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Abstract:

Due to their numerous advantages, such as light weight, sustainability, cost and
damping capacity, plant fibre composites (PFCs) have been recently introduced into
fibre metal laminates (FMLSs). The present study is focused on the thermal and
hydrothermal ageing of flax/polypropylene composites and their stainless steel hybrid
laminates. The results show that hybridization of PFCs with thin stainless steel sheets
provides a significant increase in bending and impact properties. Immersion in water at
70 °C induces a significant decrease in bending properties, but the bending stiffness of
the laminates is still suitable for semi-structural applications. No significant influence
on the impact force and energy absorption but a change in the deformation mode are
observed for the considered ageing times. Thermal ageing in air at 120 °C induces a

significant degradation in the bending and impact properties of the composites for



exposure times longer than 50 days. This is mainly due to the embrittlement of the

polypropylene induced by thermal oxidation.
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Introduction

Hybridization, a proven strategy to toughen composites, involves the combination of
two or more types of materials or fibres. Fibre metal laminates are a good approach to
overcome most limitations of metal and polymeric composites. They belong to a
subfamily in which thin metal layers alternate with composite plies. When compared to
single-component materials, FMLs provide added functionalities such as high bending
strength, fatigue and impact resistance, damage tolerance, acoustic absorption, vibration
transmissibility and damping characteristics [1-3]. They have been applied in the
transportation sector for decades [4-6]. FMLs with a sandwich structure have also been
developed more recently for use in the construction sector. They are made of two
external skins thermally bonded to a polymeric core and are referred to by the SCM
acronym, which stands for Steel Composite Materials. They are used as tough materials
with good energy absorption, high durability, impact resistance and aesthetic
advantages. The introduction of such materials in the manufacturing of lightweight
portable outdoor structures, such as urban furniture, represents an interesting
opportunity.

When reviewing the history of FML developments, a strong evolution in material

selection can be seen. After a first generation made of aluminium and fibre reinforced



thermoset resin composites, including the most widely known examples of GLARE
(glass laminate aluminium reinforced epoxy), CARALL (carbon aluminium laminate)
and ARALL (aramid aluminium laminate), the second generation was characterized by
the utilization of thermoplastic matrices for the composite parts, which provide shorter
manufacturing cycles, reduced cost and greater flexibility in manufacturing process,
recycling and repair, and more versatility in attainable shapes [7]. Recently, increasing
environmental concerns have encouraged researchers to develop new ranges of
sustainable FMLs made of wood and plant fibre composites [3, 8-12]. In order to
maintain consistency with the naming conventions of previous solutions, new acronyms
have been introduced, such as SIRAL (sisal fibre reinforced aluminium laminates) [3]
and CAJRALL (carbon-jute reinforced aluminium laminate) [12]. Plant fibre
composites have many advantages related to light weight, cost, mechanical
performance, and damping capacity [13, 14], and they are good candidates to reduce the
carbon footprint of composite materials and associated FMLs. For example, the life
cycle of wood-aluminium laminated (WAL) panels was recently assessed [11]. The
results showed that the environmental impact of manufacturing was less for WAL
panels than aluminium honeycomb panels. Wood-based composite manufacturing
showed environmental advantages in all damage categories except in ecosystem quality,
while aluminium alloy sheet manufacturing played an important role in the
environmental impact for laminated panel development [11].

While the main advantages of this most recent generation of FMLs made of biobased
composites are quite well illustrated in the recent literature, it remains necessary to
investigate their long-term durability. Indeed, plant and wood fibres are very sensitive

to hygrothermal and hydrothermal conditions, and the durability of PFCs is still an open



question [15]. The adhesion between the metal and the PFC layers in the frames of
FMLs, already identified as a critical constraint [9-11], requires specific attention and
investigation under various ageing conditions.

