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ABSTRACT

Even if the knowledge on the fatigue behaviour of plant fibre composites has increased steadily in the last few
years, some issues still remain open at the present time. Such is the case, for instance, of the high-cycle fatigue
strength. Actually, most of the fatigue studies available in the open literature to date are limited to a maximum
of 1-2 million cycles. All available stress-life plots exhibit linear trends with constant slope and does not reveal
any fatigue limit for these given cycle numbers. So, this paper proposes to investigate the High-Cycle Fatigue
behaviour of a flax-epoxy laminated composite. The effect of loading frequency is firstly evaluated on the Low-
Cycle Fatigue behaviour using a multi-instrumented analysis including infrared thermography and acoustic
emission. Results show that high frequency could be a suitable method to shorten the fatigue tests and study the
High Cycle Fatigue behaviour of this type of composite material. Based on this result, high-frequency (30 Hz)
is used to investigate the behaviour of the flax-epoxy composite on a range of 108- 108 cycles. Results show that
fatigue damage continues to evolve and the maximum stress continues to decrease as a function of increasing
number of cycles, following a power-law trend. This result suggests that, if a fatigue limit does exist for
unidirectional flax-epoxy composite laminates, it is so low that it cannot observed in tests up to 108 cycles. It is
also recommended to take it into consideration when designing plant fibre composite structures.
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1. INTRODUCTION

Fatigue of Plant Fibre Composites (PFCs) has been studied in the last few years [1-15], and most of the available
results are critically reviewed in a recent paper [16]. It emphasizes that most of the results are collected on flax-
epoxy composites. This strong focus on flax can be explained by its excellent specific mechanical properties as
well as by the good technology readiness of the processes related to the manufacturing of fabrics and thus by
their availability on the market. Results show that these composite materials exhibit good fatigue performance
which is considered comparable to those measured on composites reinforced with glass fibres. Generally, the
stress-life (S-N) data follow a linear trend of constant slope. Experimental results show that some of the
specimens tested at the lower stress levels survive the maximum number of cycles pre-determined for the test
(1-2 million). Based on this result, it is sometimes suggested that a fatigue limit or endurance limit (i.e. a
maximum stress at which material can sustain unlimited number of cycles) exists [16]. But, a natural fatigue
limit has never been determined experimentally. This suggests that if a fatigue limit does exist, it cannot be




observed in tests limited to 2 million cycles. So, this paper proposes to investigate the high-cycle fatigue
behaviour of a flax-epoxy laminated composite. Indeed, high cycle fatigue is a major criterion for the design in
many application sectors, in particular in transportation (by sea, land and air), as well as in energy sector (for
the production of wind turbine blades as an example [17]), where mass saving is often a motivation for the
substitution of glass fibres by plant fibres. These structures are also subject to a high cycle fatigue. So, the
reliable determination of the fatigue endurance of PFCs when they are subjected to a high number of cycles is
an important issue for PFCs, as for all organic matrix composites. It is in particular of paramount importance to
assess if they have a fatigue limit or if they exhibit a continuously decreasing stress-life response. This is the
main objective of this paper.

Determining the fatigue limit of composite materials is a challenging issue. To plot the S-N curve, several long-
lasting tests on similar specimens with different levels of stress must be carried out. As a consequence,
considerable time is needed. Time and cost constraints generally hinder the use conventional fatigue testing in
the high cycle and very high cycle ranges. The number of cycles is generally selected based on a compromise
between the requirements of the application and practical limitations of the test program [18]. Different
approaches have been envisioned and proposed, so far, for organic matrix composites, to accelerate the fatigue
tests, to minimize the amount of costly and time-consuming experiments with low loads and high number of
cycles or to estimate rapidly the fatigue strength using time-saving methods instead of more expensive and
laborious Wohler’s method. Only few of them have been tested and applied on biobased composites.

Carvelli et al. [18] proposed to use the quasi-static damage threshold to estimate the fatigue limit of textile and
short (glass and carbon) fibre reinforced composites. Actually, they observed a good relation between the
fatigue life limit and the quasi-static damage threshold and they considered that this later provides rough
estimation for the design strains to use under fatigue strength requirements. The weak point of this approach is
that the fatigue limit has to be determined beforehand to validate the relation between the quasi-static damage
and the fatigue limit is only valid for the considered material.

Other approaches generally consist in keeping a cyclic loading path but with accelerating the fatigue tests by
increasing the loading amplitude and/or frequency. Among these approaches, the Lehr’s method [19] consists
in cyclic loading the material with gradually increasing the amplitude. This method, was first created for metal
testing. It relies mainly on the observation that fatigue failure is a consequence of local plastic strains which
start to appear after exceeding fatigue strength in individual grains of metal before exceeding yield strain of a
whole specimen. This process of failure is accompanied with sudden increase of dissipated energy, temperature
and extension. The principle of the method is to record these three parameters under conditions of cyclic loading
which gradually increases in amplitude. By plotting these parameters as a function of maximum stress and
based on the analysis of these curves, it is possible to determine the fatigue strength. This method was also
implemented for polymeric materials. It allowed for determination of the fatigue properties of polyamide filled
with mineral tuff filler, composites based on polyhydroxybutyrate filled with natural fibres [20] and
biodegradable composites with short flax fibres tested in tension-tension [20].

