EpFl) is 2.55%, while it was measured to be 1.1% for the epoxy resin and approximately
Polymers 2022, 14, x FOR PEER REVIEW
8 of 20
13% for flax fibers [23,52]. This shows that EWC of EpFl is lower than predicted by a rule
of mixtures of its components. This may be attributed to the fact that flax fiber swelling is
hindered by the surrounding matrix in the composite, thus limiting the water uptake.

◦ C.
Figure2.2.Equilibrium
Equilibriummoisture
moisturecontent
contentas
asaafunction
functionofofwater
wateractivity
activityatat70
70°C.
Figure

It is noteworthy that water sorption isotherms exhibit deviation from the linear beThe water sorption rate can be appreciated through the value of the diffusion coeffihavior of Henry’s law, indicating that EWC is not only governed by water solubility in the
cient D. D was determined for the different biocomposites and the different testing conbiocomposite materials. In the literature, epoxy resins exhibit water sorption isotherms that
ditions using Equation (5). Figure 3 highlights that the diffusion coefficient increases with
deviated only slightly from Henry’s law [53,54]. In contrast, flax fibers exhibit a sorption
the increase in activity. This behavior was also observed in the literature by Broudin et al.
isotherm with a strong increase in EWC at high water activity [23,52]. In our case, the
in PA66 [60]. The authors mentioned that in the glassy state, D is almost constant at low
curvature observed at high water activity may be related either to clustering phenomena
water activity, while it increases at high water activity. This phenomenon was assigned to
(cluster of water molecules) or to the swelling of flax fibers [55,56]. Such behavior can be
the plasticization of the polymer matrix by the water molecules as ageing progresses. In
well described by the Park model [57] (Equation (8)), which corresponds to a multi-sorption
our case, a similar plasticizing effect was observed as demonstrated later. The presence of
model where a power law term accounts for the increase in EWC at high water activity:
flame retardant (AlPi or DOPO) does not significantly change the value of the diffusion
coefficient.
A b a
W∞ = K H aw + L L W + Ka anw
(8)
1 + b L aW
With KH Henry’s solubility, AL the Langmuir capacity constant, bL the Langmuir
affinity and Ka and n two constants describing clustering.
In our case, fitting experimental points with the Park model leads to the Henry and
Langmuir terms being ignored, indicating that water sorption is mainly governed by
clustering. Optimization gives Ka values of 3.74, 4.57 and 7.63, while values of n are 2.1, 2.7
and 2.2 for EpFL, EpFl-AlPi and EpFL-DOPO, respectively.
When considering the flame retardant biocomposites, it can be observed that the
presence of AlPi affects neither the kinetics of water sorption nor the EWC, which are
similar to those of EpFl whatever the water activity. Therefore, Ka and n for those materials
are very similar. This is not really surprising since AlPi is claimed to be non-hygroscopic
owing to the presence of three diethyl groups [58]. On the contrary, the presence of DOPO
induces a significant increase in EWC, which is roughly twice that of EpFl, highlighted by
a doubling of Ka . There are two possible explanations for the increase in EWC. The first
reason is the plasticizing effect of DOPO that decreases the glass transition of the epoxy
resin by almost 30 ◦ C (see Section 3.2). Plasticization of the epoxy network leads to two
consequences
likelymoisture
to increase
theaswater
sorption
ability:
(i) aathigher
Figure
3. Equilibrium
content
a function
of water
activity
70 °C. free volume in the
polymer matrix and (ii) a decrease in polymer rigidity favorable to flax fiber swelling [56].

3.1.2. Influence of Temperature
Temperature plays a dominant role in accelerated ageing tests. In order to assess the
sensitivity to temperature of water sorption, two additional tests were performed at a water activity of 0.85. A test was performed on EpFl-DOPO at 40 °C. This temperature was
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Figure 2. Equilibrium moisture content as a function of water activity at 70 °C.
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in the glassy state of epoxy. Figure 4 shows the sorption kinetics measured in these two tests.
Regarding the test on EpFl-DOPO, it can be observed that EWC is lower at 40 ◦ C compared
to 70 ◦ C. However, it must be underlined that saturation was probably not completely
reached after 1200 h of ageing. This result is consistent with those obtained by Scida et al.
on flax/epoxy composites [22] or by Choqueuse et al. on glass/epoxy composites [61]. In
both cases, EWC increases with the increase in temperature. A similar behavior was also
observed for pure polymers, i.e., PA66 and PET [60,62]. On the contrary, it can be noticed
that for EpFl-AlPi, EWC is not modified by the increase in temperature. In this case, it is
assumed that post-curing may occur during ageing at 90 ◦ C, and this phenomenon may
counter-balance the effect of plasticization by limiting the number of hydrophilic sites or
limiting fiber swelling, and thus EWC remains constant. This effect is not related to the
presence of AlPi and would surely be observed whatever the biocomposite.