This paper studied steel composite materials prepared from flax polypropylene and their
hybrids obtained by the addition of stainless steel external skins. Their service
properties for outdoor use involve variable environmental conditions, among which
humidity and temperature were selected for the present study. To investigate the effects
of ageing, the samples were forced to undergo oxidative degradation. Therefore, severe
conditions were applied, i.e., water immersion at 70 °C and heating at 120 °C. The
effects of these two accelerated ageing conditions were studied through visual
examination, mass and dimension evolutions, molecular characteristics using
spectroscopic analysis, and mechanical properties selected for their ability to represent

the intended use (3 point bending and impact).

Materials and methods

Materials

The two materials selected for the preparation of the composites and hybrid specimens
were a flax/polypropylene composite and stainless steel. The composite material used in
this study was Nattex (Dehondt Composites, Port-Jérdme-sur-Seine, France) constituted
from a 3/1 twill fabric pre-impregnated with a polypropylene matrix (60% mass
fraction, areal weight 800 g/m?2). Figure 1 presents the elementary cell of the fabric. The
elastic properties of the composite material are presented in Table 1. E1 and E> are the
weft and warp moduli, respectively, vi2 is Poisson’s ratio and Gz is the shear modulus

of the composite. These properties were measured by a tensile test at a rate of 2 mm/min



at room temperature using an universal tensile testing machine MTS Criterion C45
(MTS, Eden Prairie, USA). The shear modulus G13 was measured by means of a short
beam shear test. The skins were made of austenitic stainless steel K41X (Aperam,
Isbergues, France). Its mechanical properties, measured by a tensile test for E and v, and

calculated from these values for G, are also listed in Table 1.

Manufacturing

Composite plates were made from only Nattex to study the ageing behaviour of the
flax/PP material. The specimens were produced using non-dry materials. As evidenced
by recent research, the utilization of non-dry flax fibers in processing can improve the
mechanical performances and durability of composites, particularly when utilizing
matrices that are less sensitive to moisture [16-18]. The Nattex material was stored in a
room in which the temperature was measured between 19 and 21°C and the relative
humidity between 30 and 40%. The moisture content of the material was at equilibrium
under these hygrothermal conditions. Four plies were stacked with a sequence [90/0]..
The laminate was manufactured in a Fontijne TPC 321 thermocompression press
(Fontijne Presses, Delft, The Netherlands). The temperature cycle included a
temperature increase at a rate of 5 °C/min to 170 °C, followed by a 5-min plateau, then
cooling of the laminate at 5 °C/min to room temperature. A pressure of 3 bars was
applied at the beginning of the plateau and maintained until the end of the cycle.
Samples made exclusively from polypropylene were also produced using the side
regions of Nattex plies containing no fibers. The material was melted and shaped into
sheets using the same temperature cycle employed in the manufacture of composite

plates.



Hybrid specimens with the same dimensions (350 mm x 350 mm) were manufactured
using the same temperature/pressure cycle. The only difference was that two steel skins
(0.2 mm thick) were bonded to the composite with a thermoplastic ethylene/vinyl
acetate copolymer adhesive film Pontacol 20.201 (Everad Adhesives, Marlenheim,
France). The metal sheets were abraded with sandpaper and degreased with acetone
before bonding.

The final average thickness of the plates was 3.4 mm for the composite alone and 3.8
mm for the hybrid plates. Composite and hybrid samples were cut using a ProtoMAX
water jet cutting machine (Omax, Washington, USA). The dimensions of the samples
were 170 mm x 25 mm for the three-point bending tests and 100 mm x 100 mm for the
impact tests. The specimens were conditioned at 23 °C and 50% RH for 7 days before
the initial tests.

Ageing methods

Two ageing methods were selected for this study. For hydrothermal ageing, samples
were immersed in distilled water at 70 °C. For thermal ageing, samples were placed in
an oven at 120 °C. In both cases, the samples were periodically removed for
dimensional measurements and weighed using an electronic balance Radwag PS
1000.R1 with 0.001 g precision (Radwag, Radom, Poland). The specimen edges were
not protected to allow water absorption even in the presence of the stainless steel skins.
The aged specimens used for mechanical characterization were removed from the water
or the oven and placed in airtight sealed bags before testing, which was performed

within 24 hours.