In the same vein, it is also possible to accelerate and shorten the fatigue tests by increasing the loading
frequency. However, this is generally considered as not relevant for organic matrix composites due the material
self-heating. For this reason, standards generally stipulate a frequency range from 2 to 10 Hz. Test frequency
generally exerts a considerable influence on fatigue processes in polymeric materials [21-23]. For organic
matrix composites, the influence of frequency is particularly influential in materials containing off-axis layers
due to creep-fatigue interaction. Actually, these materials are matrix dependent and, under cyclic loading,
complex and eventually antagonist mechanisms (creep, damage, selh-heating...) can simultaneously occur. For
PFCs, both the fibres and the matrix are polymeric materials, so the question can also be raised for unidirectional
stacking sequences.

El Sawi et al. [7] proposed to exploit this self-heating behaviour to determine the fatigue limit of flax-epoxy
composite using a thermographic criterion and more exactly by measuring the temperature of the external
surface of the specimen during the application of cyclic loading. This approach, originally developed for
metallic alloys [24], and sometimes called self-heating tests was previously exploited successfully for carbon
fibre reinforced polymer composites [25, 26]. It consists in applying successive sets of a given number of cycles
for increasing stress levels. For each stress level, the temperature variation is recorded and the steady-state
temperature can be determined. Beyond a given limit, it can be observed that the steady state temperature starts
to increase significantly. This change is correlated with the state where the fatigue limit is exceeded. The main
advantage of this technique is that only few coupons and few hours are required to determine the high cycle
fatigue strength with a good accuracy. But, it is also worth noting that the relationship between the dissipated




heat, the intrinsic energy dissipation and the number of cycles to failure is directly dependent on the nature of
the constituents, the lays-up and the size of the coupons. These relationships are not easy to predict using
theoretical approach for composite materials meaning that the experimental curve giving the steady-state
temperature vs. maximum stress magnitude needs to be constructed whenever one these parameters changes.
So the advantage and the time saved using this approach can be debated.

Based on this review of literature, in this paper, the chosen approach was to determine the High-Cycle Fatigue
(HCF) life and to shorten the fatigue tests by increasing the loading frequency. The study is focused on a
composite reinforced with unidirectional flax fibres.

The first part of the paper investigates the influence of the frequency increase, from 5 to 30 Hz, on the low-
cycle fatigue life and damage. To the best author’s knowledge, even if literature is well-documented for glass
and carbon fibre composites, only few data on the influence of loading frequency on the fatigue behaviour are
available for PFCs. Osti de Moares et al. [27] showed on a coir fibre reinforced polypropylene composite that
higher loading frequencies promote reduction in fatigue life. This was obtained for a composite reinforced by
short fibres. So, it seems crucial to investigate the influence of the loading frequency on the fatigue behaviour
of PFCs, in particular for continuous unidirectional fibres.

The second part of the paper is dedicated to the determination of the HCF.

Throughout this paper, we will consider, as it is generally done in the composite literature, that the mechanical
fatigue is sub-divided into three ranges: Low Cycle Fatigue (LCF) up to 108 cycles to failure; high cycle fatigue
(HCF) between 108 and 108 cycles to failure and very high cycle fatigue (VHCF) over 108 cycles to failure [28].
This study is thus focused on the determination of the HCF strength (HCFS) and is also restricted to the case of
tension-tension fatigue with a constant applied load ratio (R) of 0.1.

Two in-situ non-destructive techniques are used in order to detail the fatigue damage scenario: namely, acoustic
emission (AE) and infrared (IR) thermography. These techniques have become recognized non-destructive
techniques, commonly used to detect, locate and discriminate defects in traditional composite materials [29-33]
as well as PFCs [5, 34, 35]. AE are transient elastic waves produced by the sudden internal stress redistribution
of the materials caused by the changes within the structure. For polymer-composite materials, these changes
are mainly due to crack initiation and growth, crack opening and closure, fibre breakage and fibre-matrix
debonding. AE is also the name of the non-destructive technique developed to detect and record these transients.
The use of AE during fatigue tests is particularly challenging due to the massive data to be processed as well as
to a high AE events rate that can lead to continuous signals (instead of discrete transients) [36]. A specific
methodology and the tools previously developed in FEMTO-ST were used [30] to overcome these difficulties
and successfully analysed and exploit the AE data collected during the fatigue tests.

2. MATERIAL AND METHODS

2.1. Specimen preparation

2.1.1.  Composite material

Unidirectional flax-epoxy composite plates were fabricated by thermo-compression of the Flaxpreg T-UD
material provided by LINEO®. It is a range of pre-impregnated material based on an epoxy resin system and a
unidirectional flax fibres reinforcement. The flax fabric has an areal weight of 110 g/m?. The resin that is used
is the Huntsman XB3515® and the hardener is the Aradur5021®. The fibre fraction in the prepreg material is
approximately 50% in weight.

2.1.2. Composite fabrication

8 plates (300 mm x 200 mm x 1 mm) were fabricated using a thermo-compression machine (AGILA Presse
100KN). These plates consist in 8 elementary unidirectional plies. The layers are compressed in an aluminium
mould coated with Teflon to prevent resin from sticking to the mould. The composite material is cured for one
hour at a temperature of 120 °C. A pressure equal to 3 bars is applied for a period of 1 h after the temperature
of the sample has reached 60°C. The small gap between the lower and the upper part of the mould allows excess




air and resin to escape. The resulting average fibre volume fraction of approximately 61 +£2%. This volumetric
composition was determined following the procedure described in [4, 37]. A value of 1.47 g.cmwas considered
for the fibre specific gravity, as recommended by Le Gall et al. [38].

