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ABSTRACT: For the last 20 years, plant fibres have emerged as an alternative to glass fibres in composites.
However, a crucial issue with plant fibre composites is their durability, i.e. their long-term hygrothermal and
fatigue performances. This study deals with the influence of different conditionings (Ambient, Wet and Wet/dry)
on the fatigue behaviour of [(+45)]; hemp/epoxy composites. The induced damage mechanisms are investigated
by acoustic emission and micro-CT. Results show that the Wet samples exhibit the lowest fatigue sensitivity
despite their greatest damage quantity, whereas the Wet/dry specimens behave like pre-damaged Ambient ones.
Micro-CT scans show that the same type of damage appears in all cases: cracks are made of a coalescence of
partial debondings at hemp yarn/matrix interfaces, which can lead to macro-cracks crossing the sample thickness.
Moreover it is demonstrated that, during fatigue tests, the evolution of cumulative AE energy and hysteresis loop
energy, and the evolution of damage quantity measured by micro-CT and final hysteresis energy, are very similar

whatever the conditioning.

KCYWOI’dSZ Environmental effects, Damage, Acoustic emission, Polymer matrix composites.

1. Introduction

Composite materials take a key place in the transport field due to their high specific strength and stiffness. Today,
95% in volume of the used composites are reinforced with glass fibres [1]. But these fibres are non-recyclable and
very high energy-consuming to produce. In this context, natural fibres, such as plant fibres, have emerged as a
lightweight, low cost and comparable property-wise alternative to glass fibre in composites [2—7]. However, the
expansion of these materials is inhibited by a lack of knowledge of their durability, i.e. of their long-term
hygrothermal and fatigue performance [8—10]. Fatigue-related mechanisms are responsible for many, if not most,
failures in engineering structures where dynamic repetitive loading at levels lower than ultimate strengths still
results in sudden and catastrophic failure due to internal damage accumulation over a period of time. The fatigue
life is thus an essential aspect of characterising plant fibre composites (PFCs). There are some studies dealing with
the fatigue behaviour in ambient environment of PFCs with short fibres [11,12], with non-woven fibres [13,14],
or with long fibres [15,16]. In particular, Liang et al. have shown that, for the same lay-up, the flax composites
have a lower reduction in fatigue life in comparison to glass/epoxy [17].

Concerning the PFC water sensitivity, the hydrophilic behaviour of plant fibres induces a decrease in the interfacial

characteristics compared to the glass fibre composites [18]. Indeed, plant fibres are mainly composed of four



constituents: cellulose, hemicellulose, pectin and lignin. Cellulose, which is semi-crystalline polysaccharide, is the
main component, leading to the excellent structural properties of plant fibres, but also responsible for their
hydrophilic characteristics [19]. The water absorption and its consequences on tensile characteristics have been
already widely studied for PFCs [20-22], and all studies show a decrease in strength and rigidity due to moisture
effect. In a previous study, it has been shown that damage occurs in PFCs during the drying, after the water
absorption [23]. Therefore, it is a crucial issue to analyse the fatigue behaviour of these materials in Wet and
Wet/dry conditions. In the present work, a woven hemp/epoxy composite is studied and the fatigue behaviour of
this type of composites in different moisture environments has yet to be investigated.

In order to deeply analyse fatigue damage mechanisms, two different techniques are used: acoustic emission and
micro-CT. Acoustic Emission (AE) has already been successfully applied in order to locate and monitor damage
evolution in a variety of composite materials. It can be used to identify damage mechanisms with the assumption
that each type of damage generates AE signals with specific features [24-26]. X-ray micro-CT with high resolution
allows quantitative measurements in three dimensions. Only few studies deal with the use of X-ray micro-CT on
plant fibre composites, for example for the measurement of orientation and dimension of short fibres in composites
[27], or for damage quantification in woven PFC [28].

The objective of this work is to study the effect of water ageing and drying on fatigue behaviour of a [(+45)];

woven hemp/epoxy composite and to analyse the relation between fatigue life and damage mechanisms.

2. Materials and methods

2.1 Tested materials

The composite of this study is constituted of seven plies of plain woven hemp fabric impregnated with epoxy resin.
The hemp fabric has an areal weight of 290 +10 g/m?. The epoxy resin is an EPOLAM 2020 from Axson
Technologies with a density of 1.10 g/cm®. The hemp fabric was pre-dried at 40°C for 24h and the composite
plates were manufactured by vacuum infusion. The composite plates were cured with the following cycle: 24h at
ambient temperature, 3h at 40°C, 2h at 60°C, 2h at 80°C and 4h at 100°C, to achieve a cross-linkage as complete
as possible. The final glass transition temperature measured by DSC is 89 + 2°C. The fibre volume fraction is 40
+ 3%. The stacking sequence of the studied composite plates is [(+45)]s, i.e. the warp direction of each ply is
oriented alternately at +45° and -45° from the tensile axis (X axis). From these plates, rectangular specimens were

cut with the dimensions of 140 mm x 20 mm x 3,6 mm (Fig. 1). The jaws of test machine took 30 mm of each



specimen extremity and 80 grit sand papers were used in the jaws to improve clamping. The gauge length was

80mm.