IR spectroscopy

Infrared spectra were obtained using a Nicolet iS20 (Thermo Fisher Scientific, Waltham,
MA USA) equipped with an ID7-ATR spectrometer with a diamond crystal with a fixed
incident angle of 45°. The specimens were analysed in triplicate by absorbance spectra in
the region between 4000 and 400 cm™* with 32 scans at 4 cm ™! resolution using OMNIC
9 software provided by ThermoFisher Scientific.

To monitor the ageing process of flax/polypropylene composite, the changes in the
obtained spectra were analysed. Significant focus was given to two specific characteristic
bands. The first, centred at approximately 1730 cm™, is associated with the carbonyl
function (C=0) and is linked to the presence of stabilizers and to the oxidation of the
polypropylene [19]. The second characteristic band, centred at approximately 1640 cm™,
is related to the conjugated carbonyl group and is representative of lignin [20]. In order
to eliminate the influence of variations in the IR beam penetration depth on the analysed
quantities and given that the amount of alkyl groups remains relatively constant during
ageing, the monitoring was carried out using the structural indices determined by the

equations below:

_ ( Area of carbonyl band centered around 1730 cm™1

lr_q =
¢=0 Area of alkyl band between 3060cm~1 and 2760cm™1

) x 100 1)

I _ (Area of carboxyle of lignin band centered around 1640 cm™
lignin = Area of alkyl band between 3060cm™1 and 2760cm~1

1) x 100 )

Scanning Electron Microscopy
A JEOL JSM-7600F SEM (Jeol, Tokyo, Japan) was utilized to investigate the surface
morphology and ageing effects of specimens at a magnification ranging from x25 to x65,

with a 5 kV accelerating voltage. The samples were coated with gold before analysis.



Mechanical testing

Bending test

Three-point bending tests were performed using the MTS C45 tensile testing machine,
according to the ISO 14125 standard. The dimensions of the tested specimens were 170
mm in length and 25 mm in width. A span of 100 mm and a deflection rate of 2
mm/min were used for all the tests. The bending modulus, strength and strain at failure

were then determined according to the standard.

Impact testing

Impact tests were performed on a Dynatup 9250 instrumented drop tower (Instron,
Norwood, USA). The square specimens, 100 x 100 mm, were clamped by a pneumatic
fixture, leaving a 76 mm diameter circular unclamped opening. The tup had a
hemispherical head with a diameter of 20 mm. The falling mass had a weight of 5.88
kg, and the falling height was fixed at 0.35 m to obtain an impact energy of 20 J for all
specimens. This impact energy was selected after conducting initial tests that
demonstrated its ability to puncture unaged specimens. Data recorded by the machine
were the impactor initial velocity and the impact load at a frequency of 410 kHz. Other
values, such as impactor velocity, displacement, and energy evolution, were derived
from the load and time data. Absorbed energies were calculated by integration of the
complete load displacement curve for hybrid samples (with impactor rebound), whereas
for composite samples, where perforation occurred, only the part of the curve until the

maximum load was considered for this integration.



Mechanical tests after hydrothermal ageing were performed on the water-saturated
specimens and at ambient temperature. In the case of thermal ageing, mechanical tests

were performed on the dried material at ambient temperature.

Single-lap shear test

Single-lap specimens were used to evaluate the adhesion between the composite and the
stainless steel. The single-lap joints were manufactured using a composite plate and a 2
mm thick steel plate of the same grade as the skins. The 300 x 150 mm plates were
stacked with a 25 mm overlap length and assembled in the thermocompression press
using the same procedure as for the hybrids. The assembly was then cut with a water jet
into 25 mm wide specimens. Tensile tests were performed using the MTS C45 tensile
testing machine equipped with offset jaws at room temperature and at 100 °C. Adhesion

was characterized by the shear strength of the lap joints.