Polymers 2022, 14, 3962

havior was also observed for pure polymers, i.e., PA66 and PET [60,62]. On the contrary,
it can be noticed that for EpFl-AlPi, EWC is not modified by the increase in temperature.
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EWC for the three biocomposites are much higher than the ones predicted by the Park
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The water sorption kinetics of biocomposites was also investigated in deionized liquid water at 70 °C. The results are presented in Figure 6 and compared to the kinetics
obtained in water vapor at aw = 0.85. It can be observed that water uptake also follows a
Fickian behavior in the investigated range of time. Using Equation (5), the diffusion coefof 20
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3.2. Glass Transition
The glass transition temperature is an important property in hygrothermal ageing
of polymers. Depending on the position of ageing temperature relative to Tg, the law
governing the evolution of the water diffusion coefficient with temperature may be affected,
changing from an Arrhenius law to a more complex expression involving the free volume
theory [60]. Indeed, above Tg, the increase in free volume accelerates the diffusion rate.
Moreover, water molecules are also good plasticizers that may depress Tg.
The glass transition of epoxy was determined by DMA for the various biocomposites
having reached equilibrium after water sorption at 70 ◦ C. Figure 7 shows the evolution of
Tg as a function of EWC. Firstly, the graph highlights the significant plasticizing effect of
DOPO since Tg of unaged EpFl-DOPO is around 30 ◦ C lower than that of unaged EpFl.
As previously mentioned, this effect is supposed to be one of the reasons for the higher
water uptake of biocomposite containing DOPO. The plasticizing effect of DOPO in epoxy
has already been reported by Schäfer et al. with a Tg depression of 24 ◦ C by percent of
phosphorus content [64]. On the contrary, EpFl-AlPi exhibits a glass transition temperature
similar to EpFl. Secondly, Figure 7 also evidences the plasticizing effect of water molecules
on epoxy resin since there is a decrease in Tg with the increase in water content. However,
it must be underlined that this effect is very moderate since Tg depression is approximately
2 ◦ C/%water content. This value is much lower than that mentioned by Broughton et al.,
i.e., 13.5 ◦ C/%water content, in F922 epoxy [65]. It is assumed that, in our case, a large
amount of water is absorbed by flax fibers or localized in clusters, and therefore the actual
water content of the resin is lower than the mean value in the biocomposite.
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plasticization of the epoxy follows the Fox equation, the weight fraction of water in the
matrix at equilibrium was determined by a reverse approach for experiments carried out
at aw = 0.85 and T = 70 °C. 𝑤 was found to be 0.5%, 0.4% and 0.8% for EpFl, EpFl-AlPi
and EpFl-DOPO, respectively. These values are slightly lower but consistent with the
of 20
value experimentally measured in the pure resin after ageing at aw = 0.85 and T = 7011°C,
i.e., 1.1%, confirming the non-homogeneous repartition of water in the biocomposite.

Figure 7. Glass transition temperature as a function of equilibrium water content.
Figure 7. Glass transition temperature as a function of equilibrium water content.

In order to evaluate the effect of moisture within a polymer on its glass transition
temperature, the Fox equation (Equation (10)) is generally used [62]:
wp
ww
1
=
+
Tg
Tg,p
Tg,w

(10)

with w p and ww the weight fractions of polymer and water, respectively. Tg,p is the glass
transition temperature of the polymer in the dry state. Tg,w is the glass transition temperature of water taken equal to 110 K according to the literature [60]. Assuming that
plasticization of the epoxy follows the Fox equation, the weight fraction of water in the
matrix at equilibrium was determined by a reverse approach for experiments carried out
at aw = 0.85 and T = 70 ◦ C. ww was found to be 0.5%, 0.4% and 0.8% for EpFl, EpFl-AlPi
and EpFl-DOPO, respectively. These values are slightly lower but consistent with the value
experimentally measured in the pure resin after ageing at aw = 0.85 and T = 70 ◦ C, i.e., 1.1%,
confirming the non-homogeneous repartition of water in the biocomposite.
3.3. Mechanical Properties
The non-destructive impulse excitation technique enabled the dynamic longitudinal
modulus to be measured at room temperature throughout the ageing period by briefly
exiting the sample from the climate test chamber. Elastic moduli of unaged samples
are presented in Table 2. These values are very close despite the lower glass transition
temperature observed for EpFl-DOPO. It is assumed that room temperature is far from the
glass transition temperature, and therefore all samples are on the glassy plateau.
Table 2. Dynamic longitudinal modulus of unaged biocomposites.

Dynamic longitudinal
modulus (GPa)

EpFl

EpFl-AlPi

EpFl-DOPO

22.8 ± 0.21

22.7 ± 0.05

23.7 ± 0.21

In the following, for simple comparison, the relative modulus, defined as the ratio of
the modulus of aged sample upon modulus of unaged sample, is used. Figure 8 shows the
evolution of the relative dynamic modulus as a function of water content for all experiments
performed at an ageing temperature of 70 ◦ C. Samples are not necessarily at equilibrium
since measurements are made throughout ageing. Despite this, it can be observed that the
elastic modulus of biocomposites is mainly governed by the water content since all values
fall roughly on the same curve. Elastic properties of samples aged at 40 or 90 ◦ C follow the
same tendency (not presented for clarity). The elastic modulus decreases linearly with the
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decrease in elastic modulus as highlighted in Figure 8 which dominates the behavior over
matrix as proved by Figure 7, the second phenomenon is probably predominant. Using a
the increase in tensile strength. These results are consistent with those obtained by Munoz
reverse approach, Masseteau et al. estimated that the flax fiber elastic modulus decreased
et al. that also observed an increase in tensile strain that they attributed to plasticization of
by 17.8% when moisture content varied from 2 to 8% [66].
both the resin and the flax fibers [67].

