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Abstract: Structural Health Monitoring (SHM) and Natural Fibres Composites (NFC) have lived
since early 2000’s important progress due to the needs of reducing material consumption and
weight in operating structures while limiting the environmental footprint and increasing the
safety of such structures. Acoustic Emission (AE) is one of the numerous solutions that appears
to be suitable to predict service life and assess damage in composite structures. NFCs have shown
promising properties for structural applications but their complex behaviour and the limited
knowledge on their long-term durability still hinder their full development. In that sense, AE-
based SHM could allow a more important breakthrough of bio-based composites by monitoring
damage evolution and assessing their remaining life in service conditions. The new generation
of AE-sensors offers also opportunities of embedment thanks to their smaller size, leading to
better protection of the sensors and increased sensitivity. We propose in this work to study the
effect of the embedment of millimetric-size dummy sensors in flax/epoxy laminates on the
monotonic tensile behaviour and damage kinetic up to failure through AE methods. Results
highlight a limited effect of the presence of dummy sensors on the mechanical behaviour and
properties. AE results coupled with X-ray tomography pictures however highlight a change in
location of damages that are more likely to append in the insert vicinity, and in the onset of the
most severe damages, which appears at lower global deformation levels.

Keywords: Natural fibres; Mechanical properties; Acoustic emission; Smart materials;
Biobased Composites

1. Introduction

Natural fibre composites have known an important development over the last two decades.
These fibres have shown promising properties [1], competitiveness and process have been
enhanced so far that structural biobased composites are now a reality and start to be
commercially available [2]. However, design of composite structures and durability prediction
still suffers a lack of confidence over damage evolutions and structural integrity. This is due to
their complex behaviour and failure mechanisms which may lead to the use of conservative
safety factor values and then significant over design, mass increase and material consumption.
In that sense, structural health monitoring (SHM) techniques could fill this gap by assessing
damages in these structures in real time, by evaluating the remaining lifetime and integrity [3]
and thus allowing design optimisation and mass saving. Acoustic-emission (AE) based SHM is
particularly adapted to polymer matrix composites to assess, locate and identify real-time
damages and propagation in qualitative and quantitative ways with a limited number of
equipment [4]. Embedment of small sensors (millimetre-sized) within the laminate could be an
opportunity to get smart materials with enhanced sensitivity while easing the instrumentation
and improving the durability of the sensors. Several studies [5—7] have already shown major
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advantages in embedding directly sensors within the materials allowing a better coupling
between the sensor and the material and providing a packaging around the sensors, thus,
limiting the effects of the environment. Moreover, if acoustic emission tends to generate an
important amount of data, major breakthrough has been made in the last decades. Nowadays,
efficient and reliable signal processing and data mining, through denoising, hits detection and
data clustering lead to a fine understanding of the transient acoustic waves induced by damages
when composite structures are subjected to loads [8-11]. Sensor technologies and materials
have also evolved to improve the signal quality. Among the numerous options, capacitive
micromachined ultrasonic transducer (CMUT) technologies are of particular interest. They rely
on the use of arrays of small micromachined silicon unit membranes of different resonance
frequencies potentially increasing the bandwidth and signal-to-noise ratio of the sensor. Such
sensors could be embedded in composite laminates as shown in Figure 1.
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Figure 1 : Embedded CMUTs in a unidirectional flaxtape/GreenPoxy laminate. a) during lay-up;
b) after curing, c) after laser cutting to observe the sensor and d) overview of CMUT sensor
from [12].

In this work, we propose to study the effect of the embedment of brass parts mimicking CMUT-
type AE-sensors on the properties and behaviour of flax-epoxy laminates under monotonic loads
conditions as well as on the damage modes and kinetics.

2. Material and methods

Flax/epoxy composites were manufactured by thermocompression. Twenty plies of an
unidirectional flax reinforcement (FlaxTape UD110 from Ecotechnilin®) were stacked into a
Teflon coated steel mould. Epoxy resin (GreenPoxy 56 from Sicomin®) was poured between the
different layers in the middle of the ply’s length all along its width. The mould was then closed
except on the length extremities to allow air and matrix excess to flow out. Laminates were then
cured in a hot press in two step process: a first impregnation step at 40°C and 3bars for 15min
and a curing step at 60°C and 3bars for an hour. Additionally, laminates were post-cured at
130°C.
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For embedded insert samples, 10x5x1mm?3 brass mimicking sensor parts were dipped into the
resin and then placed at the middle ply of the laminate (Figure 2a), on the symmetric axis.
Samples were laser cut (Figure 2b). Few samples were also polished to observe the effect on the
microstructure (Figure 2c). More details about the process can be found in [13]. Samples were
tested under monotonic tensile loads on a MTS Criterion tensile machine at Imm/min.