2.1.3. Sample preparation

Two types of rectangular specimen were cut in the plates using a Trotec Speed300® laser device in the fibre
direction.

- Specimens of 240 mm in length and 15 mm in width were prepared for tensile monotonic and fatigue
testing. These dimensions are in agreement with the ASTM D3039 recommendations. After surface
preparation (sanding then cleaning with acetone), tabs made with the same composite materials (40
mm in length, 15 mm in width and 1 mm in thickness) were bonded to the test specimens used a Loctite
Super Glue 3 Gel adhesive.

- Smaller specimens were cut for Dynamic Mechanical Analysis (DMA) tests. Their length and width
were equal to 50 and 4 mm, respectively.

After fabrication and cutting, samples were stored in a climatic chamber at 23°C and 50% RH during at least
20 days before mechanical testing.

2.2. Mechanical testing

2.2.1.  Monotonic tensile tests

The tensile properties were determined using an Instron Eletropuls E10000 machine equipped with a 10 kN
load sensor (Fig. 1). The axial strain was measured using a clip-on extensometer, with a gauge length of 50
mm. The tensile stress was computed by dividing the applied load by the initial cross-section of the specimen.
To evaluate the influence of the loading rate on the monotonic behaviour, samples were subjected to a
displacement control; with five different moving crosshead speeds, 0.01, 2, 10, 100 and 4000 mm.min-!
respectively. Tests were carried out up to failure. For the determination of the Young’s modulus, considering
that the materials has a nonlinear relationship between stress and strain that can be roughly assimilated to a
bilinear behaviour, two apparent moduli were determined using linear regression respectively between 0.01%
and 0.15% of strain (E/!) and between 0.4% and strain at failure (E?). The tangent modulus was also
expressed as a function of the axial strain. 3 specimens were tested for each testing speed. Results are presented
in terms of average and standard deviation values.

The transverse properties were measured by three-point bending tests performed on a Metravib DMA+300, in
accordance with the ASTM D790. The dimensions of the samples were 60mm x 10mm x 1mm. A cross-head
speed of 1mm/min and a span length of 40mm were applied.
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Figure 1: Experimental set-up for fatigue tests with in situ and real-time damage characterization.

2.2.2. Tensile-tensile fatigue tests

The tensile-tensile fatigue tests were performed under a sinusoidal waveform loading at two different loading
frequencies, 5 and 30 Hz, using a load amplitude control mode, and a ratio between minimum and maximum
stress (R) of 0.1. The experimental configuration (loading machine, specimen shape and preparation) was
similar to monotonic tensile tests. Fatigue tests were performed in the fibre direction. Six levels of maximum
stress were applied. The levels were 90, 80, 72.5, 65, 57.5 and 50 % of the mean quasi-static tensile failure
stress o, (itself measured at 2 mm.mint). At least three replicates were tested at each stress level. Tests were
stopped at failure.

At 30 Hz, 5 other loading levels were tested: 61, 47.5, 45, 40 and 35% of the mean quasi-static tensile failure
stress. For the test with a loading level of 35%, just one specimen was tested.

Peak-to-peak and average amplitudes of load and strain sensors were recorded for each cycle. A complete cycle
was also recorded as a function of a linear progression whose common difference depends on the stress level
and thus fatigue test duration. The last 20 cycles before breaking were also systematically recorded.

2.2.3.  Dynamic Mechanical Analysis (DMA)

DMA tests were performed on a Metravib DMA+300 device under tensile configuration. The distance between
grips was 40 mm. A static displacement of 18 um and a dynamic displacement of 3 um were applied on the
sample at different frequencies (varying between 1 and 100 Hz). The temperature sweep band is in a range
between 40°C and 200 °C with 5°C steps. The heating rate is 0.03 °C-s%. Two replicates were used to confirm
the results we present here.

2.2.4.  Insitu monitoring

Infrared thermography (IR)

An IR camera was also utilized to measure the variation of the test specimen surface temperature in-situ and in
real time. The device used in this work was a Mid-Wavelength InfraRed camera, with a spectral response




covering the range from 3-5 um (MWIR3 JADE from the CEDIP Company). The detector spatial resolution
was 320x256 pixels and the temperature sensitivity was approximately 25 mK at 30°C. The IR camera was
synchronized to the mechanical test controller in order to trigger the acquisition of images. The frame rate speed
varies between 0.1 Hz and 10 Hz according to the stress level.
A rectangular region of interest (ROI) of 180 x 20 pixels (or 120 x 13 mm) was defined on each image to
measure the mean temperature at the surface of the specimen.

Acoustic emission (AE)

The monotonic and fatigue tests were also instrumented with acoustic emission measurements. A two-channel
data acquisition system (Euro Physical Acoustics, MISTRAS Group) was used. This system comprises
miniature piezoelectric sensors (u-80) with a resonance frequency ranging from 250-325 kHz, preamplifiers
with a gain of 40 dB, a 20-1000 kHz filter, a PCI card with a 5 MHz sampling rate. The sensors were coupled
onto the specimen faces using silicone grease. They were placed at the gauge extremities with a distance of 140
mm between their centres. System calibration was performed after installing the transducers on the specimen
and before each test, using a pencil lead breaks procedure.