Figure 8. Relative dynamic longitudinal modulus versus water content for series aged at 70 ◦ C.
Figure 8. Relative dynamic longitudinal modulus versus water content for series aged at 70 °C.
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evolution
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to increase
thewater
increase
in moiscontent.
This
was
assigned
to thetends
swelling
of fiberswith
during
sorption
that
generates friction at the matrix/fiber interface, thus enhancing the load required to break
the sample [67]. Furthermore, it can be seen in Figure 9 that the tensile strength significantly
decreases after immersion in liquid water. In this case, SEM observations reveal that the
drop of mechanical resistance can be attributed to a degradation of the external wall of the
natural fibers provoked by the high water uptake (see Figure 10). This phenomenon has
already been observed by Li et al. for flax fiber/epoxy composite after immersion in water
at 60 ◦ C [68]. At high water content, the swelling of fibers creates internal stresses that are
likely to damage their structure by delamination of the different walls. With long ageing
time, water may also dissolve hemicelluloses and pectins that act as a binder in primary
wall of fibers. The load can no longer be transmitted to cellulose fibrils, and consequently
the tensile strength of the biocomposite decreases.
As regards elongation, Figure 11 shows that it increases with the increase in moisture content. This evolution is mainly governed by the decrease in elastic modulus as
highlighted in Figure 8 which dominates the behavior over the increase in tensile strength.
These results are consistent with those obtained by Munoz et al. that also observed an
increase in tensile strain that they attributed to plasticization of both the resin and the flax
fibers [67].
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3.4. Fire Properties
The fire properties of biocomposites were assessed through cone calorimeter tests
using an external heat flux of 50 kW/m2 corresponding to a developing fire scenario. Figure 12 presents the HRR curves of unaged samples. It can be observed that EpFl exhibits
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3.4. Fire Properties
The fire properties of biocomposites were assessed through cone calorimeter tests
using an external heat flux of 50 kW/m2 corresponding to a developing fire scenario.
Figure 12 presents the HRR curves of unaged samples. It can be observed that EpFl
exhibits typical behavior of an intermediate thick non-charring sample according to the
classification of Schartel and Hull [69]. HRR increases gradually in the first part of the test,
and the peak occurs when the heat front reaches the sample back face. As heat cannot
be removed due to the isolating support, the pyrolysis rate is increased, leading to the
HRR peak [70]. Finally, HRR decreases due to fuel depletion. The incorporation of both
flame retardants leads to very similar effects in flax epoxy composite. AlPi has almost
no effect on the time to ignition of the biocomposite that remains similar to that of EpFl.
DOPO induces a slight decrease in TTI that may be related to its effect on epoxy thermal
stability. Wang and Lin observed that the onset of degradation of epoxy tends to decrease
with the increase in DOPO content [31]. After ignition, a first peak is observed, and then
HRR drops significantly due to the action of the flame retardants. Both FRs are known
to act mainly in the gas phase as confirmed by the low increase in char residue and by
the decrease in EHC. According to several authors [71,72], AlPi decomposes through the
formation of diethylphosphinic acid, which is released in the gas phase, and aluminum
phosphate, which remains in the condensed phase. This latter compound may account
for a 5% increase in residue. DOPO was also reported to act mainly in the gas phase since
its decomposition releases phosphorus-containing fragments that are likely to trap high
energy radical H◦ or OH◦ , thus leading to flame inhibition [73]. As soon as FRs become
active, a significant decrease in HRR down to 250–300 kW/m2 is observed. The slowdown
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of burning rate shifts the second peak related to heat feedback at the back face towards
a longer duration. On the whole, FRs diminish the mean value of HRR and increase the
burning period.
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in various conditions. It is noteworthy that all curves exhibit the same shape. The major
°C in various conditions. It is noteworthy that all curves exhibit the same shape. The major
effect of ageing is a shift of the curve towards a long duration when EWC is high (ageing by
effect of ageing is a shift of the curve towards a long duration when EWC is high (ageing
immersion in liquid water). This result contrasts with those obtained by Oztekin et al. [74]
by immersion in liquid water). This result contrasts with those obtained by Oztekin et al.
and Safranova et al. [75] who observed that polymers containing moisture exhibited shorter
[74] and Safranova et al. [75] who observed that polymers containing moisture exhibited
TTI. This phenomenon was assigned to the increase in the surface sample heating rate
shorter TTI. This phenomenon was assigned to the increase in the surface sample heating
due to a strong bubbling when water is released. Bubbling generates a foam structure
rate due to a strong bubbling when water is released. Bubbling generates a foam structure
slowing down heat transfer and thus accelerating surface degradation rate. However, those
slowing down heat transfer and thus accelerating surface degradation rate. However,
those results were obtained for thermoplastic polymers (PEEK, POM, PA66, PMMA, PC).
Our results are close to those obtained by Le Lay and Gutierrez [76] for polyester and
vinyl ester composites or those of Shi and Chew [77] for woods where an increase in TTI
was mentioned in wet samples compared to the dry ones. In the case of EpFl-AlPi, it is
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In the case of EpFl-DOPO samples, Figure 14 shows that the presence of moisture
has no influence on TTI or the first peak of HRR, which remains almost constant. It is
also noteworthy that THR remains unchanged. The main difference lies in the drop of
HRR just after the first peak of HRR and a shift of the second peak of HRR to longer
durations, approximately 40 s compared to the dry sample. This shift could be assigned to
the endothermic release of water that slows down the decomposition rate of the material
after ignition.
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On the whole, the effect of ageing on the fire behavior of composites is only significant
when the moisture content is sufficient (>3%). The effect consists mainly of a time lag of the
production of fuel. However, two situations may be distinguished. In the case of EpFl-AlPi,
the tested high moisture containing sample was obtained by immersion in liquid water.
As previously mentioned, this kind of ageing leads to water clustering in addition to the
other sorption mechanisms. When exposed to the radiant source, it is assumed that water
contained in clusters may be released more easily and therefore postpone ignition and then
the whole HRR curve. As regards EpFl-DOPO, the tested sample with a high moisture
content was obtained after ageing at aw = 0.85. In this type of ageing, it is supposed that
water does form clusters, but is mainly sorbed on hydrophilic sites of fibers, matrix and
DOPO. Hence, when exposed to the radiant source, water release would be more difficult
and would occur mainly after ignition.
4. Conclusions
Among the two tested phosphorous flame retardants, only DOPO significantly modifies the water sorption of the epoxy/flax fiber biocomposite during hygrothermal ageing.
Due to its hydrophilic nature, it almost doubled EWC while it plasticized the epoxy matrix.
The analysis of sorption isotherms evidenced that water is mainly absorbed by flax fibers
or clustered on hydrophilic sites of FR. The linear decrease in glass transition temperatures with the water content close to that of a pure epoxy confirms the non-homogeneous
repartition of water within the biocomposites. The ageing temperature tends to increase
the diffusion coefficient of water in the materials without significantly modifying EWC.
During humid ageing, it was highlighted that the changes in mechanical performance are
mainly driven by the moisture content and follow the same trend irrespective of the FR
used. The elastic modulus decreases due the plasticization of flax fibers, while the tensile
strength and elongation at break increase due the swelling of the fibers, which results in
a higher friction with the epoxy matrix. Finally, it was observed that the fire behavior of
aged biocomposites was altered only at high water content. In the case of EpFl-AlPi, it
leads to an increase in the time to ignition due to the early vaporization of water. In the
case of EpFl-DOPO, it is assumed that water is released over a broader time period, thus
modifying the second part of the HRR curve.