Three conditionings were performed on these specimens in order to evaluate the influence of moisture and drying

on the fatigue behaviour of the composite:

- “Ambient” samples were stored at ambient temperature and humidity (about 21 £+ 2°C and 48 + 5% of relative
humidity (RH) respectively) and tested at ambient temperature and humidity (about 21 + 1°C and 48 + 5% RH

respectively).

- “Wet” samples were immersed in water at 21 & 2°C during more than 90 days and tested in a climatic chamber

at RH 97 +2 % and 21 + 1°C.

- “Wet/dry” samples were immersed in water at 21 £ 2°C during more than 90 days and dried in an oven during
48h at 40°C, tests were performed at ambient temperature and humidity (about 21 + 1°C and 48 + 5% RH

respectively).

2.2 Mechanical testing

Mechanical tests were performed by using an INSTRON 8802 hydraulic machine with 100kN load cell and an
associated climatic chamber, to allow the control of temperature and hygrometry. In order to define the stress
levels for fatigue testing, tensile strength values (c.) need to be determined. For monotonic tensile tests, the
crosshead speed was fixed at 0.5mm/min and an extensometer with a 25mm gauge length was used for measuring
strain values. For fatigue tests, constant amplitude loads were applied in a sinusoidal waveform at the frequency
(f) of 1 Hz in order to limit self-generated heating in the specimen. Stress ratio (R), the ratio between minimum
stress (Omin) and maximum stress (Omax), Was equal to 0.01 for all fatigue tests. At least 8 specimens were tested
for each conditioning. Section area values of samples have been measured just before each mechanical test. So the

possible variations of sample dimensions due to the different environmental conditions are taken into account.

2.3 Acoustic emission

In order to obtain an in situ analysis of the damage process, mechanical tests were instrumented with acoustic
emission (AE) monitoring. When a material is damaged, some transient elastic sound waves are emitted and can
be registered by using piezoelectric sensors fixed on the material (Fig. 1). The shape and the characteristics of the
AE signals are directly dependent on the local damage mechanisms. AE signals contain some features

representative of the source in such a manner that direct correlation exists between the damage mechanisms and
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the AE parameters. Therefore, acoustic emission events can be classified using multivariable statistical analysis
techniques and then attributed to a damage mechanism in the material [29-31]. In the present study, the AE
monitoring was performed by using an acquisition system PCI-2 of Mistras Group Corporation. The piezoelectric
sensors were two p80 65mm apart with a resonance frequency of 300Hz. Each sensor was connected to a 40dB
preamplifier, without jaws contact. The amplitude threshold during AE monitoring was defined at 37dB. The
coupling agent used was blu tack. Each test was preceded by a data acquisition calibration step. By using a pencil
lead break procedure, the acoustic wave speed was measured. Events were determined with hits that were detected

by each sensor, and that were localized with the sound speed propagation along the gauge length.
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Fig. 1: Sample geometry and detection principle of the acoustic emission detection
Post-processing was done using a multi-parametric identification, based on the k-means algorithm. The k-means
algorithm aims to partition data into & clusters by minimizing the euclidian distance between each value and the
nearest centre [32]. This algorithm is unsupervised, which means that the number of clusters & has to be known a
priori. It is an iterative algorithm that allocates each value to the closest centroid. In this study, data are acoustic
events and five descriptors have been chosen among all AE parameters: amplitude, duration, rise time, absolute
energy and number of counts (Fig. 1) [33,34]. These descriptors were preliminarily normalized and a principal
component analysis (PCA) was performed. The PCA is an orthogonal linear transformation that can transform
multidimensional AE data into lower dimensions with a new coordinate system, with a set of uncorrelated features,
that is, the principal components. It is an effective and useful multivariate analysis method which is usually used
to reduce dimensionality of a large data set to enable better analysis and visualization of data. PCA projects the
input data (AE signal parameters) on the new coordinates (called principal components) with maximum variance
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in the data set [35,36]. The PCA output data were submitted to the k-means algorithm. Each cluster was then
associated to one damage mechanism. Studies dealing with woven composite damage process have highlighted
three major damage types: matrix cracking, interface damage and fibre breakage [37—40]. Thus, it was chosen to
create three clusters. Attribution of each cluster to one particular damage mechanism was done by using the form
of the cluster on the radar chart [41]. It has been checked that radar charts are reproducible for tensile and fatigue
tests and for the different conditionings. Therefore, they allow the attribution of each cluster to the corresponding
mechanism. Fig. 2 shows two examples of radar charts obtained for Ambient and Wet samples tested in fatigue
loading. The quantities in the radar charts are average relative values of the five AE event descriptors for each
event cluster. The cluster with lower parameter values has been attributed to the matrix damage, the intermediate

one to the interfacial damage and the last one with higher parameter values to the fibre damage.