Results

Hydrothermal ageing

The evolution of the mass of the composite and hybrid specimens as a function of the
immersion time in distilled water at 70 °C is presented in Figure 2.

For the composite, the evolution was similar for the bending and impact specimens,
which had dissimilar geometries. After rapid water uptake during the first ten days,
stabilization at approximately 8% weight gain was observed between ten and forty days.
This significant water uptake was mainly due to the hydrophilicity of the flax fibres.
The order of magnitude was consistent with that of previous studies [21, 22]. Water

uptake resulted from both the diffusion of water in the composite through the main plate



faces and capillary mechanisms originating from the unprotected edges. A progressive
and quasi-linear mass loss was then observed from 40 to 180 days of ageing. This mass
loss was attributed to the degradation and leaching of the flax fibres. Immersion in hot
water is well known to induce the extraction and hydrolysis of pectins and
hemicelluloses from flax and then their release and dissolution in water [23]. These
biochemical modifications could also explain the significant change in colour observed
during hydrothermal ageing (Figure 3). It was observed a colour change from yellow—
brown before flax was immersed to dark-grey when it was immersed and water-
saturated. Similar colour transitions were previously observed for flax and hemp fibres
during dew retting [24, 25]. This darkening in the fibres was attributed to the metabolic
activities of microorganisms during retting [26]. After hydrothermal ageing and drying,
the fibres returned to a clear and whitish colour (Figure 3c).

When stainless steel skins were added to the composite, the sorption kinetics slowed,
particularly for the square specimens (prepared for impact tests). Almost 50 days were
necessary to reach equilibrium. In this case, water sorption was only possible through
the specimen edges. Interestingly, with the hybrid material, equilibrium was then
maintained during ageing. A slight onset in mass loss was observed after 140 days of
ageing. The skins constituted protective layers that impeded the leaching of the
composite and the release of hydrolysed material.

Hydrothermal ageing also induced changes in the PP matrix, as revealed by FTIR
(Figure 4). For composites immersed in water, the region of the FTIR spectrum between
1500 cm* and 1800 cm™* showed a decrease in the carbonyl band at 1730 cm™ over time

and an increase in a large band at approximately 1640 cm™.
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The absorption band at 1730 cm™ was characteristic of carbonylated stabilizers PP. Thus,
this decrease showed that these components were extracted in the aqueous environment
[27]. This phenomenon, highlighted by the evolution of Ic=o in Figure 5a, appeared to be
rapid from the time of immersion to 50 days, and a slower decrease was observed up to
177 days. Additionally, the increase in the absorption at approximately 1640 cm™, which
was related to lignin, revealed loss of polymer at the surface of the composite and
therefore exposure of the flax fibres. Again, the phenomenon started after 30 days and
became significant at 177 days, as shown by the evolution of lignin in Figure 5b.
Hydrothermal ageing also induced a significant effect on the bending properties of the
composite and hybrid materials (Figure 6 and Figure 7). For composites alone, a
significant decrease in the bending modulus was observed from the earliest ageing days
(Figures 6a and 7a). It dropped from approximately 8 GPa to 1.9 GPa after ten days and
then remained constant during ageing. A slight increase was observed for the last
measured time (177 days). This general decrease in stiffness was mainly attributed to a
reversible mechanism, the plasticization of the flax fibres by water. This was consistent
with the significant increase in the strain at failure (Figure 7c). The loss of stiffness was
attributed in part to damage. Indeed, the swelling of the fibres induced by water
absorption in their wall also generated stresses that may have caused cracking and
delamination at the fibre/matrix interface [28-30]. Such damage could explain the

significant decrease in bending strength (Figure 7b).