Polymers 2022, 14, 3962

17 of 20

Author Contributions: Conceptualization, P.I., L.F., R.S. and R.L.; methodology, C.C., P.I., L.F., R.S.
and R.L.; validation, P.I., L.F., R.S. and R.L.; formal analysis, C.C. and L.F.; investigation, C.C.;
resources, C.C., R.S. and R.L.; data curation, C.C., P.I., L.F., R.S. and R.L.; writing—original draft
preparation, C.C. and L.F.; writing—review and editing, P.I., R.S., R.L.; visualization, L.F.; supervision,
P.I. and L.F.; project administration, P.I.; funding acquisition, P.I. and L.F. All authors have read and
agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Available data can be obtained from the corresponding author upon
request.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.

5.
6.

7.

8.

9.
10.
11.
12.

13.
14.
15.
16.

17.
18.

John, M.J.; Thomas, S. Biofibres and Biocomposites. Carbohydr. Polym. 2008, 71, 343–364. [CrossRef]
Goda, K.; Sreekala, M.S.; Malhotra, S.K.; Joseph, K. Advances in Polymer Composites: Biocomposites—State of the Art, New Challenges,
and Opportunities; Wiley: Hoboken, NJ, USA, 2020; Volume 3.
Pickering, K.L.; Efendy, M.G.A.; Le, T.M. A Review of Recent Developments in Natural Fibre Composites and Their Mechanical
Performance. Compos. Part A Appl. Sci. Manuf. 2016, 83, 98–112. [CrossRef]
Fan, M.; Fu, F. Introduction: A Perspective—Natural Fibre Composites in Construction. In Advanced High Strength Natural Fibre
Composites in Construction; Fan, M., Fu, F., Eds.; Woodhead Publishing Limited: Sawston, UK, 2017; pp. 1–20, ISBN 9780081004111.
[CrossRef]
Fogorasi, M.S.; Barbu, I. The Potential of Natural Fibres for Automotive Sector—Review. IOP Conf. Ser. Mater. Sci. Eng. 2017, 252,
012044. [CrossRef]
Santulli, C. Natural Fiber-Reinforced Composites: Recent Developments and Prospective Utilization in Railway Industries
for Sleeper Manufacturing. In Biomass, Biopolymer-Based Materials, and Bioenergy: Construction, Biomedical, and Other Industrial
Applications; Verma, D., Fortunati, E., Jain, S., Zhang, X., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 225–238, ISBN
9780081024263.
Mansor, M.R.; Nurfaizey, A.H.; Tamaldin, N.; Nordin, M.N.A. Natural Fiber Polymer Composites: Utilization in Aerospace
Engineering. In Biomass, Biopolymer-Based Materials, and Bioenergy: Construction, Biomedical, and Other Industrial Applications; Verma,
D., Fortunati, E., Jain, S., Zhang, X., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 203–224, ISBN 9780081024263.
Gangil, B.; Ranakoti, L.; Verma, S.; Singh, T.; Kumar, S. Natural and Synthetic Fibers for Hybrid Composites. In Hybrid Fiber
Composites; Khan, A., Rangappa, S.M., Jawad, M., Siengchin, S., Asiri, A.M., Eds.; Wiley-VCH Verlag: Weinheim, Germany;
GmbH & Co. KGaA: Munich, Germany, 2020; pp. 1–15, ISBN 9783527346721. [CrossRef]
Le Bourhis, E.; Touchard, F. Mechanical Properties of Natural Fiber Composites. In Encyclopedia of Materials: Composites; Brabazon,
D., Ed.; Elsevier: Amsterdam, The Netherlands, 2021; pp. 135–148, ISBN 9780128035818.
Mahmoud Zaghloul, M.Y.; Yousry Zaghloul, M.M.; Yousry Zaghloul, M.M. Developments in Polyester Composite Materials—An
in-Depth Review on Natural Fibres and Nano Fillers. Compos. Struct. 2021, 278, 114698. [CrossRef]
Li, C.; Yin, X.; Liu, Y.; Guo, R.; Xian, G. Long-Term Service Evaluation of a Pultruded Carbon/Glass Hybrid Rod Exposed to
Elevated Temperature, Hydraulic Pressure and Fatigue Load Coupling. Int. J. Fatigue 2020, 134, 105480. [CrossRef]
Shahinur, S.; Hasan, M. Natural Fiber and Synthetic Fiber Composites: Comparison of Properties, Performance, Cost and
Environmental Benefits. In Encyclopedia of Renewable and Sustainable Materials; Hashmi, S., Choudhury, I.A., Eds.; Elsevier Ltd.:
Amsterdam, The Netherlands, 2020; pp. 794–802, ISBN 9780128035818.
Yan, L.; Chouw, N.; Jayaraman, K. Flax Fibre and Its Composites—A Review. Compos. Part B 2014, 56, 296–317. [CrossRef]
Baley, C.; Bourmaud, A.; Davies, P. Eighty Years of Composites Reinforced by Flax Fibres: A Historical Review. Compos. Part A
2021, 144, 106333. [CrossRef]
Van De Weyenberg, I.; Ivens, J.; De Coster, A.; Kino, B.; Baetens, E.; Verpoest, I. Influence of Processing and Chemical Treatment
of Flax Fibres on Their Composites. Compos. Sci. Technol. 2003, 63, 1241–1246. [CrossRef]
Fernández, J.A.; Le Moigne, N.; Caro-bretelle, A.S.; El Hage, R.; Le Duc, A.; Lozachmeur, M.; Bono, P.; Bergeret, A. Role of
Flax Cell Wall Components on the Microstructure and Transverse Mechanical Behaviour of Flax Fabrics Reinforced Epoxy
Biocomposites. Ind. Crop. Prod. 2016, 85, 93–108. [CrossRef]
Perremans, D.; Hendrickx, K.; Verpoest, I.; Vuure, A.W. Van E Ff Ect of Chemical Treatments on the Mechanical Properties of
Technical Flax Fibres with Emphasis on Sti Ff Ness Improvement. Compos. Sci. Technol. 2018, 160, 216–223. [CrossRef]
Yeshwant, S.; Shenoy, S.; Seth, A.; Prabhu, S.; Sharma, R.; Shenoy, K.R. Materials Today: Proceedings Effect of Chemical Treatment
on the Physical and Mechanical Properties of Flax Fibers: A Comparative Assessment. Mater. Today Proc. 2021, 38, 2406–2410.
[CrossRef]

Polymers 2022, 14, 3962

19.
20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.

34.
35.
36.
37.
38.
39.
40.

41.
42.
43.
44.
45.
46.