a) Ambient ) b) Wet )
Amplitude Amplitude
8 8
6 6 Absolut
Absolute | pyration £ i
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Interface damage
Fibre damage

Counts Rise
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Fig. 2. Radar charts obtained for a) Ambient and b) Wet [(£45)] 7 hemp/epoxy samples during fatigue tests with

the five selected descriptors: amplitude, absolute energy, rise time, number of counts and duration.

2.4 Micro-CT

After failure, a micro-CT analysis was performed using an UltraTom CT scanner manufactured by RX Solution
(France). The system consists in a Hamamatsu micro focus sealed X-ray tube operating at 20-150kV/0-500 pA,
within a maximum power of 75W. A precision object manipulator with two translations and one rotation facilitates
rotating the sample for acquisition of tomographic data, and displacement along the optical axis to adjust the

magnification. X-rays generated by the source diverge at an angle providing a cone-beam, thus samples can be



imaged at various geometric magnifications by moving the sample close to the source to provide high resolution
mode or close to the detector to provide low resolution measurements. The generator and the detector are also
mobile to cover a large range of magnification. A 15 pm resolution has been used in this work, with an accelerating
voltage of 50kV and a beam current of 280 mA. The flat panel detector used in this study has 1920 pixels x1536
pixels with a pixel size of 127um. This X-ray detector consists in an X-ray Csl scintillator screen which is settled
on an amorphous silicon layer. The X-ray shadow projections are digitized with 65536 brightness gradations (16
bits) and recorded in TIFF format. The image acquisition time was about 2h per specimen. For 3D reconstruction,
X-ray images were acquired from 1120 rotation views over 360° of rotation. The reconstruction was performed
using an algorithm based on the filtered back-projection procedure for Feldkamp cone beam geometry. The

analysis of the obtained volume can give quantitative information about damage in the sample (Fig. 3).

Fig. 3. Segmentation of damage process in grey level tomographs from micro-CT imaging in [(£45)]7

hemp/epoxy sample after fatigue failure.

To this end, for each studied sample, a region of interest (ROI) was established near the failure zone but outside
the fracture area (Fig. 3b). The same ROI size was chosen for all the samples. The damage was then detected by
segmentation of grey levels, with a threshold for the darker voxels, which are identified as damage. It was thus
possible to separate the voxels associated with damage from those attributed to the material, containing the yarns
and the matrix (Fig. 3c). The last step was to isolate the voxels corresponding to damage and to quantify their

volume (Fig. 3d).



3. Results and discussion

3.1 Water absorption

In order to study the effect of water ageing on fatigue behaviour, a set of samples was immersed in water at ambient
temperature 21+3°C. Water uptake was measured by weighing samples periodically at ambient temperature with
a precision balance (precision of 0.1 mg). Relative weight gain (M;) corresponding to the water uptake at time t is

defined by Eq. 1 [42]:

M, = 2= x 100 (1)

wi

where w; is the sample mass at t and w; is the initial mass.
The relative weight gain was measured for 7 samples. Measurements showed good reproducibility. An example
of water absorption curve, up to 800 days of immersion, is presented in Fig. 4. The water uptake increases

linearly in a first step and then reaches a saturation plateau.
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Fig. 4. Water absorption curve and Fick law for the [(£45)] 7 woven hemp/epoxy composite.

The diffusion of water in a solid is usually described by the Fick’s second law of diffusion. The Fick law used here

is given by Eq. 2 and 3 [42]:

L (73E)7) )
nk \?2
D= n(m) 3)



with:

M,: the water uptake at saturation,

D: the diffusion coefficient,

k: the initial slope of the M versus v/t experimental curve,
h: the thickness of the specimen,

t: the time.

Experimental data have been used to determine values of the water uptake at saturation and of the diffusion
coefficient. Results are given in Fig. 4. The obtained values are consistent with those given in literature for similar
materials [22,43]. The superposition of the experimental and Fick’s law curves confirms that the studied composite
follows a Fickian behaviour (Fig. 4). These results also allow the determination of the time to reach saturation: 90
days in water are necessary to reach the plateau. Therefore, all the Wet and Wet/dry specimens used for mechanical

testing were immersed in water between 90 and 100 days.