Figure 2 : Dummy sensor embedding a) during manufacturing, b) after laser cut, c) longitudinal
microstructural effect of the sensor with matrix rich region in the alignment of the sensor

AE hits were recorded during monotonic tensile tests to evaluate damage modes and kinetics.
Each tested specimen was monitored by acoustic emission using two external piezoelectric
transducers coupled to the sample. Raw AE data were recorded during the test through a digital
picometer and then processed using an algorithm developed in the lab. The raw data were
denoised, hits were then identified and matrix of 42 descriptors were extracted. Complete
details about AE equipment and processing can be found in [8,13]. Five clusters were then
identified using an unsupervised Gustavsson-Kessel algorithm. All combination of 5 parameters
were tested and the best set of parameters was retained to plot the representative AE
behaviour. The clustering descriptors retained by the algorithm will not be discussed in this
paper. This unsupervised clustering method have already been discussed in previous studies
[10,11]. X-ray microtomographic images of the broken samples were acquired to enhance AE
interpretation, the method details are described in [13].

3. Results and discussions
3.1 Effect of the embedding of dummy sensors on the monotonic properties

Pristine and embedded samples were subjected to monotonic tensile load. The values of the
tensile properties are summarised in Table 1. The strain-stress curves are presented in Figure 3.
The behaviour of unidirectional laminates is assumed to be bilinear with a first high stiffness (E;
=31 + 1 GPa) step between 0% and 0.15% and a second phase after 0.3-0.4% longitudinal strain
where the second apparent modulus is significantly lower (E; = 25.5 + 0.5 GPa). Samples have
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brittle failure between 1.2 and 1.5% of longitudinal strain with a stress at break of 340.9 £ 12.9

MPa.

Table 1 : Monotonic tensile properties of pristine and embedded laminates

Pristine Embedded Effect
Vit (%) 49.9+28 47+0.5 -
Vp2(%) 3.1+0.8 4.5+0.4 -
E13 (GPa) 31.0x1.0 27.7+19 -10 %
E,* (GPa) 25.5+0.5 227+1.1 -11%
vIT 0.44 £0.02 0.44+£0.01 0%
Omax (MPa) 340.9+12.9 276.9+17.0 -19%
€L (%) 1.32+0.02 1.21+0.01 -8%
€7 (%) 0.51 +0.02 0.51+0.02 0%

!Fibre volume fraction calculated as Vi =(ms¢/ps)/((m+/ps) + (Mm/pm));? Porosity content Vp, = 1-pc(wi/ps + Wm/pm); 3First apparent
modulus calculated between 0.05% and 0.15%;*Second apparent modulus calculated between 0.4% and break

Interestingly, the presence of a brass part mimicking sensor does not affect the behaviour of the
laminates subjected to tensile loads as the bilinear behaviour remains present with a yield point
at the same strain level. The two apparent moduli are only slightly decreased (by about 10%)
when a dummy sensor is embedded, emphasizing that the presence of sensors would not lead
to oversizing materials to obtain comparable structural stiffness. Moreover, ultimate strain is
only decreased by 8% when a dummy sensor is embedded. The stress at break appears to be
the most affected properties. Indeed, the UTS drop of 19% from 340.9MPa to 276.9MPa when
a dummy sensor is inserted. This could be attributed to stress concentration in the matrix rich
region located in the insert vicinity. This stress concentration could thus lead to early matrix
cracks coalescence, delamination and debonding triggering earlier fibre breaking.
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Figure 3 : Monotonic tensile test of pristine and embedded samples
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3.2 Effect of sensor embedment on damage modes and kinetics during monotonic tensile
testing

Acoustic emission clustering is an useful tool to discriminate damage modes and record damage
kinetics during mechanical testing. Traditionally, amplitude, hits number and energy are the
preferred AE signal features for clustering, in particular in supervised mono- or multi--
parametric methods [14,15] as well as in unsupervised approaches. High energy and amplitude
hits are generally correlated to severe damage (such as fibre breaking) that compromise the
structural integrity and lead to failure while low energy and amplitude hits are more likely to be
related to minor damages (such as matrix cracks) [14-17]. However, even if the utility of AE to
discriminate changes in damage modes and kinetics is interesting and clustering methods bring
even better insight, one must keep in mind that it is based on a complex unsupervised technique
with some unknown about environmental effect and complex behaviour of the waves
propagating within the material. Indeed, it has been shown that damages affect the AE signals
themselves [9] and this could be even more pronounced when a metallic part is inserted. In that
sense, it is preferred in this study to keep an overview of the results to analyse major tendencies
without attributing a specific damage mode to a cluster. In addition, X-ray microtomography
images of the failed samples, as presented in Figure 4, were analysed to identify the existing
damage modes and their location and to ease the understanding and interpretation of changes
in AE activity. The evolution of each cluster cumulative hits and energy as function of strain
during monotonic tensile testing for both pristine and embedded samples are presented in
Figure 5(a) and (b) respectively. Figure 5(c) and (d) represent the amplitude of the hits during
the test and Figure 5(e) and (f) represent the energy of the hits during the tests.