18 of 20

Célino, A.; Fréour, S.; Jacquemin, F.; Casari, P. Characterization and Modeling of the Moisture Diffusion Behavior of Natural
Fibers. J. Appl. Polym. Sci. 2013, 130, 297–306. [CrossRef]
Berges, M.; Léger, R.; Placet, V.; Person, V.; Corn, S.; Gabrion, X.; Rousseau, J.; Ramasso, E.; Ienny, P.; Fontaine, S. Influence of
Moisture Uptake on the Static, Cyclic and Dynamic Behaviour of Unidirectional Flax Fibre-Reinforced Epoxy Laminates. Compos.
Part A Appl. Sci. Manuf. 2016, 88, 165–177. [CrossRef]
Cadu, T.; Van Schoors, L.; Sicot, O.; Moscardelli, S.; Divet, L. Industrial Crops & Products Cyclic Hygrothermal Ageing of Flax
Fibers’ Bundles and Unidirectional Flax/Epoxy Composite. Are Bio-Based Reinforced Composites so Sensitive? Ind. Crop. Prod.
2019, 141, 111730. [CrossRef]
Scida, D.; Assarar, M.; Poilâne, C.; Ayad, R. Influence of Hygrothermal Ageing on the Damage Mechanisms of Flax-Fibre
Reinforced Epoxy Composite. Compos. Part B Eng. 2013, 48, 51–58. [CrossRef]
Alix, S.; Philippe, E.; Bessadok, A.; Lebrun, L.; Morvan, C.; Marais, S. Effect of Chemical Treatments on Water Sorption and
Mechanical Properties of Flax Fibres. Bioresour. Technol. 2009, 100, 4742–4749. [CrossRef]
Alix, S.; Lebrun, L.; Marais, S.; Philippe, E.; Bourmaud, A.; Baley, C.; Morvan, C. Pectinase Treatments on Technical Fibres of Flax:
Effects on Water Sorption and Mechanical Properties. Carbohydr. Polym. 2012, 87, 177–185. [CrossRef]
Dorez, G.; Ferry, L.; Sonnier, R.; Taguet, A.; Lopez-Cuesta, J.-M. Effect of Cellulose, Hemicellulose and Lignin Contents on
Pyrolysis and Combustion of Natural Fibers. J. Anal. Appl. Pyrolysis 2014, 107, 323–331. [CrossRef]
Sonnier, R.; Taguet, A.; Ferry, L.; Lopez-Cuesta, J.-M. Towards Bio-Based Flame Retardant Polymers; Navard, P., Ed.; Springer Briefs
in Molecular Science; Springer International Publishing: Cham, Switzerland, 2018; ISBN 9783319670829.
Dorez, G.; Taguet, A.; Ferry, L. Thermal and Fire Behavior of Natural Fibers / PBS Biocomposites. Polym. Degrad. Stab. 2013, 98,
87–95. [CrossRef]
Dorez, G.; Taguet, A.; Ferry, L.; Lopez Cuesta, J.M. Phosphorous Compounds as Flame Retardants for Polybutylene Succinate/Flax
Biocomposite: Additive versus Reactive Route. Polym. Degrad. Stab. 2014, 102, 152–159. [CrossRef]
Weil, E.D.; Levchik, S. A Review of Current Flame Retardant Systems for Epoxy Resins. J. Fire Sci. 2004, 22, 25–40. [CrossRef]
Movahedifar, E.; Vahabi, H.; Saeb, M.R.; Thomas, S. Flame Retardant Epoxy Composites on the Road of Innovation: An Analysis
with Flame Retardancy Index for Future Development. Molecules 2019, 24, 3964. [CrossRef] [PubMed]
Wang, C.S.; Lin, C.H. Synthesis and Properties of Phosphorus-Containing Epoxy Resins by Novel Method. J. Polym. Sci. Part A
Polym. Chem. 1999, 37, 3903–3909. [CrossRef]
Liu, S.; Fang, Z.; Yan, H.; Wang, H. Superior Flame Retardancy of Epoxy Resin by the Combined Addition of Graphene Nanosheets
and DOPO. RSC Adv. 2016, 6, 5288–5295. [CrossRef]