3.2 Fatigue life

3.2.1 Tensile strength

Before fatigue testing, tensile tests have been performed in order to determine the strength (c,) of the samples for

each conditioning.
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Fig. 5. Tensile tests of the [(£45)] 7 woven hemp/epoxy composites for the three conditionings.



Fig. 5 shows tensile curves and tensile characteristic values obtained for the three conditionings. As expected, the
maximum o, and elastic modulus E values are obtained for samples with the Ambient conditioning, i.e. for
reference samples. These samples present also the smallest failure strain values. On the contrary, the Wet
conditioning leads to the minimum o, and elastic modulus values, with a decrease of about 11% in o, value and
36% in E value comparatively to the Ambient conditioning. Samples with Wet conditioning show a failure strain
value twice as high as the Ambient sample one (about 8.7%). These results are in accordance with other studies
on similar materials [44,45]. This behaviour modification after water ageing can be linked to the plasticizing effect
of the water on the polymer matrix and the reinforcement degradation. Concerning Wet/dry samples, Fig. 5 shows
that o, value is the same as for the Wet sample one. It demonstrates that the drying step of the conditioning doesn’t
affect the ultimate tensile stress. But, at the same time, it has to be noted that the Wet/dry samples partially recover
the stiffness and the failure strain values of the Ambient ones, but not totally. These results can be explained by

the interfacial damage created during the water desorption, as it has been shown in a previous study [28].

From these tensile tests, three levels of maximum stress were chosen for fatigue tests: 60%, 75% and 90% of the

tensile strength for each conditioning.

3.2.2 Wohler curves
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Fig. 6. Influence on fatigue life of the conditioning of [(£45)]7 woven hemp/epoxy composites: a) Ambient, b)

Wet, ¢) Wet/dry and d) the different Epaarachchi model curves and associated parameters.
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Fatigue tests were performed on [(£45)]; woven hemp/epoxy composites for each maximum stress level and each
conditioning. In Fig. 6, S-N curves for fatigue tests results are presented: the logarithm of the number of fatigue
cycles to failure is plotted as a function of the applied maximum stress omax. For each studied stress level, there is
a slight and usual dispersion in fatigue lifetime. For all the conditionings, Wohler curves present a gradual decline
in fatigue failure cycles with increasing fatigue stress level. The Ambient conditioning curve starts from a higher

value of stress than the other ones due to its higher tensile strength.

Several models for fatigue life prediction of composite materials are proposed in literature [46—50]. The fatigue
life model used in this study is the Epaarachchi model (Eq. 4) [51]: this model allows the prediction of the fatigue

life using a very limited amount of experimental data.

Omax Omax

. 1
W= (14 G- )t () @

with:

N¢: the number of fatigue cycles to failure,

Omax: the maximum fatigue stress,

ou: the ultimate tensile stress,

f: the fatigue frequency,

R: the stress ratio,

0: the smallest angle of fibres between the loading axis and the fibre direction (45° in this study),

a and B: the only two phenomenological parameters that need to be determined from experimental data.

For this model, only one S-N curve for a given stress ratio, frequency and lay-up is necessary to obtain the o and
B parameters. Therefore, a and B have been determined for each conditioning. The solid lines in Fig. 6 represent
Epaarachchi fatigue behaviour model, and the dashed lines represent the dispersion of the model, based on the
hypothesis that the dispersion in fatigue life is only due to the variability in static strength [52,53]. The comparison
of experimental and calculated S-N curves in Fig. 6a,b,c shows the ability of the model to describe the fatigue
behaviour of the material for the different conditionings. The model estimates quite well the fatigue life of the
material in all cases. Fig. 6d shows the fatigue lives calculated for each conditioning and the corresponding o and
B parameters. It is worth noting that the Ambient and Wet/dry samples have the same material constants o and J3,
which highlights that the two types of conditioning lead to the same fatigue sensitivity. The difference in their

fatigue behaviour comes from the 10% decrease in the o, value between the Ambient and the Wet/dry
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conditionings. On the contrary, different o and B parameters have been determined for the Wet conditioning
samples. Indeed, this conditioning leads to a higher fatigue resistance than the one obtained for the other
conditionings. Finally, these results show that, for a high om. value, the fatigue life is higher for the Ambient
conditioning than for the Wet or the Wet/dry ones, but for a low omax value, the fatigue life is higher for the Wet
conditioning than for the Ambient or the Wet/dry ones. This lower fatigue sensitivity for specimens tested in humid
environment compared to the one of specimens tested in ambient conditions has also recently been shown for
unidirectional flax/epoxy composite [54]. In the present study, it is also demonstrated that the Wet/dry conditioning
exhibits a specific behaviour, with the same fatigue sensitivity as the one of Ambient samples and the same tensile
strength as the one of Wet samples. In order to better understand these phenomena, an in-depth analysis of damage
and deformation mechanisms occurring during fatigue tests in the studied woven hemp/epoxy composite for the

three conditionings is presented in next sections.