AE signals treatment and data processing and interpretation were done using a methodology and a software
which were developed in the FEMTO-ST laboratory during the last years to analyse and interpret AE data when
collected in complex experimental configurations, such as during fatigue tests. The methodology is particularly
appropriated when facing continuous acoustic emissions, as encountered for example, in highly emissive
materials due to their nature, the geometry or to high-frequency cycling such as considered in this paper. The
methodology described in [39] relies on three steps: (i) a real time AE data streaming acquisition, (ii) AE hits’
determination and separation, and (iii) conventional AE features extraction (MARSE energy, amplitude,
average frequency, root mean square, average signal level, count-to-peak, reverberation frequency, initiation
frequency, signal strength, absolute energy, partial power in [0 250] kHz, [250 500] kHz, [500 750] kHz and
[750 1000] kHz, centroid frequency, peak frequency and weighted peak frequency). The efficiency of this
methodology stems from the use of the discrete-wavelet transform using high-order Daubechies (db45)
wavelets with 14 levels of decomposition. Wavelets are particularly well suited to analyse non-stationary
signals where the frequency content evolves over time. Daubechies wavelets are highly asymmetric likewise
AE signals. Using high-order Daubechies wavelets allows to get smoother wavelets and provides sharper
frequency resolution. The use of a high number of levels of decomposition aims at locating AE signal onsets
which are then used to extract the signals in the raw streaming before feature extraction. Such a procedure
allows to drastically lower the threshold in hits determination (here 35 dB even with a cycling frequency equal
to 30 Hz). The timing parameters: PDT (Peak Definition Time) = 60 usec; HDT (Hit Definition Time) = 120
psec and HLT (Hit Lock Time) =300 usec were identified by means of preliminary calibration measurements
using pencil lead breaks.

3. RESULTS AND DISCUSSION

3.1. Monotonic tensile behaviour

The stress-strain response of the UD flax-epoxy composite material tested in this study under tensile monotonic
loading up to failure is represented in Figure 2(a). The material clearly exhibits a nonlinear behaviour and more
exactly a bi-phasic behaviour. The nonlinearity is now well-accepted and documented for flax-epoxy
composites [2, 4, 40, 41]. For the tape-based material tested in this study, the modulus-strain curve (see Fig.
2(b)) exhibits two regions: (i) a strain softening between the loading start point and a yield point located in a
strain range from 0.15 to 0.2 %, (ii) a linear region from this yield point to almost the composite failure. At a
standard head displacement rate of 2 mm.min-?, the mean values of longitudinal apparent modulus (E ™),
strength (o) and strain at failure (g,) are approximately 35 GPa, 387 MPa, and 1.52%. These values are in
good agreement with the datasheet of the material provider and with data of literature collected on the same
type of UD flax-epoxy composites [42, 43]. Fig. 2 and Tab.1 also show that the scattering between the different
specimens tested at a same loading rate is very low, with a coefficient of variation (CoV) inferior to 10% for
all the tensile properties. It confirms the high-grade of the material and the reproducibility of the manufacturing




process. The material was also tested in the transverse direction using three-point bending tests. The mean
values measured are 3.3 GPa, 20.2 MPa, and 0.93% for the transverse apparent modulus (Et™), strength (T)
and strain at failure (e) respectively. These values are in good agreement with the works by Perremans et al.
[44]. This paper reports three-point bending strength comprised between approximately 12 to 30 MPa for UD
flax/epoxy composites, depending on the treatment applied on fibres before composite manufacturing.
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Figure 2: Tensile curves of the specimens tested in the fibre direction at five different moving crosshead
speeds (0.01 mm.min, 2 mm.min, 10 mm.min-?, 100 mm.min%, 4000 mm.min%). a: stress-strain curves,
b: apparent tangent modulus-strain curves




value *standard deviation)

Table 1: Properties in longitudinal direction obtained under monotonic tensile tests up to failure (mean

Loading speed Tensile Tensile strain
(mm |9nir?'1) strength at failure EM (GPa) EM"2 (GPa)
) o (MPa) gL, (%)
0.01 279+ 21 1.18+0.1 30.9+2.3 22.7+15
2 387+ 12 1.52+0.09 35+0.8 24.6+0.8
10 402+ 30 1.45+ 0.06 38.2+3.1 26.4+ 2.1
100 407+ 23 1.43+0.02 38.6+£ 2.6 33.7£7.2
4000 412+ 31 1.35+ 0.08 42.0+ 2.7 28.9+1.5

value +standard deviation)

Table 2: Properties in transverse direction obtained under three point bending tests up to failure (mean

Flexural Flexural strain

strength at failure EM (GPa)
o, (MPa) g (%0)

20.2+2.3 0.93+0.1 3.3 0.03

3.2. Influence of speed on the monotonic tensile behaviour

The S-N curves are generally built by applying a maximum load equal to given ratios of the mean quasi-static
tensile failure stress. So, before investigating the influence of frequency on the fatigue behaviour, we studied
the influence of the loading rate on the monotonic behaviour up to failure. Five constant crosshead speeds were
used, ranging from 0.01 to 4000 mm.min, corresponding to an average strain rate 10 to 4 10 s*. Figure 2
shows that the loading rate has no significant effect on the shape of the nonlinearity for the whole range of
speeds. On the range from 2 to 4000 mm.min, the loading rate has also a small influence on the monotonic
tensile properties. As a whole, the mean strength and initial rigidity (E.™) slightly increase with increasing
loading rate, from 387 to 412 MPa and from 35 to 42 GPa, respectively. On the range from 0.01 to 2 mm.min-
1, the trend is more pronounced with a change from 279 to 387 MPa and from 30.9 to 35 GPa for the mean
tensile strength and initial rigidity (EL™) respectively. This strain-rate sensitivity is generally expected for
polymeric materials and is comprehensively consistent with the results of Poiléne et al. [40] collected on a
quasi-unidirectional material for a strain rate range from 10-° to 10° s™*. Regarding the strain at failure, no
significant difference was observed, except at 0.01 mm.min%, where the strain at failure is approximately 20%
lower when compared to the other speeds.