Zhong, L.; Zhang, K.X.; Wang, X.; Chen, M.J.; Xin, F.; Liu, Z.G. Synergistic Effects and Flame-Retardant Mechanism of Aluminum
Diethyl Phosphinate in Combination with Melamine Polyphosphate and Aluminum Oxide in Epoxy Resin. J. Therm. Anal.
Calorim. 2018, 134, 1637–1646. [CrossRef]
Liu, X.; Liu, J.; Cai, S. Comparative Study of Aluminum Diethylphosphinate and Aluminum Methylethylphosphinate-Filled
Epoxy Flame-Retardant Composites. Polym. Compos. 2012, 33, 918–926. [CrossRef]
Clough, R.L. Aging Effects on Fire-Retardant Additives in Polymers. J. Polym. Sci. Polym. Chem. Ed. 1983, 21, 767–780. [CrossRef]
Clough, R.L. Aging Effects on Fire-Retardant Additives in Organic Materials for Nuclear Plant Applications; NUREG/CR-2868; Sandia
National Laboratories: Albuquerque, NM, USA, 1982.
Vahabi, H.; Sonnier, R.; Ferry, L. Effects of Ageing on the Fire Behaviour of Flame-Retarded Polymers: A Review. Polym. Int. 2015,
64, 313–328. [CrossRef]
Jimenez, M.; Bellayer, S.; Revel, B.; Duquesne, S.; Bourbigot, S. Comprehensive Study of the Influence of Different Aging Scenarios
on the Fire Protective Behavior of an Epoxy Based Intumescent Coating. Ind. Eng. Chem. Res. 2013, 52, 729–743. [CrossRef]
Simonson, M.; Andersson, P.; Sp, L.R.; Hb, V.E. Fire-LCA Model: Cables Case Study Brandforsk Project 703-991; Swedish National
Testing and Research Institute: Boras, Sweden, 2001; ISBN 9178488664.
Zuo, X.; Shao, H.; Zhang, D.; Hao, Z.; Guo, J. Effects of Thermal-Oxidative Aging on the Flammability and Thermal-Oxidative
Degradation Kinetics of Tris (Tribromophenyl) Cyanurate Fl Ame Retardant PA6 / LGF Composites. Polym. Degrad. Stab. 2013,
98, 2774–2783. [CrossRef]
Braun, U.; Wachtendorf, V.; Geburtig, A.; Bahr, H.; Schartel, B. Weathering Resistance of Halogen-Free Flame Retardance in
Thermoplastics. Polym. Degrad. Stab. 2010, 95, 2421–2429. [CrossRef]
Lesaffre, N.; Bellayer, S.; Fontaine, G.; Jimenez, M.; Bourbigot, S. Revealing the Impact of Ageing on a Flame Retarded PLA.
Polym. Degrad. Stab. 2016, 127, 88–97. [CrossRef]
Lesaffre, N.; Bellayer, S.; Vezin, H.; Fontaine, G.; Jimenez, M.; Bourbigot, S. Recent Advances on the Ageing of Flame Retarded
PLA: Effect of UV-Light and/or Relative Humidity. Polym. Degrad. Stab. 2017, 139, 143–164. [CrossRef]
Mangin, R.; Vahabi, H.; Sonnier, R.; Chivas-joly, C.; Lopez-cuesta, J. Assessment of the Protective Effect of PMMA on Water
Immersion Ageing of Fl Ame Retarded PLA/PMMA Blends. Polym. Degrad. Stab. 2020, 174, 109104. [CrossRef]
Mangin, R.; Vahabi, H.; Sonnier, R.; Chivas-joly, C.; Lopez-cuesta, J.; Cochez, M. Improving the Resistance to Hydrothermal
Ageing of Fl Ame-Retarded PLA by Incorporating Miscible PMMA. Polym. Degrad. Stab. 2018, 155, 52–66. [CrossRef]
Chen, D.; Ren, J. Combustion Properties and Transference Behavior of Ultrafine Microencapsulated Ammonium Polyphosphate
in Ramie Fabric-Reinforced Poly (L-Lactic Acid). Biocomposites 2011, 60, 599–606. [CrossRef]