For pristine sample, the first three clusters start in the early beginning of the test. For clusters 1
and 2, it is attributed to external sources (such as friction in the clamps) and minor damages
(such as microcracking) that occur all along the applied strain. Some early damages and
geometrical changes (such as fibres reorientation) of higher amplitude (Cluster 1) also appear in
the beginning but slow down after 0.2% strain. At this point, a new cluster (Cluster 4) starts and
evolves continuously during the test. This slowing of one cluster while another takes place
highlights a change in the damaging behaviour. It is interesting to note that this change occurs
simultaneously with the characteristic ill-point of flax composite tensile curves, where the
apparent modulus decreases. So, the AE activity in this cluster could be related to nano- and
micro-structural changes in the fibre wall. Finally, the fifth cluster starts at much higher strain
(0.9%) that can be attributed to much severe damages leading to the final failure. For this cluster,
the energy is more important and represents a wide part of the total energy dissipated by the
laminate as compared to the other one while the number of hits of this cluster is significantly
lower than the other clusters. The clustering result highlights the complexity of the damages
occurring in the material, and the chronology of appearing of these damages.
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Figure 4 : Failure facies and tomographic observations of the broken a-b) pristine and c-f)
embedded samples

Failure facies of pristine sample and tomography reveal long splitting of the laminates and
damages in the whole volume. Such observations are coherent with a high number of hits of low
energy induced by matrix cracks initiation and propagation in the whole samples. Once the
coalescence is important enough, it initiates more energetic breakage of fibres in stress
concentrated areas, leading to an energetic brittle fracture.

For embedded samples, it is interesting to note that the overall clusters chronology and trends
are comparable to the pristine one with the three early starting clusters. The last two clusters
however start at lower strain levels with faster increase in the number of recorded hits than for
pristine samples. The number of total hits recorded for embedded samples is slightly lower than
for pristine ones while energies are comparable. From these observations, it is important to note
that the presence of a brass dummy sensor does not affect damage modes and identified cluster
evolution but tends to provoke earlier severe damages leading to a premature failure as
highlighted by the lower strain level required to see the last two clusters to start. Interestingly,
the cracks in the embedded samples appears to be concentrated in the insert vicinity with failure
cracks starting from the matrix rich region. When looking at points far away from the break area,
the material seems to be not damaged. Thus, AE and tomography results highlight that the insert
concentrate damages in its vicinity conducting to early severe damages thus provoking the
failure prematurely. Such observations are in accordance with the observed effect highlighted
in Section 3.1 and emphasize the conclusion that the effect of the embedment of dummy
sensors affects only moderately the laminates in terms of overall monotonic tensile properties
but changes in a more complex way damage initiation and propagation in material. Thus, this
subtle effect must be taken with care when sizing structures subjected to more complex loads.
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Figure 5 : a) Representative cumulative AE hits and cumulative energy detected per cluster as
function of strain for pristine samples and b) embedded samples; c) amplitude of the hits as
function of strain for pristine and d) embedded samples; e) energy of the hits as function of

strain for pristine and f) embedded samples.

4. Conclusion

Natural Fibres Composites are a promising route to replace glass fibres composite as they
showed high mechanical properties. However, their complex behaviour and their properties
scattering inherent to their natural origin still limit industrial applications. The use of structural
health monitoring such as acoustic emission could thus reduce the unknowns and increase the

845/1579 ©2022 Placet et al. doi:10.5075/epfl-298799_978-2-9701614-0-0 published under CC BY-NC 4.0 license ToC



Composites Meet Sustainability — Proceedings of the 20" European Conference on Composite Materials,
ECCM20. 26-30 June, 2022, Lausanne, Switzerland

reliability of bio-based structures. In this work, we assessed the effect of the embedment of
dummy sensors on the integrity of flax/epoxy laminates. Results highlights a limited impact of
the integration with no major effect on the overall monotonic tensile behaviour and properties.
Regarding damages, the embedment of dummy sensors does not induce the appearance of new
damage modes. Only a change in their spatial localisation and their onset times was observed.
The presence of a sensor leads to a concentration of damage in its vicinity, leaving the rest of
the volume free of damage. It also induces a premature onset of the major damages. However,
the global stress at break is only slightly decreased and the effects could be even more reduced
by optimising sensor geometry and manufacturing process. So, it can be concluded that in-situ
acoustic emission is feasible for bio-based composited and opens opportunities to more
sustainable structures.
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