For the hybrid material, hydrothermal ageing also induced a significant decrease in the
bending properties (Figures 6b, 7d, 7e and 7f). For the composite, the bending
properties initially dropped and then remained substantially stable during ageing.

Decreases of approximately 55%, 65% and 70% were measured for the bending

11



modulus (Figure 7d), strength (Figure 7e) and strain at failure (Figure 7f), respectively.
This was attributed to softening and degradation of the composite but also to
degradation at the interfaces between the composite and the stainless steel skins.
Cohesive failure was observed in the buckling zone of the flexural beams tested before
ageing (Figures 8a and 8b), which highlighted the good efficiency of the adhesive film.
A more complex failure mode was observed after 30 days of hydrothermal ageing
(Figure 8c and 8d) that combined buckling and delamination at the adhesive film
(caption 1 in Figure 8e) but also cohesive failure in the composite (caption 2 in Figure

8e).

The significant effect of hybridization also deserves to be emphasized. Before ageing,
the bending stiffness and strength were 6 and 3 times larger for hybrid than for
composite specimens, respectively (Figure 7). After 177 days of hydrothermal ageing,
the remaining bending stiffness and strength in the water-saturated state were
approximately 20 GPa and 70 MPa, respectively, a performance that was still suitable

with respect to most of the requirements for semi-structural applications.

The impact behaviour was also significantly affected by hydrothermal ageing for both
composites and hybrids. In the case of composite specimens (Figure 9a), the initial
slope of the load displacement curve decreased after 10 days of ageing and remained
stable thereafter. This was consistent with the modulus drop observed in bending
specimens. The maximum load slightly increased in the first period of ageing and
strongly reduced after 177 days (Table 2). Observations of the impacted specimens
showed that the perforation induced marked orthogonal cracks along the fibre directions
in unaged specimens (Figure 10a). For specimens aged 10, 30 and 50 days, the damage

was more diffuse in the affected area. At 177 days, the cracks were again very marked,
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but the affected area was strongly reduced in size compared to the unaged specimens.
This behaviour could have been related to evolution of the plasticity of the material,
which would have been consistent with the evolution of the failure strain observed in
bending. In the case of hybrid specimens, a decrease in initial stiffness was also
observed with ageing but only after 30 days (Figure 7b and Table 2). It was possible
that after 10 days of ageing, the composite material in the centre of the specimen was
not yet saturated with water because the weight gain was not stabilized for impact
specimens after 10 days (Figure 2). As observed in bending specimens, there was no real
performance loss between 30 and 177 days, and the absorbed energy even increased.
The observations of the impacted specimens (Figure 10b) made it possible to formulate
some explanations for this behaviour. For unaged specimens, the area deformed by
impact was small, and cracks were present in the skin at the back. With ageing, this area
increased significantly due to the more widely distributed plastic deformation in the
skins, which were less constrained by the composite core. It is interesting to note that

the skins were not cracked during impact after 30 days.

Thermal ageing

To better understand and model the long-term behaviour of such hybrid materials, it is
necessary to decouple the effects of water absorption and temperature. Therefore, in this
study, thermal ageing was also investigated. For the targeted applications (street
furniture and construction), the materials must withstand variable temperatures, which
can reach maximum values of approximately 70 °C. The temperature of materials
during atmospheric exposure depends on a number of factors related to the material

properties but also to the conditions of exposure to solar radiation and the geographical
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location. The maximum daily temperature of material under solar radiation was
estimated and measured at approximately 75 °C for composite materials [31] and metal
[32]. To reproduce long-term ageing (several years or decades) from short trials (several
weeks or months), a classical strategy is to accelerate ageing using degradation factors
at levels exceeding the service range. This allows the material to reach the same state as
a naturally aged material but in a shorter time. The risk in such an approach is, however,
to induce mechanisms that do not occur in real ageing. This is almost exactly what has
been observed when the hybrid material has been exposed to an accelerated ageing
temperature of 120 °C. The adhesive film degraded, and delamination between the
stainless steel skins and the composite occurred. This was expected since the melting
temperature of the adhesive was approximately 100 °C. The measured shear strength
dropped from 4.3 MPa to 0.6 MPa when the temperature was varied from 21 °C to 100
°C using a single-lap shear test. Therefore, the investigation of accelerated thermal
ageing was restricted to the scale of the composite material, the component most likely

to be altered after the adhesive layer.