Polymers 2022, 14, 3962

47.

48.

49.
50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

19 of 20

Wang, B.; Zhou, K.; Wang, L.; Song, L.; Hu, Y.; Hu, S. Composites: Part B Enhancement on Physical Properties of Flame Retarded
Ethylene-Vinyl Acetate Copolymer / Ferric Pyrophosphate Composites through Electron Beam Irradiation. Compos. Part B 2012,
43, 641–646. [CrossRef]
Sheng, H.; Zhang, Y.; Wang, B.; Yu, B.; Shi, Y.; Song, L. E Ff Ect of Electron Beam Irradiation and Microencapsulation on the Fl
Ame Retardancy of Ethylene-Vinyl Acetate Copolymer Materials during Hot Water Ageing Test. Radiat. Phys. Chem. 2017, 133,
1–8. [CrossRef]
Campana, C.; Leger, R.; Sonnier, R.; Ferry, L.; Ienny, P. Effect of Post Curing Temperature on Mechanical Properties of a Flax Fiber
Reinforced Epoxy Composite. Compos. Part A Appl. Sci. Manuf. 2018, 107, 171–179. [CrossRef]
Shen, C.H.; Springer, G.S. Moisture Absorption and Desorption of Composite Materials. J. Compos. Mater. 1976, 10, 2–20.
[CrossRef]
Apolinario, G.; Ienny, P.; Corn, S.; Léger, R.; Bergeret, A.; Haudin, J.-M. Effects of Water Ageing on the Mechanical Properties of
Flax and Glass Fibre Composites: Degradation and Reversibility. In Natural Fibres: Advances in Science and Technology Towards
Industrial Applications; Springer: Berlin/Heidelberg, Germany, 2016; pp. 183–196.
Gouanvé, F.; Marais, S.; Bessadok, A.; Langevin, D.; Métayer, M. Kinetics of Water Sorption in Flax and PET Fibers. Eur. Polym. J.
2007, 43, 586–598. [CrossRef]
Apicella, A.; Tessieri, R.; de Cataldis, C. Sorption Modes of Water in Glassy Epoxies. J. Memb. Sci. 1984, 18, 211–225. [CrossRef]
Barrie, J.A.; Sagoo, P.S.; Johncock, P. The Sorption and Diffusion of Water in Epoxy Resins. J. Memb. Sci. 1984, 18, 197–210.
[CrossRef]
Andrade, R.D.P.; Roberto, L.M.; Pérez, C.E.C. Models of Sorption Isotherms for Food: Uses and Limitations. Vitae 2011, 18,
325–334.
Iordanskii, A.L.; Zaikov, G.E. The General Aspects of Diffusion of Water in Polymers. Int. J. Polym. Mater. Polym. Biomater. 1994,
24, 193–209. [CrossRef]
Park, G.S. Transport Principles—Solution, Diffusion and Permeation in Polymer Membranes. In Synthetic Membranes: Science,
Engineering and Applications; Springer: Dordrecht, The Netherlands, 1986; pp. 57–107.
Ciesielski, M.; Burk, B.; Heinzmann, C.; Döring, M. Fire-Retardant High-Performance Epoxy-Based Materials; Elsevier Ltd.: Amsterdam, The Netherlands, 2017; ISBN 9780081001363.
Qin, J.Y.; Zhang, W.C.; Yang, R.J. Intercalation Process in the Preparation of 9,10-Dihydro-9-Oxa-10-Phosphaphenanthrene-10Oxide-Montmorillonite Nanocompounds and Their Application in Epoxy Resins. Mater. Des. 2019, 178, 107834. [CrossRef]
Broudin, M.; Le Gac, P.Y.; Le Saux, V.; Champy, C.; Robert, G.; Charrier, P.; Marco, Y. Water Diffusivity in PA66: Experimental
Characterization and Modeling Based on Free Volume Theory. Eur. Polym. J. 2015, 67, 326–334. [CrossRef]
Choqueuse, D.; Davies, P.; Mazéas, F.; Baizeau, R. Aging of Composites in Water: Comparison of Five Materials in Terms of
Absorption Kinetics and Evolution of Mechanical Properties. In High Temperature and Environmental Effects on Polymeric Composites:
2nd Volume; ASTM International: West Conshohocken, PA, USA, 1997; p. 73.
Dubelley, F.; Planes, E.; Bas, C.; Pons, E.; Yrieix, B.; Flandin, L. Water Vapor Sorption Properties of Polyethylene Terephthalate
over a Wide Range of Humidity and Temperature. J. Phys. Chem. B 2017, 121, 1953–1962. [CrossRef]
Yang, C.; Xing, X.; Li, Z.; Zhang, S. A Comprehensive Review on Water Diffusion in Polymers Focusing on the Polymer–Metal
Interface Combination. Polymers 2020, 12, 138. [CrossRef]
Schäfer, A.; Seibold, S.; Lohstroh, W.; Walter, O.; Döring, M. Synthesis and Properties of Flame-Retardant Epoxy Resins Based on
DOPO and One of Its Analog DPPO. J. Appl. Polym. Sci. 2007, 105, 685–696. [CrossRef]
Broughton, W.R.; Lodeiro, M.J.; Maudgal, S. Accelerated Test Methods for Assessing Environmental Degradation of Composite Laminates;
National Physical Laboratory: Teddington, UK, 2000.
Masseteau, B.; Michaud, F.; Irle, M.; Roy, A.; Alise, G. An Evaluation of the Effects of Moisture Content on the Modulus of
Elasticity of a Unidirectional Flax Fiber Composite. Compos. Part A Appl. Sci. Manuf. 2014, 60, 32–37. [CrossRef]
Muñoz, E.; García-Manrique, J.A. Water Absorption Behaviour and Its Effect on the Mechanical Properties of Flax Fibre Reinforced
Bioepoxy Composites. Int. J. Polym. Sci. 2015, 2015, 16–18. [CrossRef]
Li, Y.; Xue, B. Hydrothermal Ageing Mechanisms of Unidirectional Flax Fabric Reinforced Epoxy Composites. Polym. Degrad.
Stab. 2016, 126, 144–158. [CrossRef]
Schartel, B.; Hull, T.R. Development of Fire-Retarded Materials—Interpretation of Cone Calorimeter Data. Fire Mater. 2007, 31,
327–354. [CrossRef]
Carvel, R.; Steinhaus, T.; Rein, G.; Torero, J.L. Determination of the Flammability Properties of Polymeric Materials: A Novel
Method. Polym. Degrad. Stab. 2011, 96, 314–319. [CrossRef]
Braun, U.; Schartel, B. Flame Retardancy Mechanisms of Aluminium Phosphinate in Combination with Melamine Cyanurate in
Glass-Fibre-Reinforced Poly(1,4-Butylene Terephthalate). Macromol. Mater. Eng. 2008, 293, 206–217. [CrossRef]
Buczko, A.; Stelzig, T.; Bommer, L.; Rentsch, D.; Heneczkowski, M.; Gaan, S. Bridged DOPO Derivatives as Flame Retardants for
PA6. Polym. Degrad. Stab. 2014, 107, 158–165. [CrossRef]
Gaan, S.; Neisius, M.; Cuchere, O.; Liang, S.; Mispreuve, H. Flame Retardant Polyurethanes Based on Novel Phosphonamidate
Additives. Fire Saf. Sci. 2014, 11, 821–831. [CrossRef]
Oztekin, E.S.; Crowley, S.B.; Lyon, R.E.; Stoliarov, S.I.; Patel, P.; Hull, T.R. Sources of Variability in Fire Test Data: A Case Study on
Poly(Aryl Ether Ether Ketone) (PEEK). Combust. Flame 2012, 159, 1720–1731. [CrossRef]

Polymers 2022, 14, 3962

75.
76.
77.

20 of 20

Safronava, N.; Lyon, R.E.; Crowley, S.; Stoliarov, S.I. Effect of Moisture on Ignition Time of Polymers. Fire Technol. 2015, 51,
1093–1112. [CrossRef]
Le Lay, F.; Gutierrez, J. Improvement of the Fire Behaviour of Composite Materials for Naval Application. Polym. Degrad. Stab.
1999, 64, 397–401. [CrossRef]
Shi, L.; Chew, M.Y.L. Influence of Moisture on Autoignition of Woods in Cone Calorimeter. J. Fire Sci. 2012, 30, 158–169. [CrossRef]