3.2.3 Evolution of the mechanical parameters

During fatigue tests, the crosshead displacement and the applied loading have been recorded with a frequency of
100Hz. It has allowed to determine three mechanical parameters at each cycle: the normalized secant modulus, the
maximum strain and the hysteresis loop energy. The normalized secant modulus is determined as the ratio of the
slope of each hysteresis loop (Fig. 7a) by the one of the first established cycle, which corresponds to the tenth
cycle for all cases. The maximum strain value is taken at the top of each hysteresis loop (Fig. 7a), and the hysteresis
loop energy is given by the hysteresis loop area (Fig. 10a). The area of each hysteresis loop has been calculated as
being the area of the corresponding 99-sided polygon. The evolution of the normalized secant modulus versus the
normalized number of cycles is shown in Fig. 7. Three zones in the evolution of the secant modulus can be
determined from Fig. 7, as already shown for different composites [15,55,56]: zone I is characterized by a
significant initial slope at the beginning of the curves, then zone II shows a constant or quasi linear zone. Finally,
zone 11 is described as the phase just before the failure and is defined by a gradually decreasing slope. It can be
seen in Fig. 7 that, for all the stress levels, the decrease in secant modulus is more rapid and pronounced for the
Wet conditioning that for the others. For oma = 0.60,, the Wet conditioning leads, at the end of the fatigue test, to
a decrease in secant modulus of 55%, whereas it reaches 25% for the Ambient one (Fig. 7d). This result highlights
the great sensitivity to water of plant fibre composites. Concerning the Wet/dry conditioning, for the first fatigue
level omax = 0.90, there is no main difference with the Ambient conditioning (Fig. 7b). At 6max = 0.750, (Fig. 7¢)
and omax = 0.90, (Fig. 7d), the Wet/dry conditioning shows an intermediate behaviour between the Ambient and

the Wet ones. For example, at the lowest level of fatigue (Fig. 7d), the decrease in secant modulus is of 45% at the
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end of the fatigue test for the Wet/dry conditioning. It confirms that Wet/dry samples can recover only partially

the behaviour of Ambient ones.
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Fig. 7. a) Schematic representation for secant modulus determination. Evolution of the normalized secant
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maximum fatigue stress and each conditioning: a) Ambient, b) Wet and c) Wet/dry.
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The representation of the evolution of secant modulus during the first fatigue cycles allows the comparison of the
damage kinetics for the different maximum stress levels (Fig. 8). It can be seen in Fig. 8 that for each conditioning,
the decrease in the secant modulus is more rapid when the applied stress level increases. It can be explained by the

fact that, when the applied stress increases, the damage in the composite can develop much more.

In Fig. 9 are plotted the evolutions of the maximum strain during fatigue tests at omax = 0.9, for each conditioning.
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Fig. 9. Evolution of the maximum strain during fatigue tests on [(¥45)]; woven hemp/epoxy composites for each

conditioning at omax =0.9 oy

As for monotonic tensile tests (Fig.5), the Wet/dry conditioning exhibits an intermediate behaviour between the
Ambient and the Wet conditionings (Fig. 9). At the end of the fatigue test, the maximum strain value reaches 5.6%
for the Wet/dry conditioning, whereas it reaches 4.3% for the Ambient one and 13.8% for the Wet one. This very
high value for the Wet conditioning highlights the significant effect of water on both the matrix and the

reinforcement in this type of composite materials.
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Fig. 10. a) Schematic representation of the hysteresis energy per cycle. Evolution of the hysteresis energy per
cycle vs the normalized number of fatigue cycles for each level of maximum fatigue stress and each conditioning:

b) Ambient, c) Wet, and d) Wet/dry.

The evolution of the area of hysteresis loops vs the normalized fatigue lifetime is presented in Fig. 10 for each omax
value and each conditioning. It can be seen that, for each conditioning, the higher the applied stress, the higher the
hysteresis loop area. Fig. 10 also shows that this area evolution is more than twice as high for the Wet conditioning
as for the other conditionings. Moreover, the Wet conditioning exhibits a particular behaviour, with a significant
increase during the first 30% of fatigue cycles. This can be explained by the fact that the hysteresis loop area
corresponds with the energy dissipated in the material by several phenomena like viscosity, plasticity, self-heating
and damage [57]. It confirms again that the presence of water, during the storage and during the fatigue tests,
considerably modifies the behaviour of this plant fibre composite. The plasticization of the matrix and the
degradation of the reinforcements and interfaces lead to dissipate more energy at each cycle of fatigue. A detailed

analysis of the damage development in samples with the different condionings has been performed to explain these

different behaviours.
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3.3 Damage mechanisms

3.3.1 Acoustic emission analysis

In situ damage analysis was performed by using acoustic emission during fatigue tests inside the climatic chamber.
Acoustic events were recorded all along the tests and located in the gauge length of the coupon, along the loading
axis. Fig. 11 shows for instance the AE events recorded during fatigue test at 6max = 0.6 o, on a [(£45)]; woven

hemp/epoxy sample for the Ambient conditioning.