4007}

A
ANOAT

e
—_ i -0.065 1
EE‘ 350 Tmax 471N A m AAm :
= = i
o 300 = 401-15In(N)— I 1
2 O, ax (N) H7In(N)
£ 250 1 -
o |
T 200 —
® ' 4 A
£ 150 - : |
5 :
E 10| A Fatigue: 30 Hz 1 7
é " B Fatigue: 5 Hz LCF : HCF
i i
7 Monotonic test € .' >
0 ! HH N HEHEHH | M P |
10° 107 102 10° 10* 10° 108 107

Number of cycles

Figure 3: S-N curves collected at two loading frequencies, 5 Hz and 30 Hz.

3.3. Tensile-tensile fatigue behaviour

S-N curves for tensile-tensile fatigue tests at 5 Hz and 30 Hz are presented in Fig. 3. These results concern
mainly the LCF range. Results show that both sets of specimens present a gradual decline in fatigue strength
with increasing number of fatigue cycles. For a given loading level, dispersion in fatigue life duration is
observed. The order of magnitude of this dispersion is in agreement with data from literature collected on flax-
epoxy laminates [2, 3, 7, 9, 10], except for 253 and 237 MPa (65% and 61% of the monotonic tensile strength),
for which a high scattering in number of cycles at failure is observed.

The fatigue strength as a function of number of cycles can be fitted by a logarithmic law (Eqg. 3), as well as by
a power-law curve (Eq. 4):

Smax = @ — PIn(N) 3

Smax = SoN” (4)

The best fit is obtained with a logarithmic law. The identified 3 parameter is lower when compared to the value
obtained by Bergeés et al. [4] (17 vs. 20) on a quasi-UD flax-epoxy composite, traducing a better resistance to
fatigue. Indeed, the fatigue strength for 10° cycles is approximately 200 MPa. It represents approximately 52%
of the monotonic tensile strength, which is almost 10 percentage points higher than the value obtained in [4, 7].
Again, it shows the high-grade of the material.

3.4. Influence of frequency on the tensile-tensile fatigue behaviour in LCF range

Regarding the loading frequency, it can be observed that the S-N curves recorded at 5 and 30 Hz, respectively,
are quite similar. The maximum stress for a fatigue life of 10° cycles is approximatively the same (around 200
MPa) for the two loading frequencies. For the S-N curve collected at 30 Hz, a best fit can be obtained with a
power-law model (Eq. 4). A b value of -0.064 was identified. This value is in the range from-0.0739 to -0.0623
given by Shah et al. [12] for various PFCs. However, this power-law trend is mainly due to the low number of
cycles to failure recorded at 312, 282, 253 and 237 MPa (80, 72.5, 65 and 61% of the mean quasi-static strength,
respectively) when compared to the other loading levels. For the highest (90%) and the lowest (57.5 and 50%)
loading levels tested in this part of the study, the experimental points are roughly comprised within a same
number of cycles range for 5 and 30 Hz. In contrast, for 312, 282, 253 and 237 MPa, Fig. 3 shows that the 30
Hz data points are roughly shifted towards lower number of cycles. This is particularly marked at 282, 253 and
237 MPa. At 282 MPa, the lifetime is comprised between 1,500 and 3,200 cycles at 30 Hz, when it is between
6,300 and 32,000 cycles at 5 Hz. In the same way, we measured a range from 2,700 to 18,000 cycles at 30 Hz




and from 21,000 to 57,000 cycles at 5 Hz for 253 MPa. At 312 MPa, the gap is lower and the cycle ranges are
400 to 1,000 cycles and 600 to 1,700 cycles at 30 and 5 Hz, respectively.

As often hypothesized or measured in literature for organic matrix composites, this slight decrease in the fatigue
lifetime for these loading levels could be attributed to the self-heating of the specimens. So, this issue was
investigating within this work by measuring the mean temperature at the specimens’ surface using infrared
thermography.
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Figure 4: Evolution of the mean temperature increase measured at the surface of the specimens using
IR thermography during fatigue tests at a frequency of 5 Hz (a) and 30 Hz (b).

3.4.1. Self-heating

Fig. 4 gives the evolution of the mean temperature increase measured at the surface of the specimens using IR
thermography during fatigue tests at 5 and 30 Hz. At 5Hz, results show that the limitation stipulated by the
standards, in terms of temperature increase (i.e. AT < 10°C), is almost respected, with a maximum temperature
increase of approximately 13°C. On the contrary, for 30 Hz, the self-heating level is significantly higher with a
maximum mean temperature increase at the specimens’ surface that can reach almost 55°C. It leads to a mean
temperature at the surface of the specimen of approximately 78°C (tests being performed at room temperature).
Fig. 5 provides a thermal imaging at the surface of the specimen during fatigue tests. It points out that the
thermal field is heterogeneous, with a maximum temperature that can reach 83°C locally. This heterogeneity
originates probably from the stress field heterogeneity, coming itself from the cumulated damage in the
specimen. The appearance of splitting, growing in the longitudinal direction, was particularly observed during
the tests. This type of damage disrupts the load transfer to fibres in the specimen’s width. It can explain that on
Figure 5 the temperature on the right edge of the specimen is low (approximately 40°C) when compared to the
left edge.
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Figure 5: Thermal variations of the specimen before failure recorded by infrared camera.