Figure 11 shows the evolution of the mass loss as a function of the thermal ageing time.
During the first hours, a rapid decrease in mass was observed; afterwards, the mass loss
rate slowed over the next days to reach a value of approximately 2.8% after 40 days.
This mass loss was attributed to the drying of the sample and, more precisely, to the
release of the water remaining in the plant fibres after composite manufacturing.
Unexpectedly, after 50 days, a second stage with a significant mass loss was observed
with a sharp drop until 120 days, reaching a value of 8.5%. Then the rate of mass loss
slowed but remained significant. After 252 days of ageing, a mass loss of approximately

11.5% was finally recorded. This mass loss observed after material dried was attributed
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to the degradation of the polypropylene. Indeed, a significant change in colour was
observed along with many cracks in the PP matrix of the composite when exposed to
thermal ageing (Figure 12). These phenomena were also observed in the neat polymer

(Figure 13) and were attributed to the thermal oxidation of polypropylene.

Indeed, in certain circumstances, the thermal oxidation of polypropylene appeared at
moderate temperatures (typically below 150 °C) and was heterogeneous at a
macroscopic level [33]. This was observed for PP fibres at 110 °C in air at atmospheric
pressure [34] and for thin PP films in air at 90 °C [35]. The results showed the presence
of predominant chain scission, chemicrystallization and embrittlement. This was
attributed to stabilizer consumption. George et al. [36] demonstrated that an infectious
spreading kinetic model could simulate the observed behaviour well. The heterogeneous
features of the oxidation of polypropylene in the amorphous region were consistent with
infectious spreading from a small number of sites, such as catalyst residues. A
stochastic model was developed to demonstrate the spatial and temporal development of

oxidation at these sites [37].

In the present study, FTIR analyses were performed in the aged materials in the region
where degradation was observed (Figures 14 and 15). The region of the FTIR spectrum
between 1500 cm™ and 1900 cm™ of the composite aged at 120 °C showed a decrease
until a disappearance of the carbonyl band at 1730 cm™ after 50 days. After 252 days of
exposure, a broad band with three shoulders at 1775 cm™, 1730 cm™ and 1715 cm, as
well as a slight increase in a large band at approximately 1640 cm™, appeared in the

spectrum.
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The depletion of the absorption at 1730 cm™ observed during the first 50 days could be
attributed to the loss of stabilizer ester groups due to a physical evaporation phenomenon
[38, 39]. After 255 days of thermal exposure, the FTIR spectrum of the composite showed
a sharp increase in carbonyl functions at 1730 cm™ with the appearance of ketones at
1715 cm™ and peresters or lactones at 1775 cm™ that may have formed during PP
degradation [40]. The increase in the absorption at approximately 1640 cm™ revealed a
very slight exposure of flax fibres due to a moderate loss of polymer matrix at the

composite surface.

From a mechanical point of view, thermal ageing also had significant effects on the
composite material. After 10 days of exposure, a slight increase in the bending modulus
was measured (Figure 16a and Table 3) that was associated with a significant decrease in
stress and strain at failure. This was attributed to the drying of the material. The removal
of water molecules led to stiffer but also more brittle behaviour. This effect was
exacerbated with ageing time and particularly marked after 252 days. The stress and strain
at failure were then divided by factors of 2.6 and 4.6, respectively, when compared to the
unaged conditions. This was attributed to the embrittlement of PP due to thermal

oxidation and induced fibre/matrix debonding in the infected region.