100

90
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f ]
20 25 30 35 40 45 50 55 60 65 70 75 80 g
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Fig. 11. Amplitude versus location of acoustic events recorded during a fatigue test at o, = 0.6 o, 0n [(£45)]7

woven hemp/epoxy sample for the Ambient conditioning, and comparison with the sample picture after failure.

Fig. 11 shows that acoustic events with low amplitude values are relatively well distributed along the gauge length.
However, an accumulation of high amplitude events is observed at about 40mm. This position is consistent with
the location of the failure. This highlights that the failure area corresponds with more numerous and high amplitude

acoustic events, showing that the ultimate failure is essentially driven by fibre breakages.

The evolution of the normalized cumulative number of acoustic events during the fatigue lives of [(+45)];
hemp/epoxy samples are presented in Fig. 12 for each level of applied stress and each conditioning. The normalized
cumulative number of events is defined as the number of AE events until time t divided by the number of AE

events until failure. It allows the comparison of the damage kinetics in specimens during fatigue tests.
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Fig. 12. Normalized cumulative number of AE events vs the normalized number of fatigue cycles for each
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Fig. 12 shows that the evolution of damage in [(£45)]; woven hemp epoxy composite depends on both conditioning
and stress level. For the higher stress level (Fig. 12a), the damage kinetics is similar for all the conditionings. For
the intermediate stress level (Fig. 12b), the damage development in Wet and Wet/dry samples is almost the same
and quite linear, whereas, for the Ambient conditioning, it grows more slowly during the first half of the fatigue
test. For the lower stress level (Fig. 12c), damage kinetics are very different. In the Wet sample, there is a
significant and early growth of event number and then, during the last 40% of the fatigue lifetime, very few events
occur. On the opposite, in the Ambient sample, damage develops later with a gradual increase. It is only in the last
20% of the fatigue lifetime that the kinetics increases very rapidly up to failure. Finally, for the Wet/dry sample,
the damage kinetics is intermediate, with a more progressive evolution during the fatigue test. These results show
that differences of damage kinetics between the different conditionings are more visible for low fatigue stress
level, because damage has time to develop before failure. In Figure 12c, for omax = 0.6 oy, it can be seen that for
the Ambient sample, damage appears after 20% of the fatigue lifetime and develops slowly. For the Wet sample,
damage grows very rapidly from the first fatigue cycles, reflecting the material degradation in presence of water.
The event proportion of 85% is reached during the first quarter of the fatigue life for the Wet sample, while only
few events occur at this stage for the Ambient conditioning. For the Wet/dry sample, damage appears at the same
threshold as the Ambient one, but then it develops much faster - if we except last fatigue cycles just before failure.
This behaviour has to be linked to the pre-damage created during the drying after the water ageing. As shown in
[28], in plant fibre composites, damage appears during desorption without any applied loading. It comes from the
differential shrinkage between the different constituents of the material during drying. This creates cracks at the

yarn/matrix interface. It has been confirmed by investigations in single yarn composites [58]. Therefore, during
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fatigue tests on Wet/dry samples, damage develops more rapidly than in Ambient specimens, because of the

presence of this pre-damage.
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Fig. 13. Normalized cumulative number of AE events for each type of damage during fatigue tests on [(¥45)];
woven hemp epoxy composites at omax =0.9 0, and o =0.6 o, for the three conditionings: a) and d) Ambient,

b) and e) Wet, c) and f) Wet/dry.

As described in section 2.3, for all the fatigue tests, AE events have been attributed to a specific damage mechanism
among matrix cracking, interface damage and fibre breakage. Fig. 13 presents results obtained for the highest and
lowest stress levels, for the three conditionings. It can be seen in Fig. 13 that, in number of AE events, for all cases,
matrix damage is predominant, fibre breakages are the least numerous, and interfacial damage has an intermediate
evolution. For the highest stress level, Gmax= 0.9 6y, evolutions of the different types of damage are quite similar,
whatever the conditioning (Fig. 13a,b,c). By comparing with results obtained for the lowest stress level, it can be
seen that, for all the conditionings, the proportion of the reinforcement damage is higher for 6max= 0.9 o,. It shows,