Thus, the temperature increase level depends on the maximum stress level as well as the position within the
sample. The maximum self-heating is not obtained for the highest stress level but for intermediary levels, 237
to 282 MPa, leading to number of cycles at failure comprised between 2 10° and 2 10*. Indeed, the self-heating
depends on the maximum stress level and also on the cycling duration which is related to the time necessary to
dissipate heat. On Fig. 4, at 5 Hz, it can be observed that, for the considered stress levels, temperature starts to
increase significantly at the first stage of the fatigue tests and beyond a given limit reaches a steady state where
the temperature stabilizes. A sudden increase in temperature can also be observed in the last stage, just before
failure. For 30 Hz, the trends are quite different. For the low loading levels, the trend is the same for the first
fatigue stage, but in the second phase (steady state), instead of stabilizing, the temperature slowly decreases.
For the highest loading levels, the temperature continuously increases up to failure. No plateau can be observed.
The cycling time is not enough to reach a steady state. As a consequence of this particular thermomechanical
behaviour, the maximum recorded temperature is obtained for the intermediary loading levels, for which the
cycling time is long enough to approach the steady state plateau.

This particular self-heating behaviour may reduce the lifetime measured for the specimen tested at 312, 282,
253 and 237 MPa at 30Hz. Indeed, the maximum temperature at the specimen’s surface for these points reaches
values up to approximately 85°C, corresponding to the onset of the softening zone. Effectively, even if the glass
transition temperatures of the neat resin and composite are approximately 130°C (Fig. 6 a,b), the transition
range is quite large and the onset of the softening peak is approximately 85 to 95°C, depending on the loading
frequency. These values were determined using DMA tests performed using tensile tests in the fibre direction.
DMA results show that, only slight variations in the elastic and damping properties are observed up to 85°C
when compared to 23°C (Fig. 6 c,d). A maximum decrease of approximately 6% in storage modulus and an
increase of 19% in loss factor are measured on this temperature range. Above 85°C, the change in elastic and
damping properties per increasing °C can be significant, up to 0.25 GPa/°C and 0.3%/°C for the elastic and
damping properties respectively. So, it can be assumed that when a temperature of 85°C is measured at the
specimen’s surface, a highest temperature does exist in the core of the specimen, meaning that a part of the
material volume approaches the peak of Tg and then exhibit lower elastic properties and a highest damping
capacity.

Anyway, it can also be concluded that for the other fatigue levels the temperature in the specimen is significantly
lower than the onset of the softening temperature, and that no significant variation in elastic and damping
properties occurs within the specimen.
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Figure 6: Evolution of the tan delta (a) and of the storage modulus (b) as a function of temperature for
the neat resin and the composite. Relative increase in tan delta (¢) and relative loss in storage modulus
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(d). Results collected from DMA tests at frequencies between 1 and 100 Hz.

3.4.2.

Fig. 7 shows the hysteresis loops for different life fraction and loading levels at 5 and 30 Hz. From these loops,
two main features related to the inelastic behaviour can be identified as well as their evolution as a function of
the cycle number: the mean strain and the dissipated energy. These are determined from the mean strain
amplitude and from the area of the hysteresis loop, respectively. Both features are resulting from the expression
of time-delayed and irreversible phenomena related to viscoelasticity, stiffening phenomena and damage.

Fig. 8a and 8b give the evolution of the dissipated energy as a function of the life fraction. The trend can be
split into three stages with a significant decrease in dissipated energy during the first stage, a constant dissipated
energy during the second stage and significant increase during the last stage. This trend and the levels are not
notably affected by the loading frequency, except for the first stage where no decrease where recorded except
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for the lower stress level (224 MPa).

o
b=}

o = IS
&) =)

Frequency (Hz)

w

100

@ o 8
Frequency (Hz)

w

12



(a) 300 | (b) 300 -

~nN
@
[=}
)
@
S

[
o
=3
[
o
=3

w
o
@
o

o
o

Tensile stress (MPa)

Tensile stress (MPa)

Fraction of life: 5%
Fraction of life: 50%
Fraction of life: 90%

Fraction of life: 5%
Fraction of life: 50%
Fraction of life: 90%

50 50 r

02 04 06 08 1 12 14 18 02 04 06 08 1 12 14 16
Strain (%) Strain (%)

Figure 7: Hysteresis loops for different life fraction (5, 50, 90 %) at 5 Hz (a) and 30 Hz (b), for a stress

level of 80% of the static stress at failure.

3.4.3.  Creep-like behaviour

Results also show that the mean strain increases as function of the increasing number of cycles for both
frequencies (Fig. 8c and 8d). A more precise representation is given in Fig. 8c and 8d, where the mean strain is
plotted as a function of the life fraction for the different tested loading levels. At 5 Hz, for all the loading levels,
the mean strain significantly increases until a life fraction comprised between 0.05 and 0.1. Following this
increasing, the mean strain reaches a second stage where the strain steal increases but with a lower rate. The
rate is all the more important that the stress is high. Just before failure (final fatigue stage), a sudden increasing
is observed.