The impact resistance of the composite was also strongly affected by thermal ageing
(Figure 16b and Table 3). The maximum force, energy absorbed and displacement at
perforation decreased slightly and progressively for ageing times up to 50 days. This
was mainly attributed to the drying of the material. For the bending properties, a
significant drop in impact properties was observed after 252 days. The failure mode

(Figure 17) was completely different with complete perforation of the plate, without
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tearing around the hole. This could again be attributed to the embrittlement of the PP

matrix induced by thermal oxidation.

This effect of temperature on this polypropylene-reinforced composite was unexpected.
Indeed, thermal oxidation in air for these ranges of exposure times and temperatures has
mainly been observed in the literature for fibres and films but not for bulk materials.
The question of the effect of flax fibres on PP stabilizers could be raised and deserves to
be thoroughly analysed in further studies. Even if quite severe temperatures were
applied in this study to accelerate ageing, these temperatures could also be encountered
under certain service conditions where they could limit the safe use of such composites

over long times.

Conclusion

Studying the durability of FMLs made of PFCs is of primary importance for their safe
and reliable introduction in many application sectors, such as outdoor structures. This
study investigated the hydrothermal and thermal ageing of a flax/polypropylene
composite and its stainless steel hybrid laminates. The results showed that before
ageing, the bending stiffness increased by a factor of 6 and the bending strength and
impact force by a factor of 3 when the flax/polypropylene composite was hybridized
with thin stainless steel sheets. After 177 days of hydrothermal ageing, the remaining
bending stiffness and strength in the water-saturated state were approximately 20 GPa
and 70 MPa, respectively, and the skins were no longer cracked during impact. The
hydrothermal ageing involved reversible mechanisms such as plasticization of flax

fibres by water and the activation of viscoelastic properties but also irreversible
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mechanisms such as the degradation of interfacial adhesion between steel and

composite and between flax fibres and PP and the hydrolysis of flax fibres.

During thermal ageing, the critical points were the shear strength and adhesion between
stainless steel sheets and PFC and the thermal oxidation of PP, which induced a drop in
the bending and impact properties of flax/PP composites for long exposure times. This
was mainly due to the embrittlement of PP attributed to the consumption of PP

stabilizers. Loss of stabilizers was also observed during water immersion.

Despite the degradation mechanisms observed for the accelerated ageing protocols used
in this study, it was concluded that this new generation of FMLs made of PFCs is
suitable for outdoor applications. In real applications, the composite material should be
fully protected by stainless steel (including lateral faces) to limit risks of contact
between the composite and liquid water, and polypropylene stabilizers suitable with

plant fibres also should be used.
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Stainless steel
K41X (0.2 mm)

Adhesive film
Copolymer ethylene/vinyl acetate

Composite flax/PP —
Nattex (4 plies 0/90, 3.4 mm)

Figure 1: Schematic diagrams and photographs of the hybrid material
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Figure 2: Evolution of the composite (a.) and hybrid (b.) specimen weight as functions of

hydrothermal ageing time
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10 mm

Figure 3: Evolution of the appearance of the composite specimens during hydrothermal ageing.
a.) Before immersion, b.) immediately after removal from water after 50 days of hydrothermal

ageing and c.) after hydrothermal ageing and drying.
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Figure 4: FTIR spectra (vertically shifted for clarity) of the composite during hydrothermal

ageing at 70 °C.
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Figure 5: Evolution of the Ic=o0 (a) and hignin (b) of the composite as functions of exposure

time to water at 70 °C according to the alkyl band between 3060 cm™ and 2760 cm™.
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Figure 6: Three-point bending behaviour of composite (a.) and hybrid (b.) materials for

different hydrothermal ageing times.
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Figure 8: Photographs and scanning electron microscopy observations of hybrid specimens

after three-point bending tests before ageing (a. and b.) and after 30 days of hydrothermal

ageing (c., d. and e.) Labels 1 and 2 on image e indicate adhesive and cohesive failure zones,

respectively.
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Figure 9: Load vs. displacement curves recorded during impact tests on composite (a.) and

hybrid (b.) specimens at different hydrothermal ageing times.
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Figure 10: Back surfaces of impacted specimens after different hydrothermal ageing times. (a)

composite specimens and (b) hybrid specimens.
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Figure 11: Mass loss as a function of thermal ageing time for composite specimens.