logically, that the higher the stress level, the more the fibre breakages.
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For omax = 0.60,, the fatigue life is more related to the matrix and interfacial damage. These mechanisms show a
strong dependence on the conditioning. For the Ambient conditioning (Fig. 13d), the matrix damage occurs at the
very beginning of the fatigue test, during the first quarter of the test, and interfacial damage occurs in the middle
of the fatigue lifetime. The Wet conditioning shows a very early damage development for the two mechanisms
(Fig. 13e), but, thanks to a higher tenacity and deformability due to the presence of water, it leads to a better fatigue
lifetime at this low level of stress, as it has been seen in Fig. 6d. Concerning the Wet/dry conditioning, Fig. 13f
shows a gradual increase in the matrix and interfacial damage mechanisms. The comparison of the three
conditionings highlights that the Wet/dry sample presents the highest proportion of interfacial damage
comparatively to the matrix one (Fig. 13d,e,f). It confirms the presence for this conditioning of a pre-damage at
the yarn/matrix interface due to water desorption. All these results show that a Wet/dry sample behaves like a pre-

damaged Ambient sample.

3.3.2 Micro-CT analysis

A detailed analysis of the different types of fatigue damage has been performed by realizing micro-CT scans of
the hemp/epoxy composite samples after failure for the three conditionings. It allows the 3D reconstruction of the
material and the observation of damage in different planes. It has to be noted that, because of the used resolution,
only the defects larger than 15um can be observed. Fig. 14 presents for instance the tomographs obtained after
fatigue tests at omax= 0.96, for the three conditionings. Three different planes of observation have been chosen and

are described in Fig. 14a.
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Ambient

Fig. 14. Tomographs from micro-CT of [(£45)] 7 hemp/epoxy samples after fatigue tests at oma =0.9 o, in three
planes described in a): 1) core (ZX), 2) edge (ZX), 3) core (XY), for each conditioning: b) Ambient, c) Wet and

d) Wet/dry.

The first information that can be obtained from the tomographs is the low porosity content in samples, due to the
manufacturing process by vacuum infusion. The second information is given at macroscale. If we look at pictures
of plane 3) in Fig. 14, we can see that the shape of the macroscopic failure is quite similar for the three
conditionings. The failure starts along a yarn with a 45° angle relative to the X axis, and propagates by slipping
from yarn to yarn. Then if we look at the quantity of damage, it can be seen in Fig. 14 that damage is far more
developed in the sample with the Wet conditioning than in the other ones. This can be linked to the more significant
decrease in secant modulus for the Wet conditioning (Fig. 7) and with its higher values of dissipated energy
(Fig. 10). Fig. 14 shows also that, for all the conditionings, the damage distribution is the same: cracks are far more
numerous and open at the free edges of the samples (see planes 2) in Fig. 14) and they are fewer and fewer when
we move inside the material, up to obtain a quasi-undamaged area - for the applied resolution - in the core of the

Ambient and the Wet/dry samples (see plane 1) in Fig. 14b and d). This is due to the well-known “free edge effect”,
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which is described in literature for carbon or glass fibre composites [59,60]. For the sample with the Wet
conditioning (Fig. 14¢), damage is so severe that even the core of the sample is damaged (see plane 1) in Fig. 14c).
For this conditioning, all the cracks cross the whole thickness of the sample (Fig. 14c-plane 2)) and their lengths
reach about 7 mm, as it can be seen in Fig. 14c-plane 3). Despite the difference in damage quantity for the three
conditionings, micro-CT scans show that the same type of damage appears in the three cases: cracks initiate at a
yarn/matrix interface, and propagate from an interface to the next one, as it can be seen for example in Fig. 15.
Each crack is made of a coalescence of partial debondings at hemp yarn/matrix interfaces, which can lead to a
macro-crack crossing the sample thickness. This type of cracks has been observed in all the micro-CT scans,
whatever the conditioning and the stress level. These results show that only the damage quantity is modified from

one case to another, but not the damage type.

Fig. 15. Micro-CT scan in plane (ZX) for a [(¥45)]; hemp/epoxy sample after fatigue test at oo = 0.9 o, with
the Wet/dry conditioning.
3.4 Discussion

In this study, the fatigue damage evolution has been analysed by means of various techniques, each of them
allowing to give different information. The objective of this section is to compare the obtained results, and thus to

validate the complementarity of these methods.
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3.4.1 Comparison of AE energy and mechanical energy
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Fig. 16. Comparison of cumulative AE energy and hysteresis loop energy during fatigue tests on [(£45)];

hemp/epoxy samples at oax = 0.6 o, for each conditioning: a) Ambient, b) Wet and c) Wet/dry.