The influence of loading frequency on this creep-fatigue behaviour is not really substantial. The initial mean
strain is approximately the same than at 5Hz for the different loading levels. Only the strain rate in the second
fatigue stage is slightly higher when compared to 5 Hz, leading also to a higher mean strain at failure.

This general increase in mean strain as a function of fatigue cycles, generally described as a creep-like
behaviour, can be attributed to a time-dependent behaviour of this material in the fibre direction. Indeed, in
plant based, both matrix and fibres can develop viscoelastic. It leads to a significant creep-fatigue interaction.
These residual strains can also be attributed to irreversible behaviour such as damage or plasticity.

3.4.4. Stiffening

PFCs exhibit two specificities that are generally not observed (or in a lower extent) for glass and carbon fibre
composites: fatigue-creep and stiffening under cyclic loading [3, 45]. Indeed, it is now well-accepted that these
UD PFCs exhibit stiffness increase under cyclic loading [3, 4, 11]. As for the nonlinear tensile monotonic
behaviour, its origins are widely debated in the scientific community. It was attributed to various phenomena,
at different scales, such as flax fibre strain-hardening or fibre re-orientation. For this pure UD material, the
hypothesis of fibre reorientation in twisted yarns is not valid, and thus the hypothesis of the strain-hardening of
the fibre itself is, once more, the most relevant. Indeed, plant fibres have been observed to become stiffer when
they are submitted to cyclic tensile loading [46-48]. In previous works, we proposed a scenario that is based on
time-dependent re-orientation of cellulose microfibrils and stress-induced crystallization of amorphous
cellulose in the fibre wall [47, 49]. We also experimentally demonstrated that the fibre stiffening under cyclic
loading is dependent on the loading frequency [50].

The time-dependency of the stiffening phenomenon was also investigated during the fatigue tests. To compare
the results collected at different stress levels, the normalised dynamic modulus (E*./ E* %) and number of cycles
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(N/Nf) curve method is preferred, as often used in literature [16]. Based on the results collected within this
study, it appears the flax-epoxy composite stiffening is also dependent on the loading frequency, as recently
observed in literature [51]. Figure 8 (e and f) shows the evolution of the normalized dynamic modulus as a
function of the life fraction at different loading levels and for the two tested frequencies. At 5 Hz, we observe
a progressive increase of the dynamic modulus as a function of increasing number of cycles, up to a plateau,
and before a significant decrease occurring in the last stages just before failure. This final decrease is attributed
to damage. On the plateau (second stage of the fatigue life), the increase in modulus varies from 2 to 14%,
depending on the maximum stress level which was applied. For 30 Hz, the same trend is only observed for the
lower stress (224 MPa) with a maximum stiffening of approximately 12%. For the other loading levels, the
modulus starts to slightly increase first and then reverses to decrease slightly and continuously with the
increasing number of cycles. In the third stage, as for 5 Hz, a sharp decrease in stiffness precedes the failure.
Before entering in this third stage, the decrease in stiffness does not exceed 10% (when compared to the initial
value).

On the fringes of the issue raised in this study, it is worth noting that whatever the stress level and the loading
frequency and before the final fatigue stage, the stiffness varies slightly, by a factor of 1.14 to 0.95 when
compared to its initial stiffness. It means that in addition to its good fatigue resistance, this material has also a
good capacity to maintain its rigidity under cyclic loading.

The next paragraph proposes a detection and characterisation of damage during fatigue tests using acoustic
emission.
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3.45. Damage

The number of acoustic emission events and the associated acoustic energy were computed for all the tested
specimens. Figure 9 gives the evolution of the normalized number of events and cumulated acoustic energy as
a function of the life fraction (current cycle divided by the number of cycles at failure) for the different tested
loading level and frequencies. Three specimens were tested at each level of stress. Figure 10 synthetises the
cumulated values of these features recorded for each fatigue frequency as a function of the number of cycles at
failure. It can be observed that the values of the cumulated acoustic energy and the number of AE events at
failure slightly increase with the increasing number of cycles at failure. This can be due to the AE activity
originating from the cumulated damages, such as friction at the interface between the lips of cracks (crack
opening and closure) or split areas. Indeed, in the AE methodology used in this work, the detected AE events
can originate from the damage creation and propagation as well as the presence of the generated defects.
Interestingly, it can be observed that the values of the cumulated acoustic energy and the number of AE events
at failure are comparable for the two tested fatigue frequencies. It reflects that the damage activity, for such a
material, is not influenced by the loading frequency, at least for the frequency range considered in this work. It
can also be underlined, that based on these results, and in particular on the linear relationship between these AE
features and the number of cycles at failure, the lifetime of this material could be directly estimated from the
number of AE events and cumulated acoustic energy.

Fig. 9 also provides, for each test, information regarding the AE activity kinetic. It reflects the evolution of the
damage activity as a function of the number of cycles. It appears that at 5 Hz the main three stages of the fatigue
lifetime can be observed from the kinetics of the acoustic emission (AE) activity and cumulated energy. In the
first stage (below a life fraction of 0.1), both the activity and the released AE energy increase following a
logarithm trend. The activity and cumulated energy general do not exceed 20% of the final cumulated value.
This activity could be related to the microstructural mechanisms related to the stiffening phenomenon as well
to damage. This stage is generally followed by a second one where the rate is more or less constant. The slope
depends on the loading level, generally increasing with the increasing loading level. At last, a sharp increase
both in activity and released energy is observed in stage 3 up to the failure. In this stage, AE events are attributed
to the major damage that occurs just before failure (including fibre breakages).