29



a. Unaged b. Aged 53 days c.  Aged78 days
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Figure 12: Optical and SEM observations of the composite before and during thermal ageing.
Optical images of the composite before ageing (a), after 53 days (b) and 78 days (c) of thermal
ageing and magpnification of image (c) showing the frontier between the central brown area
(label A) and the surrounding yellow zone (label B). SEM images of the aged specimens

showing matrix cracks (e) and decohesion at the fibre/matrix interface (f).
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Figure 13: Optical images of polypropylene samples before ageing (a) and after 11 days (b), 40

days (c) and 57 days (d) of thermal ageing.
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Figure 14: FTIR spectra (vertically shifted for clarity) of the composite under thermal ageing at

120 °C.
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Figure 15: Evolution of the Ic=o (a) and l;ignin () Of the composite as functions of the thermal

ageing time at 120 °C according to the alkyl band between 3060 cm™ and 2760 cm™.
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Figure 16: Three-point bending (a) and impact (b) curves recorded for composite specimens at

different thermal ageing times.

a. Unaged b. Aged-10 days ¢. Aged - 30 days d. Aged - 50 days e. Aged- 252 days
20 mm

Figure 17: Back surfaces of the composite specimens after impact tests after different thermal

ageing times.
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Table 1: Mechanical properties of the Nattex composite and the K41X austenitic stainless steel.

E: (GPa) E, (GPa) vz () G12 (GPa) Gi3 (GPa)
Nattex 9.3 11.1 0.09 0.85 0.54
E (GPa) v(-) G (GPa)
Stainless
220 0.34 82
steel

Table 2: Impact properties (maximum force, absorbed energy, displacement) for the different

tested hydrothermal ageing times (mean values and (standard deviation)).

Unaged 10 days 30 days 50 days 177 days

Maximum force (N) 1650 (92) 1919 (183) 1789 (47) 1432 (55) 798 (49)

Energy absorbed at 93(0.7) 66(0.5 71(18 47(14) 3.6(0.5

Composite perforation (J)

Displacement at 7704 6702 73(16) 59(0.9 6.7(0.8)

perforation (mm)

5270 (172) 5520 (19) 5530 (39) - 4963
Maximum force (N)
(209)
Hybrid Energy absorbed (J)  15.8 (0.3) 16 (0.2) 16 (0.1) - 17.4 (0.1)
Maximum 5.8(0.1) 6.1(0.2) 7.4 (0.0) - 7.9(0.1)

displacement (mm)

Table 3: Three-point bending and impact properties of the composite for the different tested

thermal ageing times (mean values and (standard deviation)).
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Unaged 10 days 30 days 50 days 252 days
Modulus (GPa) 82(03) 83(04) 7705 88(04) 6.3(0.4)
3-point
Strength (MPa) 80.0(14) 70.3(1.6) 68.2(1.8) 70.3(21) 30.1(L5)
bending
Strain at failure (%) 2.8(0.1) 15(0.1) 13(0.1) 12(0.1) 0.6(0.0)
Maximum force (N) 1650 (92) 1369 (54) 1313 (14) 1165(51) 275 (14)
Energy absorbed at
93(.7) 7.0(1.0)0 6.0(6) 47(0.2) 04(0.2)
Impact perforation (J)
Displacement at
77(04) 7.0(06) 65(05) 59(04) 22(0.3)

perforation (mm)
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