The comparison between mechanical parameters and acoustic emission data can be made through the energy. On
one hand, the recording of stress and strain values during fatigue tests allows to obtain the hysteresis loop at each
fatigue cycle and, thus, the energy quantity dissipated by the material. On the other hand, among the acoustic
emission parameters, there is the absolute energy, which reflects the energy of each acoustic event recorded during
fatigue tests. These two types of energy are compared in Fig. 16 for the three conditionings for a maximum applied
stress of Omax = 0.6 o,. The evolution of the normalized cumulative AE energy and of the hysteresis loop energy is
plotted vs the number of fatigue cycles. Results show that the evolution of these two parameters are similar for
each conditioning. For the Ambient one, both parameters have a slow progression during the first 98% of the
fatigue life and an abrupt increase during the ultimate cycles (Fig. 16a). The evolution for the Wet/dry conditioning
(Fig. 16¢) is quite similar but with higher values of the hysteresis energy from the beginning of the test, which can
be explained by the presence of a pre-damage, due to water desorption during the drying. The Wet conditioning
(Fig. 16b) exhibits again a very different behaviour, with a significant increase in acoustic and hysteresis energy
values during the first 30% of the fatigue life, then a plateau and finally an abrupt increase announcing the failure.
These results demonstrate that these two different energy parameters exhibit globally the same trend during fatigue
life for each conditioning, showing that the two corresponding techniques — acoustic emission and mechanical data

recording — are able to reflect the same phenomenon, i.e. the damage development in the material.
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3.4.2 Comparison of damage quantity obtained by micro-CT and mechanical
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Fig. 17. Comparison of a) normalized damage quantity measured by micro-CT and b) final hysteresis energy for

each level of maximum fatigue stress and each conditioning.

In order to compare the micro-CT results with the mechanical data, we have chosen to use the final value of
hysteresis loop energy. Indeed, this value reflects the energy dissipated by the material just before failure, due to
the damage that is present in the material at the end of the fatigue test. Therefore, we can compare it with the
normalized damage quantity determined from the micro-CT scans performed after fatigue failure. Fig. 17 presents
all the values obtained for the different conditionings and maximum fatigue stress levels. Results show that there
is a great similarity between the evolutions of these two parameters depending on the conditioning and on the
stress level. The higher the applied stress, the higher the values. For a given stress level, the Wet conditioning
exhibits the highest values, then comes the Wet/dry conditioning and finally, with the lowest values, the Ambient
conditioning. It confirms that the Wet conditioning is the most deteriorating condition for this plant fibre

composite, the Wet/dry one having an intermediate behaviour between the Ambient and the Wet cases.
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4. Conclusion

This study discusses the influence of moisture and drying on fatigue life and damage mechanisms for a woven
[(£45)]7 hemp/epoxy composite. The determination of the water absorption behaviour allowed to define the delay
to reach saturation: 90 days. Therefore, three different conditionings have been applied: the Ambient one, with
storage and testing in ambient environment, the Wet one, with water ageing from 90 to 100 days and testing at
RH97, and the Wet/dry one, with a drying of 48h at 40°C after water ageing and then a mechanical testing in
ambient environment. Thanks to tensile tests performed on samples for each conditioning, three levels of maximum
fatigue stress were established: 60%, 75% and 90% of the tensile strength. All the fatigue tests were monitored
with acoustic emission (AE) in order to compare the damage kinetics depending on the conditioning and on the
applied stress level. AE data have been analysed through PCA (Principal Component Analysis) and k-means
algorithm. Then, each AE cluster has been attributed to one particular damage mechanism: matrix cracking,
interface damage or fibre breakage. After specimen failure, micro-CT scans have been performed on each
specimen. The segmentation of grey levels in the reconstructed images allowed the determination of the relative
damage volume. The comparison of mechanical data, i.e. fatigue hysteresis loop energy, with AE evolutions and
micro-CT damage quantities demonstrates that these complementary techniques are all able to reflect the damage
mechanisms occurring during fatigue testing.

The obtained results show that the Wet samples exhibit a lower tensile strength than the Ambient specimens and
a lower fatigue sensitivity, while the behaviour of the Wet/dry samples is similar to the Wet conditioning one
concerning the tensile strength and similar to the Ambient one concerning the fatigue sensitivity. The specific
behaviour of the Wet/dry samples is directly linked with the deformation and damage mechanisms observed for
this conditioning. Indeed, Wet/dry samples show an intermediate secant modulus decrease, an intermediate
hysteresis loop energy level, an intermediate AE event evolution kinetics and an intermediate relative damage
quantity. The Wet/dry specimens behave like pre-damaged Ambient specimens, that can be explained by the pre-
damage created during the drying after the water ageing. Therefore, this study shows how the history of the
specimen can have an influence on its fatigue properties: initial performances are not recovered after drying the

sample.
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