At 30Hz, and particularly for AE activity, this trend is less pronounced and the activity is sometimes almost
constant during the whole test. It reflects a more constant damage activity compared to 5 Hz which could hinder
or counterbalance the stiffening phenomenon, explaining the decrease in rigidity as a function of the number of
cycles observed at 30 Hz.

As a conclusion of this part, even if the increase in the loading frequency (from 5 Hz to 30 Hz) induces a
decrease of the fatigue strength in the middle LCF range, it has no significant impact on the other parts of the
S-N curve, neither on the early nor on the final part of this range. Even if the fatigue life is not affected, this
does not mean, however, that creep-fatigue, damage kinetics and dynamic stiffening phenomenon are similar.

Anyway, the prediction of HCFS seems achievable by increasing the loading frequency. Stakes are considerable
since the increasing of the loading frequency from 5 Hz to 30 Hz makes the determination of the maximum
stress for 108 cycles realistic at the scale of lab tests, reducing the test duration from 231 days to 38 days. The
last section of the study proposes an investigation of the HCF using an increased loading frequency of 30 Hz.
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3.5. Investigation of the high-frequency HCF behaviour
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Figures 11 gives the S-N curve with data collected at 50, 45, 40 and 35 % of the quasi-static tensile strength
(meaning a maximum stress comprised between 195 and 136.5 MPa). It clearly shows for the first time that for
this type of composite, in the fibre direction and under tension-tension loading (with a R ratio of 0.1), the
maximum stress still decreases continuously as a function of the number of cycles. The trend is well predicted
using the power law model identified from LCF tests. A maximum stress of approximately 140 MPa is measured
for 108 cycles. This value has to be compared to the 200 MPa obtained at 108 cycles.

This result clearly shows that this material doesn’t reach a fatigue limit and that a decreasing maximum stress
as a function of the number of cycles has to be considered, at least up to 108 cycles, when designing flax epoxy
structures.
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Figure 11: S-N curves collected at loading frequency of 30 Hz.

Figure 12 shows the evolution of the mean strain, dissipated energy per cycle and normalised dynamic modulus
as a function of the life fraction for these four fatigue levels. As for the LCF range, the level of the mean strain
and dissipated energy decrease with decreasing stress levels. Interestingly, the dynamic modulus increases
significantly during the first stage of the fatigue life, and even more so as the maximum stress level decreases.
Figure 13 represents the maximum value of the stiffness increase measured during the fatigue life for the
different stress levels. While no stiffening was observed at 30 Hz for the highest stress levels, it can be observed
that, below 60-65% of the ultimate tensile stress, the stiffening can be observed. Its intensity increases with the
decreasing maximum stress, as it was observed at 5 Hz on the whole LCF range. Fig. 12c¢ that shows the apparent
stiffness is stabilized up to one third to one life of the specimens’ life. At this lifetime, a slight decrease in the
apparent rigidity is observed. It corresponds probably to the apparition of damage in the material. In the second
part of their life and after this event, the rigidity remains roughly constant. In the last stage (for life fractions
between 0.9 and 1), sudden drops in rigidity can be detected. They were correlated to splitting in the specimen,
observed visually. Despite these events, these composite materials never lose more that 5% of their initial
stiffness during their own life in the HCF range. This is an outstanding results underlining their good HCF
behaviour.
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4. CONCLUSIONS

Results show that the pure unidirectional flax-epoxy composites used in this study is a competitive high-grade
composite material, really promising for secondary structural applications. It presents high tensile properties
(with a quasi-static rigidity and strength reaching 40 GPa and 400 MPa respectively), a high fatigue resistance
(with a maximum fatigue stress of approximately 50 to 55% of the quasi-static strength for 108 cycles), a good
stability of its stiffness under cyclic loading (with a dynamic modulus varying only by a factor of 1.14 to 0.95
when compared to its initial stiffness during a large part of the life fraction). It also points out a complex
nonlinear behaviour, creep-fatigue interactions and a dynamic stiffening phenomenon. This makes the fatigue
understanding and description more complex than for conventional composites.

This study also emphasizes that the increase in the loading frequency from 5 to 30 Hz influences the creep-
fatigue damage kinetics, self-heating, and the dynamic stiffening phenomenon. It also induces a decrease in the
fatigue strength but only in the middle low cycle fatigue range (between 2 102 and 2 10* cycles) attributed to
the high self-heating of the material. Outside this fatigue range, the increase in the loading frequency does not
impact significantly the fatigue endurance, meaning that the HCF can be investigated by increasing the loading
frequency.

Using a loading frequency of 30 Hz, it is demonstrated for the first time that for this type of composites, in the
fibre direction and under tension-tension loading (with a R ratio of 0.1), the maximum stress decreases
continuously as a function of the number of cycles. The trend is well predicted using the power law model
identified from LCF tests. A maximum stress of approximately 140 MPa is measured for 108 cycles. This result
clearly shows that this material doesn’t reach a fatigue limit and that a decreasing maximum stress as a function
of the number of cycles has to be considered, at least up to 108 cycles, when designing flax epoxy structures.
Despite this feature, results also show an excellent and outstanding behaviour of this type of composite on the
HCF range, with a maximum loss in rigidity of 5%, when compared to its initial rigidity, during their own life.
The next step will be to supplement this phenomenological study with investigations of damage propagation
and fatigue involved mechanisms at the microscale.
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